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Executive summary

Lowrise buildings below 70 meters and tall buildings betweentd 200 meters are common in the
Netherlands, supetall buildings however are noRegulation for supetall buildings have not yet been
written in the NetherlandsRegulations for tall buildings between 70 to 200 metergdtzeen developed
based on a probabilistic approach, related tot the Dutch Buil@iade. Theprobabilistic approach for the
regulations of tall buildings has bedranslated toactive and passive preventivmeasure which are
applicable tomultiple building functionsin this studythe use ofa quantitative assessment with a
probabilistic analysis has beessesal in order to see if this method can be usadd what kind of
frameworkfor a probabilistic approach is needed in ordershow that a supetall building is just as safe
as a lowrise buildingBased ora literature stug, simulations have been performadarder to assess the
level of fire safety of a lowrise residential reference buildingand the level of fire safety of a suptil
residentialbuilding.

Numerical simulationsf the lowrise residential reference building and the supelt residential building
have been perfomed with multizonemodels:OZone, developed by Arcelormittend the Universite de
Liegeand ConsolidatedFire and Smoke Transport Model (CFAST), developed by AllisXural fire
concept has been used in both simulations in order to assess the firey sdfitte risksubsystems as used
in the Dutch Building Cod8y performing simulations of law-rise reference building, the base level of
fire safety expressed in cumulative probabilities, can be determined. Tgrebabilitiesare the reference
values which theresults of the simulations of the sup#all building need to comply with.

The fire safety levels of both a leiigse building and a supeall building are project specific because a
performance based approach is alvgagroject specific. For other buildings (loise or highrise) with

other layouts or other functions the fire safety level may be differ&wen tough the fire safety level of
both a lowrise building and a supéall building and the buildinguhction ae project specific, a
framework based on the riskubsystems used in the Dutch national building code BBL could be applied
to all buildings with the same building function(s). By using this framework the fire safety level of the
reference project can beotnpared to that of the designed project.

The lowrise residatial reference building study shotluat a probabilistic aalysisbased on a natural fire
conceptfor buildings designed according the EurocodeNENEN 1990:2002consequence class CC2,
results inthe same requirementfor fire safety aset in the Dutch Nationduilding codeThe results also
show that theescaperoutes can be safely used during teeacuation timeof the fire scenario.

Results of the supetall residential building show thaa probabilistic analysibased on a natural fire
concept for building with consequence class @&rdingo the Eurocode NEEN 1990:2002esults in
an improvement of thdire resistance of the structural elementom 120 minutego 135 mhutes and
that the fire resistance of the compartmentatiatoes not have to be improveid order to have at least
the same level of fire safety &lse low-rise residential reference budling. Theresults also show that the
application of a sprinkler systedoes notaffectthe AS (Available Saf@ime)but it does affect the RST
(Required Safe Timej the separation constructions in a positive walye application of a pressurization
system in the stairway lobbies doaffect the ASE{availableSafe Egress Timij) the horizontalescape
routes, however the ASET in the vertical escape routes is not affected by using a préissusystem
Based on the results of this researttte application ofa pressurization systeiwn the stairway lobbies is
not necessary and is a redundant systdihe results also show thatfull evacuation concept using stairs
onlycan be use in a sup#all residential buildingvhen a suppression system and a pressurization system
are installed. However the results also show that a full evacuation using stairs onlytie nmst suitable
evacuation concepthecause the RSERequired Safe Egress Tinge)jonger than the fire scenarighe
use of a hybrid concept using refugee floors is a more suitable evacuation concept fotaupeildings.
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Thee should beenough distance between thdire and the refugee floors in order tavoid smoke
propagation towards the refugee floorl this evacuation concept elevators could be used as shuttles
between refugee floor and the ground floor in case the situation develops in a negative way alhd a fu
evacuation is necessary.

Although the fire safety level of buildings is project speciguantitative assessment with a probabilistic
analysiausing the framework of rislsubsystems mentioned in the Building camdn be used in fire safety
engineerng in order to assess the fire safety levesopertall buildings so that the fire safety level of the
supertall buildingsat least corresponds to the fire safety lewélow-rise buildings with the same building
function(s) according to the Buildingp@®2. And therefora quantitative assessmeiaff fire safety using a
probabilistic analysis care used asmequivalent solutionn the applicationof a building permit
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Terminology Explanation

ASET
AST

BBL

BENG
Bouwbesluit
BSI

Hightrise building

Lowrise building

NEN

NIPV

NTA

RHR

RSET

RST
SBRCURnet
Supertall building

Tall building

Available safe egress time

Available safe time

5 dzii OK

braA2Y L ¢

after 01-:01-2024

6dzA f RAY 3

O02RSY

Almost energy neutral building®ijna energie neutralgebouwenQ

Dutch National building code: 1ih©1-01-2024

British Standard#stitution

Building above 70 mters, the requirements of the Dutch National

building code are not directlggpplicable

Building between8 and 70 reters, built and designed according to

the BBL, the requirements of the Dutchatidnal building code are
directlyapplicable

The Royal Netherlands Standardization Institute

National Institute of Public SafetyY Natibnaal Instituut Publieke
VSAEf ATIKSARQ

(p))
QX

Dutch technical agreemen®®’b SRSNI | YRE § LINWB OKNA & OKS

Rate of Heat 8ease

Required safe egress time

Required safe time

FormerDutch building research foundation

Building between 200 and 400 m

Building between 7@nd 200 m

1 Proposed regulations; intended entoy use01-01-2024; the BBL filter is a beta version which remains subject to adjustments until
it comes into effecf7].

2 Currentregulations; intendeend of use01-01-20247].
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1. Introduction

1.1 Problem definition

The PBL Netherlands Environmental Assessmer§ @08 ot f | yodzZNBI dz @22NJ RS [ SS¥
Statistics Netherlands (Centraal bureau voor de statisjie&licts that the Dutch population will grow

from 17.6 million to 19.6 million inhabitants in 2050. The population will grawban areagl]. Because

of the growing population municipalities need to expand themberof households. Between 2018 and

2020 58% of the new households have been built in the existing cities and the vision of the Dutch
government states that the urbanization that tak@lace needs to be at least 40% within the existing cities

[2]. This means that there will be a densification in the cities.

Because of the urbanization and the densification, high buildings are gaining popularity in the Dutch
municipalities. Thex is a lot of development regarding higise buildings, especially in The Hague and in
Rotterdam. Both municipalities have published their visions for-higgh buildings in the city. The Hague
published the highrise building vision in 201[3] and Roterdam published its highise vision in 20184].

¢KS ¢lftSald o0dAf RAY3I 2F GKS b Si{KSNEShegWR @Furels. S %l f YK
The tower has a height of 215 meters. Because the highest residence floor is located just below 200 meters
the SBRCURnNeublication fire safety in tall buildings (handreiking brandveiligheid hoge gebouwen) is
applicable[5]. Thehighrise visionof Rotterdam will even allow buildings up to 25Gt@rs, which is

outside of the scope 06BRCURnNet publicatiomhe municipality bRotterdam and the Safety region
RotterdamRijnmond published the Rotterdam Fire safety vision for tall buildings and-$alpbuildings,

which states the requirements for these buildings in Rotterd@mThe Dutch national building code (BBL;
Beslui Bouwwerken leefomgeving) is applicable for buildings below &&rs[7]. When buildings exceed

the 70 netersmark the SBRCURnNet publication is applicable. The SBRCURnNet publication has regulations
for buildings between 70 and 200 meters and is based on a pititabapproach related to the Dutch
national building code. Because Rotterdam allows buildings upwards to 28, rthe question arises
whether the probabilistic approach used in the SBRCURnet publication can also be used to design
buildings that are 200 td00 neterstall.

Tall Buildings in The Netherlands

Gerbrandytoren
IJsselstein
372 meter
Haliade-X

300
o g prototypa

Schoorsteen Rotterdam 248 meter
Euromast  Shell Pernis 215 meter

Maastoren Rotterdam 213 meter

| Rotterdam 185 meter
200m | Rembrandttoren 165 meter

| Amsterdam

150 meter
Martinitoren
| Groningen
7 met

100 97 meter I

Figurel-1. Tall buﬂdlngs in The Netherlan{]

The problem definition consists of two aspedise probability of a fire increases and the consequence of
a fire increases. The consequences increase because both the floor area and the egress time increased
tower of 400 neter is twice as high as a tower of 20Cetar and the floor area is also twice as much,
resulting in arisk increase of 4 times, as both thgrobability and the effect increase by a factor 2.
Increasing the height of a building also increasesrdguired safe egress time. When comparing the

10
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height and floor area of a 70eter building with a 400 rater building with the same desigfire riskin a
400 neter tall tower is 36 times higher than the probability of a fire in a 76ten tower as both the
probabilityand the effect increase by a factor 6. The egress time of a 2@6ritower is between 30 and
120 minutes for 50 to 200 people per floor sisown inFigurel-2, when we extrapolate that to a 400
meter building, the egress time varies betwe6® and240 minutes.

Egress Times by Stairs or with Elevators
Full Population

Time140 —&—Stairs

i MN=200
(min) o0

/' —m— Stairs

100 MN=150
—— Stairs

. e
—— Stairs

60 N=50

Elevators

Residential

— -a— Elevators
Office

40
20
0

10 20 30 40 50 60 70
Floors

Figurel-2. Egress time in relation to building height and occupé@ky

In 2020 there are over 220 buildings that exceed the Hlamand are classified as higlse buildings in
the Netherlands. Another 45 higtise buildings are beg constructed and 180 higfise buildings are
planned to be built in the next 10 yeaf$0]. When comparing Dutch higlise buildings with highise
buildings across the world, The Zalmhaven I, is small in comparison to thEHauifa 0f829 m or the
planned Jeddah Tower of 100Ceter, as sbwn inFigurel-3. In this way the Dutch legislation can learn
from these buildings and the legislation that is used to design these buildings.

Tall buildings in the world

One World Trade Jeddah Tower
Center New York nuin aanbouw
541 meter in Djedda
1000 meter

600m Petronas Twin Towers

Kuala Lumpur
451 meter

Empire State Building Lotte World Burj Khalifa
lew York Tower Seoul Dubai
Eiffeltoren 381 meter 555 meter 829 meter
Parijs
324 meter

1

1

500m I

I

400m |

I

1

300m I Zalmhaventoren
Rotterdam
215 meter

200m |
i =

1
100m I
1
1

Figurel-3. Comparing Zalmhavemith tall buildings in the world8]

The fire safety regulations of tall buildings in the Netherlands are stated in the SBRCURnet publication.
The SBRCURnet publication prescribes sets of mesthatearise from aisk-basedapproach. In theisk
basedapproach, rislsubsystems are tested against which can also be found in the building thde.
projectspecific characteristics are important for a risented approach based on a natural fire scenario
According to the NIPV (Dutdhstitute of Public Safety; Nederlandisstituut Publieke Veiligheid the
projectspecific characteristicare human characteristics, building characteristics, fire characteristics,
intervention characteristics and environmental characteristics. All tharadieristics influence the
behavior of a fire in a different way and all the characteristics are connectedrigees1-4. Generic
boundary conditions are used faneé human and fire characteristics in the projsgtecific characteristics
according to the NIPV.

11
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Repressive
scenario

Fire scenario
Degree of fire
safety
= g \

Human Fire

characteristics I characteristics

Psychonomy

Evacuation
scenario

Building
characteristics

Building
and
systems

AP Environmental
characteristics

Intervention
characteristics

In-house emergency
responders and the fire service

Figure 1-4. The characteristics of the degree of fire safetya
performancebasedapproach[11].

The fire safety of tabbuildingsbetween70and200 netersis based on prescriptive regulations of the BBL.
These prescriptive ruleslo hardly take human characteristics into account and miat take fire
characteristics into accounBoth characteristics are importd factor when determining the fire safety of
supertall buildingsbetween200and400 neters.

Human characteristics are important when people need to evacuate: is it safe to stay in the fire

compartment? Can de elevator be used to evacuate? Is the stairwell theeeatyation route? What is

the walking speed? How long are people willing to wait for an elevator? How long are people willing to

stay on a safe floor? Human characteristics are not only applied to the building occupants but also the
internal organizatiorof a company and thére and rescue services

Fire characteristics are important when the fire is developing. What type of fire curve is used? Where did
the fire originate? Is it amxygencontrolledfire or afuel-controlledfire? Is it a pre or a postashover
fire?

The building characteristics caffectboth the human and the fire characteristics and need to be project
based. What kind of fire suppression systems are used? Which evacuation routes can be used? Where are
the fire compartments locatedRlow is the building compartmentalized? What is the structural capacity

of the building?

1.2 Research objectives

This graduation project intends to gain insight into the possibility of usprgbabilistic approacfor fire
safety engineering ofupertall buildings between 200 and 400 meteBy analyzing th®utch National
building codefi KSS &t dzA (i 0 2 dzg ¢ S NBBI jhd theSBREURNEE dildlidatjoadhducting
literature reviews and by analyzing sugatl buildings around the world theré safety concept of similar
buildings can be determinedased on the literature studgerformance objectivesand performance
criteriacan be formulated angroject specificsimulationsfor assessing the fire safety can be made for
supetrtall buildings With the results of the assessmeatrecommendation can be made regarding the use
of a probabilistic design approach for sugal buildings

An essential part of this research is using the knowledge gained by the literature revidwy andlyzing
the Duch National building code (BBlhich will beformally used fromdanuary 12024.The knowledge

12
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gained from the literature review will be applied onsapertall building study of afF 400 mneter tall
building which iextrapolated from a Dutch higtisebuilding < 200 reters. Tovalidate the results of the
supetrtall study alow-rise referencestudy of af 40 neter tall building based on the same building will be
conducted.

The gained insight in the fire safety of sujell buildings between 20@nd 400 neters must provide
knowledge for fire safety engineers and the authorities. The results of this research will show to what
extend the fire safety engineering in sugtetl buildings between 208nd400 neterscan beused,and it

can potentially contribute to the design and/adjustment of the regulations for these type of buildings

in the future.

The subject of this thesis is the fire safety of sufadirbuildings between 200 and 400 meters in which a
guantitative assessmentvith a probabilistic analysisis usedto show that the fire safety level is
comparable tolow-rise buildings. Therefor the following main research question is put forward:

What does the framework of a probabilistic analyeig quantitative assessmenf fire safetyfor super
tall residential buildingbetween 200 and 400 meteis the Netherlanddook like and how do you
guarantee a level of personal safety for the building occupants comparable Butich nationaBuilding
Code?

The main research question can bgided into two parts:
. Which framework could be used for a probabilistic approach quantitative assessmeant
fire safetyof supertall residentialbuildings?
1. How can the levebf personal safety for building occupants be guaranteed in stgléer
residentialbuildings?

In order to answer the research questions the following sub questions are addressed in this research:

a. What is the fire safety level of leviseresdential buildings in the Netherlands?
b. How does the framework of a probabilistic approagla quantitative assessmeltok like?
c. What should be the level of fire safety @asupertall residentialbuilding between 200 and
400 meters in the Netherlands?
d. What should the evacuation concept for a sugal residential buildingpetween 200 and
400 metersin the Netherlanddook like?
e. To what extend does an automatic suppression system and a pressurization system

guarantee personal safety of building occupaimsupertall residential building®etween
200 and 400 metef®

1.3 Research relevance

Because cities gadenserl Y R 06dzA f RAy3d &aAy3fS adG2NEB o6dzAf RAy3a 2N ¢
economically interesting anymore, taller buildings are designed. Currently the highest building is the
Netherlands is the Zalmhaventoren, which stand 215 meters tall. Thiseidfitt building in the

Netherlands that passes the 200 metenark and will not be the last, in the city of Rotterdam plans have

already been made for buildings up to 250 metérskeep building occupants save is supat buildings,

research needs toé conducted,on whether or not the currenfpublicationcan be used for supeall

buildings. Besides thathe SBRRURnNet publicatiarFire safety for Highrise buildings from 2014, needs to

be revised in order to be incorporated in the new Building codeSt W. Saf dzA i 02 dzg 6 SN Sy € S
BBL.Highrise buildings such as tall and sugell buildings are not only gaining popularity in The

Netherlands bufare also increasing in popularity internationally. daqtitative assessment of fire safety

of super-tall buildings with a probabilistic analysian also be interesting to quantify the level of fire safety

of buildings internationally.
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2. Methodology

In order to answer the main research questi@uantitative researclis carried out in tis research. The
research approach is shownhigure2-1. The problem definition is described in the introduction (section
1). By conducting litetture researchthe relevance of the topic is indicated, the research objective can is
formed, and research questi@are formulated in order to fill the research gap. After completion of the
first step, the second step continues with defining the methodglmf the research (section 2). A
theoretical framework is formethb answer the research questigsection 3and 4) In step 3 dow-rise
referencestudy is performedo analyze the safety level of levise buildings in the Netherlands (section
5), based on the performetbw-rise referencestudy asupertall study of a supetall building will be
performed (section5). Step five is a perspective view on the research conducted, formulated in a
discussion (section 6%htepsix will be theconclusion of tis research in which the research questions will
be answered based on the literature and tresultsof the low-rise ref@encestudy andsupertall study
(section?).

' '
' .
1 Literature research '
' 1
! 1
' '
' 1
' '
' 1
5 [ ] :
! Fire safety level of Fire safety level of Evacuation principles of .
! buildings nationally buildings high-rise buildings H
' internationally H
: i

| Low-rise study (sq. a) |—| Theoretical framework |

Building Code
Analysis (sq. b)

Performance-based
and Risk-based

approach
Super-tall study
(sq. ¢, d, e)
b o e o o e e e e emmmmemmemmeoon P mmmmmm e mmmmememmememmmmememmemem——a
e \y --------------------------------------- 1
! 3 & 4. Quantitative assessment and results !
' Low-rise study Super-tall study (sq. c, H
: d, e) .
' Fire safety level of low- Fire safety Ie.ve.\ of H
' . o super-tall buildings '
| rise buildings (sq. a) '
' (sq. ¢, e) '
H Evacuation concept of '
1 Performance based super-tall buildings H
1 design (sq. d) :

Figure2-1. Research methodology.
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2.1 Literature review

The literature research focused on fire safety engineering in regard to prescriptive based approaches,
performancebasedapproaches, evacuation methods and smoke spread inrisevbuildings and high

rise buildings, specifically: tall buildings and sufadrbuilding. Buildings with residential, office and hotel
functions are included in the literature review.

Inclusion and exclusion criteria

In the lowrise referencestudy, the prescriptive based fire safety requirements for a new residential
building ae analyzed according to the Dutch National building code (BBLnamgerformancebased
approach quantified assk factors. Risk factors ftie probability of fire ignitionstructural integrity in
case of fire, smoke spread, fire spreaut escapeouteswill be quantified.

In the supettall study, a supetall residential building will be compared with a laise residential
referencebuilding based on the risk factors obtained in the {ose reference studyin aperformance
basedapproach,a concrete hilding design is needed to take into account the project specific boundary
conditions. For bottihe lowrise residential building and the suptll residential buildinghe design of

the Brinktorenwill be applied The Brinktorerwill be built in the Netterlands in the coming years.

In the low-rise referencestudy, a 13-floor low-rise building will be analyzed according to the Dutch
National Building codehe BBLIn thesupertall study,a 130 floor supertall building will be analyzetb
have at least the same level of fire safetytlas low-risereferencebuilding.

Data analysis

The data collected in thdow-rise referencestudy contais deterministic average values for fuel
characteristics, building charactstics and human characteristics. For the characteristics used in the
simulations a sensitivity analysis will be conducted based on a standard vat@mtieh the probabilistic
values.

Risk factors used in the analysis are based on the compartment mfadesignlifetime [yrs.], ignition
probability [m?] andfor the load bearingstructureon the Eurocode classification CC1, CC2 and CC3.

Validity and reliability

The internal validity of the research is guarantegsinga validated simulation progranthe use of
regulated Eurocode classifications and the use of a sensitivity analysis based on statistics. The external
validity of this research can be achieved by the general application of the method used. By examining
different cases generalization cae hchieved. Generalization in this study is difficult to achieve because
only one case is examined. However, the buildings are analyzed according to the Dutch National building
code, which is generic for all buildings.

The reliability of the lowrise rekrence study depends on the requirements set in the Dutch National
building code (BBL) arttle software used: Ozone V3.0.4 and CFAST 7.7%dnlbe assumed that the
requirements set in the Dutch National building code (BBL) are reliable. Althougméwstauilding code,

it is based on the old building code that has been used since 2012 and has been under consideration since
2018. The reliability of the sup¢all study results is based on the data gathered from the-ts&
reference study. A margin efror can be expected in both studies as the standard deviations udeattin

studies are the same but are not regulated in any standard.
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2.2 Building characteristics

For the evaluation of the safety level, a building with a residential functiorbbas chose. The higlise
buildings being built or the plans that are proposed in the Netherlands are mostly residential buildings
[12], [13] Most of the world tallesskyscrapersiave a mixed used of offices, hotel or residential function.

In the Nethelands the functions are more divided: the building mostly has one fun§tiéh
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Figure2-2. Design of the Brinktoren.

The Brinktoren

As mentioned beforehe low-rise referencestudy and thesupertall study are based on the design of the
Brinktoren [15], as shown inFigure 2-2. The Brinktoren is highise tower designed y Mecanoo
Architecten B.V. The Brinktoren is af&®rs, 90 meters tall residential building with 401 apartments in
total. In boththe lowrise reference studwandin the supertall study each apartment will be its own fire
compartment. Eachapartment hasa combined living room and kitchen, a bedroom, a bathroom, an
entrance hall, a storage room and a small utilities room. The surface area of the apartments is between
33.64 nt and 57.33 mfor the most common floors. Each apartment has a balcony attacheéket living

room. Two vertical shafts connect the apartments with the apartments above and below. The shafts will
have a 60minute fire separation. The technical drawings of the building are shown in attachment
Appendix6. Architectural drawing of the Brinktoreffloor 11 In Figure2-3 the floorplan of the most
common fbors, floor Dto 13, is depicted.
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Figure2-3. Geometry ofthe most common floor
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Building physics

The building physicsf the Brinktoren ag otherimportant building characteristicSThe Brinktoren is a
thermal heavy building with concrete walls and flsoras load bearing structuse
The facade of the Brinktoren @sthermal heavy construction made of concrete sandwiahgds finished
with brickwork. The thermal resistance of the external separation constructions is 8/ for the
floor, 6.0 n#*K/W for the facade and 8.0 #tK/W for the roof. The daylight openings havethermal
resistance coefficient of 0.85 WATK andmake up 41% of thfacade.The external airtightnegQv;10;ie;ret
is 0.30 dnd/s per nt.

Lowrise residentialreferencebuilding

The lowrise residential building is an interpolation of the Brinktoren. The building design that is used in
the lowrise reference study isEfloor, 44,5 meters tall residentidbuilding with the highest resiential

floor at 415 meters. The buildingvill have220 apartments in totalEachfloor will have approximately 16
apartments ranging from 33.64%to 53.10 ni. Each apartment is a separate fire compartment. The total
gross surface area of the building i8,390m?. The design lifetime of the buil ding is 50 years (standard
design lifetime). A comparison between the lowise residential reference building and the Brinktoren is
shown inAppendix7. Comparison of the lowise residential building, the Brinktoren and the sugetl
residential building

Supertall residential building

The super tall residential building is an extrapolation of the BrinktoFée. building design that is used in
the supertall study will be a 130 flogr3955 meters tallresidentialbuilding with the highest residential
floor at 3925 meters. The building will hav#033 apartments. Eacfioor will have approximately 16
apartments ranging from 33.64%to 53.10 n. Each aparhent is a separate fire compartment. The total
gross surface area of the building is 140,577 The design lifetime of the supertall residential building is
proposed to be 100 years. A comparison between the lowse residential reference building, the
Brinktoren and the supetall residential building is shown iAppendix7. Comparison of the lowise
residential building, the Brinktoren and the sugall residential building

Fire compartments

Each apartment is a separate fire compartment. The fire resistance of the walls and floordaw-tfise
referencestudy will be according to the national building co&8L The fire resistance of the walls and
floors of thesupertall study will be determied based on the reliability of thiew-rise referencestudy
and the sensitivity analyses.

2.3 Fire characteristics

Fire object

A natural fire is used in the simulation&he natural fire used in the Ozone model is based on Annex E of
NENEN1991-1-2/NB Eurocode IThe heat release rate of the fire is showrkigure2-4. The growth rate

of the fire isa medium growth rate 300 seconddo a 1 MW fire) according to NENEN 19911-2/NB
Eurocode 1: Belastingen bijand.
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Rate of Heat release
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Figure2-4. Rate of Heat Release (RHR) of natural fire according to Annex E-BNNEI911-
2/NB, used in the Ozomaodel.

Stachastic boundary conditiorand the variations of these conditionsed in the simulationare shown
in Table 2-1 and have been based on the EurocoieNENEN 19911-2/NB [16], Nieman report
Wu040430abA0.rhgl7] and the NIPV publicatio®w 2 2 { S NARLINBARAY 3 gM]. LISNE22yf A C

Table2-1. Stochastic boundary conditions im a performancebased approach,
using a natural fire concept for a residential building funcfitsj.

Average Variation Standard
(AVQ deviation (SD)
0.4 100
Heat release rate [kW/M] 250 03 T3
. 0.25 75
Fire growth rate [s] 300 05 150
. . 0.15 117
Fire loaddensity [MJ/n¥] 780 015 117
Combustion efficiency 08 0.08 0.06
factor ' -0.08 -0.06
L . . 0.5 0.6
Stoichiometric coefficient 1.27 0.25 03
. 0.5 5.0
0,
Lower oxygen limit [%0] 0.1[19] 05 50
. . 1.0 0.0264
Soot yieldg no sprinkler 0.0264 03 20.0079
. . 1.0 0.0528
Soot yieldg sprinkler 0.0528 03 20.0158
Heat of combustion [kJ/kg] | 17,500
CO yield 0.0104
Danger of activation 1
Fire elevation 1.0 m
Fuel height 1.5m
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The soot yield and the CO yield are applicableiefcontrolledfires, when there is enough oxygen in the
room. The yields will increase when the fire igeatilation-controlledfire, as shown ifrigure2-5 [20]. In
which an equivalence ratio < 1 is duel-controlledfire and an equivalence ratio > 1 is aventilation
controlledfire. The molecular formula of the combustion materiaked in the CFAST mod&IGHsOs.
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Figure2-5. Ratio of yield to yield in open air.

2.4 Computational models

In order to predict the behavior of fire and smoke, computational models are used. There are three
computational models used in fire safety engineering: network models, zone models and computational
fluid dynamics (CFD) modeMultizonemodels are used fobuildings with hundreds or even thousands

of compartments, such as large highebuildings. Zone models are mostly used to predict the behavior
of fire and smoke in multiple compartments, where the t&one model is valid, whereas CFD models are
mostly used to predict the behavior of fire and smoke in large compartments or in complex geometries
[21]. Zone models can be divided into erene models, twezone models or a combination of the one
zone and twezone model. Most of the models used in fireetgfengineering are twaone models. In
two-zone models a room is to be considered divided into two homogeneous layers or zones, and the
connecting plume. In a twaone modelequations for the conservation of mass, momentum and energy
are applied to eachkoneto calculate the size, temperature and concentration of species of each zone and
to calculate the flow of smoke and toxic products. This is done in a dynamic pfa2gss

The quantitative assessment with a probabilistic analysis in rés®arch is carried out based on
simulations made in @neand CFAST. CFAZ]], [24]is one of the most versatile and widely used zone
models[22]. CFAST can calculate the movement of smoke and hot gases in interconnected rooms. Ozone
developed by Arcelormittahnd Universite de Liegend CFASTeveloped by NIS@re both twozone
models, which have an uniform distribution of fire load density. In soasesit is better to use the actual
distribution of combustible§21]. However,since this research is carried out for a residential function an
uniform distribution of the fire load density is assumed. By using an uniform distribution of the fire load,
the interior design of the compartment can be changed during the life cycle diuheing.
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The CFAST simulations for the {dge study are based on the Dutch national building code in which
automatic suppression systems and/or pressurization systems are not used. The CFAST simulations for
the supertall study is based on the SBRCURnet pufidicdor highrise buildings, in whichreautomatic
suppression system and a pressurization system are assumeduidmaticsuppression system used in

the supertall study simulations isreautomaticsprinkler based on the computer model DET/ZB]. The
automatic sprinkler systenis a quick response sprinkler withresponse time index (RTd§ 50 (m*s)*?

and an actuation temperatureof 68°C The pressurization system used in the sufadr studysimulations

is a stairway lobby pressurization system in which fresh air is supplied via aNIBBEN 121046:2022

[27] prescribes presgization systems in the stairways, pressurization in the stairledpies is an
alternative directed in the SBRRUbet publicatiorand is much more applicable in sugail buildings. The

test criteria forpressure difference for closed doors and the air speed in open gwessribed in the NEN
121016:2022 are usedThere will be an airspeed & m/s over each doowith a maximum pressure of

50 PaBy supplying air through a separate shaft instead of via the staircase the air supply will be constant.
If the air would have been supplied via the staircase as stateceilNEINEN 121016:2022, there should

be enough air supplied through three doors: the door on the fire floor, the floor below and the door on
ground level.However,it is theoretically possible that more than 3 doors are open at the same time,
which would reult in a lower air supply on the desired floor and decrease the effect of the pressurization
system.Toprevent this from happening a stairway lobby with supply via a separate shaft has been used
in the simulations.

Geometricalconfiguration

In Figure2-3 the floorplan of the most common floors, flooO1o 13, is depicted. This floorplan is used

for the calculations made with the program&@he and CFAST. The simulations use a simplified version
of the floorplan or the compartments on this floor. By simplifying the geometry of the building, the
computational power needed for the simulations is decreased. The floor consists of 16 apartments, 5
elevators of which 2 firefighting elevators, 3 staircases, 3 smoke lobbies, multiple corridors, multiple
shafts,and some storage areaé schematic overview of thiéoorplan is shown irFigure2-6. The fire
compartments will be modelled as one area, moinsideringthe rooms of the apartmentsince these
separation constructions are not fire resistaiihe geometrical configurationhe buildingcharacteristics

and the fire characteristicused in the @one mode$ and in the CFAST models are showfgpendix 3.
Computational models
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Figure2-6. Schematic overview of the computational models.
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3. Hom prescriptive design to
performancebaseddesign

In this chapter theheoretical framework of this researdh presented The level of fire safety of buildings
below 200meters will be discussed. In this part the fire safety of Dutch regulations regardingskand
high-rise buildings will be analyzed by the two principal components of fire safety: egress strategy and
building performance. Building performance consist# of structural performance and fire spread
mitigation (compartmentation)28]. In highrise buildings the height of the building and the limited
vertical escape routes increase the evacuation time from minutes, forikmbuildings, to possibly hosi
depending on the height as shown fgurel1-2, coupling the evacuation time to the structural and
compartmentation time.Because there is no Dutclegulation for buildings above 200 aters,
international regulations will be analyzed for the safety level of buildings between 200 and 40Gmeter

3.1 The fire safety level ofhe building codein The Netherlands

Buildings in the Netherlands are design and tbadcording to the technical regulations of the Dutch
YIEGA2Y T 0 Besldit Bouwierked Ratofyevidly . . [ Q@

The Dutch national building code is a prescriptive based building code thatvdasain public objectives
when it comes to fire safety:

1 Personal safety (of building occupants dimé and rescue servicgs

1 Protection of neighboring plots and adjacent building

Preserving the building and preventing damage to the environment, monuments or public services are
not the goals of the Dutchational building code.

The regulations consist of functional requirements that are subsequesgburedin performance
requirements. The functional requirementsin be divided into passive fire safetyeasuresand active
fire safety measures. The passive fiadety measures can also be seen as risk subsystems.

The following passive fire safety measucas be distinguished:

1 Gonservation of the environmenpreventing the spread of fire to neighboring plots

I Conservation of the building: structural safeggarding collapse

9 Limiting the ignition of fire: fire rating classification of building materials

1 Limiting the spread of firand smde: fire compartmentation using fire resistant separation
constructionsand smoke compartmentation usingmoke resistant separation constructions

1 Gonservation of the escape routes: fire resistance of the structural components, fire and smoke
resistance separations constructions of the escape routes and Eurocodes of the materials

1 Conservation of the atiek routes:fire resistance of the structural components, fire and smoke
resistance separations constructions of the escape routes and Eurocodes of the materials

And the following active fire safety meassigan be distinguished:
1 Fire safety installabns: fire alarm system, evacuation alarm system, fire hoses, fire pipes,
emergency lighting, fire elevator
Fireproof use of the building: organization and management
Services for théire and rescue servicesommunication

f
f
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Characteristics, limits, and methods have been prescribed to the functional requirements in order to
comply with the goalsThese characteristics, limits and methods are the performance requirements. The
functional requirements and the performance requirents related to the fire safety of new buildings are
described in the Dutch national building co8BL. chapter 4, section 4.2 safety and in section 4.7 building
installations. Paragraphs 4.2.2, 4.2.6, 4.2.7, 4.2.8, 4.2.9, 4.2.10, 4.2.11 and 4.2.1bof48qbrescribe

the passive sire safety requirements and paragraphs 4.7.6, 4.7.7 and 4.7.8 of section 4.7 prescribe the
active fire safety requirements. Fire safety requirements during the use of the building are prescribed in
chapter 6, section 6.2 fireafety,paragraphs.2.1 and 6.1.2 prescribe the requirements that need to be

met during the use of the building.

The performance requirements prescribed in the paragraphs related to fire safety of the building are
prescriptive and not performance basefxcept for the NEN 6079, which provides an equivalent level of
fire safety when used. The NEN 6079 standard is a standard for the fire safety of large compartments >
1000 ntf and is aperformancebasedapproach, using risk factors to calculate the perfarmoe of the
building. In the NEN 6079 standard it is explicitly noted that the standard cannot be used for buildings
with a residential function or for a building in which lessh-selfreliable people are residing. NEN 6079
can be used for large fire cormpgments of office, industryor sports functions. Some of the risk factors
used in the NEN 6079 match the risk factors used in the-BIRN9911-2:2002+C3:2019+NB:2019. One

of these factors is the frequency of fike[1/(m?*y)] which is 0.04*1¢ [29][30], the frequency of firds
specific for the industrial building functiomhe NEN 6079 also states the chance of failure for multiple
separation constructiongzailure probabilitiesare stated for separation constructions made of stone and
metalstud and for stone or metafi 1 dzR O2y a G NHzOGA 2y a oA GK NENEOMY I A
is not applicable for highise buildings Nieman Raadgevende Ingeniewanducted an analysis of ¢h
thermal loadand the mechanical response of the safety level of the Dutch national building code
(Bouwbesluit) in 2014: Risk based fire safety of load bearing elenfEritsin this research risk factors
were usedo determine the safety level of several cases. Tikk factors used in the research are shown

in Table3-1.

Table3-1. Risk factors for building functi@rcording to Nieman report.
Building function P P P =]

Fire ignition | Fire ignition Local fire Construction
threatening fire
[1/yr.] [1/m3yr.] [1/m?50yrs.] [1/m?/50yrs.]
[BSI] [BSI] [Handbook] [Nieman report]
Residential (lowrise) | 3 3 leb le-6
Residential (higkrise) | 3 3
Office 6 e3 le5 2e5 2eb
Hotel 2e5

The information inTable3-1 is gathered from the BSI: Application of fire engineering principles to the
design of buildingg code of practice BS 7974, BSI, London; and the handbook: Schleich let¢@hardo

da VinciHandbook 5, Fire DesigB1]. The risk factors used in the BSI do not use a speacéi butis
specific for a building with that functiohe risk factors used in the Leonardo da Vinci handboole$ us
a failure probability of fire extinguishing by ogant of 0.4 and a failure probability of fire extinguishing
by the fire department of 0.1.

The probability of fire given the design of the building can be compared to the probability of fire calculated
by using the Eurocode method. This method uses thepartment area or the building area, the design
lifetime and the ignition probability in order to calculate the probability of fire for 3 consequence classes.
The ignition probability per &per year is determined by dividing timeimberof fires per year in a building
function, by the surface area of that buihd) function in that year. The amount of residential fires over
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the last 10 year in The Netherlands are showrFigure3-1, Table3-2 and Appendix 5. Statistics of
residential fires in the Netherlands for the past 10 years

Residential fires per year in The Netherlands
8000
7000
6000

5000
4000
3000
2000
1000

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 10 year
average

Residential fires

o

year
Figure3-1. Residential fires per year in The Netherldi3@3, [33]

Table3-2. Probability of fire for aesidential functiorin
The Netherlands from 2013 to 2022.

| 10-yearaverage 2012022

Total residential fires 5701
P fire [1/yr.] 7.36E04
P fire [1/m2/yr.] 6.18E06

A summary of the probability of fire per year and pet per year in The Netherlands is shownTiable
3-2, the full analysis of the last 10 years is showAppendix 5. Statistics of residential fires in the
Netherlands for the past 10 year8Vhen comparing the probability of fire per year based on Dutch
statistics with the probability of fire per year as stated in the BSI, as showabie3-1, the probability of
fire per year in The Netherlands is a factor 4 smaller. A comparison between the Harj@bheokich is
the basis for the Eurocode, and the Dutch statistics the probabilififeper n? per 50 years is a factor
31 larger as shown below:

1 Probability of fire according to the Handbook:-&F1/m?/ 50yrs.]
1 Probability of fire according to Dutch statistics: 6.¥8E50 = 3.0984 [1/n?/50yrs.]

The difference irthe probability of fire between the Eurocode and the statistics mighekelained by
the fact that the probability of firaccording tahe Eurocode is for lowise buildings and the probability
of fire according to the Dutch statistiés for aresidential buildinglow-rise and higkrise. The difference
in probability of fire could also be explained based ondlffierence intime. The statistics in the Handbook
are basedn a period betweeri970 and 1990An increase ielectrical apghnces, P\panels andther
similar equipment may have caused an increase in the probability of fire.
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3.2 The fire safety level of tall buildings The Netherlands

The Dutch national building code does not have regulations for buildings lower-ghareters below
measurement level or for buildings taller than 70 meters above measurement level. Paragraph 4.2.13 of
the national building code, tall and subterranean buildings, is used for buildings Eelovand above 70
meters. Artikel 4.88 states that buildingslter than 70 neters above measurement level is arranged in

such a way that the buildinig firesafe Artikel 4.89 of paragraph 4.2.13 states that a building with a floor

70 meters above measurement level is arranged in such a way that it has same l&kelsafety as
prescribed in paragraphs 4.2.2, 4.2.6, 4.2.7, 4.2.8, 4.2.9, 4.2.10, 4.2.11 and 4.2.12 or complies to the
SBRCURNet publication for fire safety for tall buildings. For buildings above 70 meters and below 200
meters the SBRCURnNet publicatisiprescribed for the design of tall buildings.

The SBRCURNet publication for fire safety in tall buildings between 70 and 200 meters is a publication with
performance requirements that are based on a quantitative risk assessment in which the level of fire
safety in a tall building is at least the same as in a normal building (building built/designed according to
BBL < 70 eters.) The publication can be used for buildings wigisidential officeand/or hotel function.

The risksubsystems that are implemented in €hBBL can be translated into acceptable failure
probabilities:
1 Safety of building users will be expressed in an acceptable failure probability of the escape route
because ofire
1 Safety of the environment will be expressed in an acceptable failure probability of fire spread to
neighboring plots
1 Safety of the buildingvill be expressed in an acceptable failure probability of the failure of the
load bearing structuréecause ofire
1 Safety of the fire compartment will be expressed in an acceptable failure probability of fire
spread to another fire compartment in the sarbailding
1 Safety of the smoke compartmentation will be expressed in an acceptable failure probability of
failure of preventing internal smoke propagation.
1 Safety offire and rescue servicesill be expressed in an acceptable failure probability of the
attack route as a result of fire

The failure probabilities of the risk subsystems can be used to support the main goals of the BBL and of
the SBRCURNnNet publication. The acceptable failure probabilities of the risk subsystems as mentioned
above are the basisrowhich the SBRCURnNet publication is baseathieve the same level of fire safety

as buildings below 70 eters.

Evacuation is one of the main subjects of the SBRCURnNet publication for fire safety in tall buildings.
Evacuation of tall buildings takes longardomparison to normal buildings because the distance that
building occupants need to evacuate over is longer/higher. In order to evacuatéuiidings,the
SBRCURNnet publication distinguishes four different evacuation concepts:

A. Total evacuation with stedard evacuation time (evacuation time according to BBL);

B. Total evacuation with extended evacuation time;

C. Phased evacuation (with extended evacuation time);

D. Partial evacuation (evacuation of the emergency area to a safe haven)

Evacuation concepts A, &d C are elaborated in the publication, concept D however is not. Partial

evacuation is not a conventional evacuation strategy in The Netherlands. It is explicitly noted that partial
evacuation might be necessary in sujelt buildings and needs to begject specific.
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The repressive actions taken by the fire department have been taken into account in the SBRCURnet
publication and can be divided into four ways of repressive actionFgpae3-2:

A

offensive
exterior
attack

defensive
exterior
attack

offensive
interior
attack

defensive
interior
attack

Y

Figure 3-2. Repress$ve actions of he Dutch fire brigade.
(34]

In order to assess the risk of fire for building occupant faredand rescueservices the repressive actions

of the fire brigade need to be taken into account when designing tall buildings. For tall building repressive
actionlike the defensive exteriorteack andor the offensive exterior attackvill most likely not be used
because of the limited reach of the fire brigade on the exterior/facade of the building.

Tobe able to implement the evacuation concepts and to be able to take repressive acticBBR@URnNet
publication has directives for the strength of the construction in case of fire, fire propagation, fire spread,
escape routes, fire repression and fire safety installatiding fire safety of tall buildings is linked to the
evacuation conceptased in the building.

The performance requirements prescribed in the paragraphs related to fire safety of the building are
prescriptive and not performance based. Except for the fHEN19911-2:2002+C3:2019+NB:2019 and
the NTA 46148.

The SBRCURnet puwaliion forfire safety in tall buildings has prescriptive measures for fire safety based
on a quantitative risk assessmeaartddescribes fire safety based on project specific characteristics. These
project specific characteristics are related to the buitgiand the fuel/fire load. The following building
characteristics need to be used:

1 Size and geometry of the fire compartment

1 Size and position of external openings (windows, doors)

1 Thermal accumulation and insulation of the fire compartment

The followingfuel characteristics are related to the permanent and variable fire load:
1 The reference fire load density, time constant and fire load
1 Stoichiometric constant and fire model
1 Flashover criteria
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The standard fire curve is used to calculate the fire resilience of constructions. The standard fire curve is
a normalized curve that indicates the relation between time and temperature and is used internationally
for assessing and classifying structurestead of the standard fire curve a more realistic natural fire
curve can also be used. The SBRCURnet prescribes the use of a natural fire concept based oftthe NEN
1991-1-2 (the Eurocode) and the NTA 4634onvenant hoogbouwcovenant higkrise buildngs. A
project specific natural fire curve can be determined with NEN 6055, which describes the natural fire
concept based on project specific characteristics. The thermal load chysbe natural fire needs to be
translated to a standard fire curve, sim the fire rating of constructions is also expressed in minutes
standard fire curve.

In order to getan equivalent levebf fire safety as buildings below 70 meters, a comparison has been
made between two buildings with the same function, -tayt, constuction, internal and external
separation constructions and fire compartments. The only difference is the height of the building. In this
way the height of the building is almost a factor 3 this as high as a 70 meters building (200 / 7&= 2.86
3). In a Bk assessment this factor needs to be used both on the risk side as on the effect side of the
assessment, resulting in level of fire safety that needs to be 10 time higher than that of a building below
70 meterg[5]. Project specific parameters have rmen used in the quantitative risk assessment, which
means that the publicatiors not based on Fire Safety Engineering.

Fire safety during construction
Fire safety is of importance during the use of the building and during construction of the building. While
the building is being constructed the construction workers are inside the building and a fire may occur.
The National building Code BBL doesprascribe requirements for fire safety during construction. Local
governments can make demand regarding fire safety and for large construdiigliihgs aconstruction
safety plan needs to be composed. For tall buildings, the SBRCURnNet publicatioh@sesgiilirements
for fire safety during the construction of the building. Just as during use the accessibility, the possible
deployment of the fire brigade and the escape possibilities are important. In order to have a fire safe
building during constructias the following requirementmustbe taken into account:
a. Accessibility of the construction site by the fire brigade
b. Usability of at least one dry pipes for fire hoses (droge blusleidingen) when the building
construction exceeds 20 meters and the usapitift wet pipes for fire hoses (natte blusleiding)
when the building construction exceeds 70 meters
c. During construction at least one portable fire extinguisher should be available at a central point
of every floor
d. A temporary fire alarm needs to be put itepe on every floor during construction and the fire
alarm needs to be connected to the office of the construction foreman
e. During construction at least two separate escape routes need to be accessible
Building equipment and building materials need to barstl in a separate fire compartment that
has a fire resistance of at least 60 minutes.

—

3.3 The fire safety level of supetall buildingsin The Netherlands

For buildings between 200 and 400 meters the Dutch national building code BBL does not have
regulatiors. The national building code has regulations for building up to 70 meters and the directed
SBRCURNnet publication has regulations for building between 70 and 200 meters, which need to provide
the same level of fire safety as for building below 70 meteasel on paragraph 4.2.13 of the national
building code it is possible to design and built a building higher than 200 meters if the building is designed
in such a way that it is fireproof and the building provides at least the same level of fire safetyraked

in paragraphs 4.2.2, 4.2.6, 4.2.7, 4.2.8, 4.2.9, 4.2ntDH4.2.12.
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Because the Dutch national building code is prescriptive and not risk based it is hard to design a building
higher than 200 meters that has the same level of fire safety as ditgibelow 70 maters. There are no

risk factors that can be comparetiherefora riskbased approach could be applied using the same risk
subsystenas described in sectio®2

The city of Rotterdam published its vision on higde buildings in 2019, which states that the theoretical
maximum height of buildings is 250 meteiisased onurban planning and desigrThis theoretical
maximum height is a dynamic height and @gow in time[4]. Because buildings with a height of 250
meters are not directed in the Dutch national building code in the SBRCURNet publication, the city of
Rotterdam and security region RotterdaRijnmond published a concept version of TRetterdam Fire
Safety vision (De Rotterdamse Brandveiligheidsvisie), their fire safety concept for tall buildigg@®0

m) and for supetall buildings (20G; 400 m). The fire safety vision of the city of Rotterdam has a few
additional guidelines forne SBRCURnNet publication for fire safety of tall buildings and has additional
guidelines for buildings between 200 and 400 meters. The guidelines for buildings between 200 and 400
meters are based on the SBRCURnet publication guidelines. The Fire sédetpndscribes requirements
that need to be met when designing a sugall building in Rotterdam.

3.4 Assessment in a riskased approach

The performance requirementer low-rise buildingorescribedin the BBLfor tall buildings prescribed in

the SBRCURNpublication and for ta# buildings prescribed in the Rotterdam Fire Safety visicen also

be used in a riskased assessment. In a Hsised approach assessmehe criteria are usedo perform

an ASTIRSTanalysisn every risk subsystem. For riskbsystems with requirements related to the thermal
load (loadbearing structure and compartmentation) the AST and RST are expressed irs ®iFDid-or
evacuation routes (personal safety) the ASET and RSET are real cedkntiASIRST analysis is made

for building components such as the load bearing structure or the compartmentation. In this analysis the
equivalent fire duration of the standard fire curve is used to calculate the failure probability. For personal
safety an ASERSET analysis is made ugheyevacuation time of building occupants. The results of the
AS(E)RS(E)T analyses are shown probabilities with a reliabilitis. can be expressed as AST > RST +
safety margin. The probability that AST doesn't exceed RST must be very (B@SIT<RSHK
P(acceptablg) The acceptable failure probability depends on the risk subsystem and the requirements of
the Building CodeAs mentioned in sectioB.2the SBRCURnNet publicatibas been made based on a Fisk
based assessment, which has later been translated to prescriptive assessment criteria.

3.5 The Fire safety level of buildings internatiofig

3.5.1 Design methods

In order to determine the fire safety level of buildings there are two design methods: prescriptive or
analytical. In a prescriptive design method relevant deemed to satisfy solutions ardaifiedlize the
design and to comply with the regulations. Im analytical desigmethod,the design needs to meet the
performance criteria in order to comply with the regulatid3%]. Toshow that the performance criteria
meet the regulations a verification method needs to be available. Some of the criteriafoseh
analytical approach are described by YUB§], The NewZealand Centre for Advanced Engineering
(CAENZ]37] and Hadjisopocleous and BénichdB8]. Nystedt[35] describes available methods of
screening for the performance criteria.

Yund36] introduced barrier groups for describing and categorizing the fire safety of buildings. The barrier
INRdzLJA 2F ,dzy3d dzaS GKS WRSTSyaS Ay RSLIGKQ LINAYOALX S
using redundancy, the system keeps working whag of its components fail. The Nexealand Centre

of advanced engineering (CAEN&)] discusses fire safety measures in a similar way to YungGhaNZ
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relates fire safety measures in terms of barriers to the fire development in a building. The Igaotigs
used are:

Prevent ignition;

Control fire growth;

Control smoke spread;

Limit fire spread within building;

Prevent spread to other building;

Means of escape;

Facilitate rescue service options.

= =4 -8 -8 8 -8 9

According to Hadjisopocleous and Bénicljd8] a perbrmancebased fire safety design should at least
follow the following four generic steps:

1. Identification of the performance objectives and requirements

2. Establishment of performance criteria

3. Quantification process

4. Presentation of design documentation to teithority Having Jurisdiction for approval

Overall objectives of the fire safety systems in buildings that need to be met according to Hadjisopocleous
and Bénichou38] are:

1 Minimizing risk to life and injury of people from fires

1 Minimizing property Igs in the building of fire origin and adjacent buildings

I Limiting economic, operational, social and environmental impact of fires

The fire safety objectives and requirements that need to be considered by the design team in order to
make theabovementioned objectives:

Fire outbreak and development

Spread of fire and smoke

Means of notification and evacuation

Fire resistance and structural stability

Emergency response operations

Economic and social impact

Environmental protection

=a =4 =8 8 —a -8 9

In order to meet the fire safety objectives and requirements as stated by Hadjisopocleous and Bénichou
performance criteria that are verifiable and enforceable need to be established. Designers should be able
to easily demonstrate that their designs meéetperformance criteria, by using engineering tools, and
that code authority can enforce the performance criteria.

Hadjisopocleous and Bénichou summarized different deterministic criteria, which present upper and
lower limits of various criteria. The range of these criteria are not set because project specific and even
occupancy or use specific circumstances effecttilees of the criteria. The performance criteria should

be dependent on the use and occupancy of the building. When using deterministic analyses for the designs
of buildings safety factors may need to be included. In literature the safety factors ugedénal range

from 1 to 3[39]. A low level of uncertainty is indicated by a low value (i.e., 1) and a high level of uncertainty
is indicated by a high level (i.e., 3). Although a deterministic analysis provides clear information about
room conditions, aleterministic analysis has a limited ability to consider the level of safety of an entire
building with all it systems and functions.

In order to provide information about the level of safety of an entire building, a probabilistic method

providing a rik estimate can be used. Statistical data is used to form the risk criteria used in a probabilistic
method. Risk factors calculated by a probabilistic approach can be compared to the risk @oitexia
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design to be accepted by the authoritif38]. In oder to compare the calculated risk factors with the risk
criteria it isbetter to conduct the evaluation for several ssystems separatelfd0]. The following sub
systems should be considered for the quantification process:

Fire outbreak and development

Spread of smoke;

Spread of fire;

Fire resistance and structural stability;

Fire detection;

Fire suppression;

Emergency/firefighting response operations;

Means of notification and evacuation;

. Continuity of operations;

10. Environmental protection.

©CoOoNo LN E

Probabilisic or stochastic fire models and deterministic fire models can be usegénfarmancebased

design. In probabilistic fire models the probability of risk due to fire based on the probability of all
parameters influencing the fire are evaluated. In detéristic fire models the impact of fire is calculated
based on physical, chemical and thermodynamic relationships and empirical correlations. According to
Hadjisopocleous and Bénichou deterministic models can be classified as zone models and field models,
which can be very simple or highly complex.

In the British standard the risks shownTiable3-3 are used.

Table3-3. Tolerabilityof risk[41].
Category Probability
Maximum tolerable risk to individual member of the publi{ 10* probability of death per yeal
General acceptable risk to individual member of the pub| 10€ probability of death per yea
Individual risk from fires only

(1) At home or sleeping 1.5 * 10° per individual per year

(2) Elsewhere 1.5 * 108 per individual per year
Risk of multiple deaths from fires only

(1) > 10 deaths 5 * 107 per building per year

(2) > 100 deaths 5 * 108 per building per year

To verify design alternatives used in an analytical approach of fire safety@atéell[42] present a
structure for threatening uncertainty in risk analysis and proposes six different levels of uncertainties:
Level 0, risk screening and failure mode itif&ation

Level 1, worst case scenario

Level 2, quasiorst case/worst credible approach

Level 3, design scenarios and average values

Level 4, event tree and fault tree analysis using point values

Level Sevent tree and fault tree analysis usistgtistical distributions

=a =4 -8 —a —a -9

In order to solve the uncertainties three methods can be used:
1 Qualitative risk assessment
1 Quantitative assessment with deterministic analysis
1 Quantitative assessment with probabilistic analysis

In a qualitative assessment imitirisk screening is conducted identify relevant fire risk and in order to

present a trial design solution that solves these risks. Logic reasoning, statistics, experience and results
from testing are usetb support the assessment.
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In a quantitative asessment with deterministic analysis the safety of a number of independent fire
scenarios are measured based on the consequence of the solution. By complying to the acceptance
criteria of a number of prelefined fire scenarios a sufficient level of safitghown However this level

of safety is not explicitly calculated in a deterministic analystuantitative assessment with probabilistic
analysis also measures the safety of a number of independent fire scenarios just like a deterministic
analysis, bt in aprobabilistic analysis a specific level of fire safety is calculated. This is done by evaluating
the relationship between different scenarios and the probability and consequence of each individual
scenario.In a complicated design of the buildingkvk OK dzaSa Wy S¢gQ azfdziazya (2 C
objectives it a quantitative assessment should be used. This assessment can be either a deterministic or
probabilistic analysistlomake sure that the design meets the fire safety requirements of thelegigpns

a design review is required. The Authority Having Jurisdiction (AHJ) is responsible for the quality of the
design[35]. According to Lundif43] there are three possible levels of review: a s#ieck, an internal

review and a thireparty revew.

3.5.2 International building codes

Most international building codes are prescriptive building codes. These prescriptive building codes
cannot keep up with the development of (new) technologies and buildings that are more complex,
dynamic and interconnecteff14]. Besides the purely prescriptive codes there are prescriptive building
codes withperformancebasedoptions, purelyperformancebasedbuilding codes and building codes that
know both prescriptive angerformancebasedapproaches but only allow one approach to be used in a
design. Prescriptive buildings codes are directed in European countries such as, Hd&pdegrtugal

and Belgium[46] and internationally in, Isragl45]. A lot of international building code now have
performancebased options within the current codes which allows for performabased design.
Countries using prescriptive building codes with optional performarased requirements are: Poland
[45], Austria, Germany, Greece, France, Italg 8pain in Europj6] and the United statef44], [47]and
Canadd47] [48]. Fullyperformancebasedbuilding codes are used in Denma#i6], Slovakig45], Hong
Kong[49], Japan[38], New Zealand38], [48] and Australial40]. And thee are countries where it is
possible to either use prescriptive performancebasedbuilding codes, such as: Slovenia, Sweden, the
United Kingdom[46] and Singapordg50]. In order for countries to start using @erformancebased
building code, the liernational Standard Organization (ISO) and the Conseil International du Batiment
(CIB) have published guidelines with general principlggdbrmancebaseddesign[38].

Most of the abovementioned performancebasedbuilding codes apply to the general building codes.
Performance based building codes specifically for fire safety are used in Australignited Kingdom,
Japan, Canada, Sweden, Norway, New Zealand, Germany, and Sinda®loré45], [50], [51]
Perfamance based codes can be used in the United States of America, but prescriptive codes are the
preferred codes to be usg®0].

3.6 Evacuation principles of highise buildings

Evacuation principles or egress strategies are one of the pwocipal components of fire safety
engineering. In most cases evacuation takes place in the order of minutes, fenideduildings however

this is not the case. The height of the buildinglahe limited vertical escape routes increase the required

safe egress time. This is the case for a full or phased evacuation concept. In an evacuation concept in
which the building occupant stay in their apartments for a staplace concept or when a fay floor is

used to evacuate severfibors, the evacuation time changes.

The behavior of building occupants in case of evacuation can be different around the world because of

culture and fire department capabilities. Because occupant behavior andldjpartment capabilities
differ it is necessary to use an experimental magelalidate the minimum level of safef$2].
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Evacuation in highise buildings occurs in two directions, horizontal and vertical. Horizontal evacuation
takes place on the floowhere the building occupant is residing and on ground floor level. Vertical
evacuations takes place between floors. Vertical evacuation is conventionally done by using the stairs and
AYLX ASa WAYy OFasS 2F FTANBI R2 \BBRRCURIm fublitakidh us thd @ (G 2 NI ¢
conventional egress principle for evacuation. The BBL describes an evacuation route as: a route starting
in a space/room/area fdbpuildingoccupants, using floors, stairs or ramps and ends in a safe place, without
the need to use anlevator[7]. While explicitly stating not to use the elevator, the elevator can be used

as a means of egress. Elevators can be divided into two groups: fire services elevators and building users
elevators. Fire service elevators are used since the 4Bgfre fighters during firefighting operations in

many countries, among which The Netherlandswever the elevatorscan be used as a vertical escape

route in combination with the stairs or as a separate evacuation system. The use of evacuation elevators
can significantly reduce the evacuation tif$, [53]¢[56].

Besides the stairs and elevators there are more alternatives to use when escaping a building. More
common alternative means of egress are: evacuation escalators, sky bridges and refuge floor
Uncommon alternative means of egress are: use of helicopters, use of fagades inflatable ejection
modules[58], parachutes, ropes, slides or temporary elevators connected to the side of the building.
According to Woo(d59] the abovementioned evacuation systems are conceptual designs that step back
from the existing evacuation methods and are therefore met with almost universaticismfrom the

larger professional safety community.

3.6.1 Dutch evacuation principles in higbebuildings
Evacuation principles in higise buildings in The Netherlands are prescribed in the SBRCURnet
publication for tall buildings and in the NTA 4414

SBRCURNet publication
Evacuation principles of higise buildings is legislated in the SBRa&iRublication for tall buildings. In
the SBRCURnet publication for fire safety in tall buildings evacuation is one of the main subjects.
Evacuation of tall buildings takes longer in comparison to normal buildings because the distance that
building occupats need to evacuate over is longer/higher. In order to evacuatebaildings,the
SBRCURNnet publication distinguishes four different evacuation concepts:

A. Total evacuation with standard evacuation time (evacuation time according to BBL);

B. Total evacuatiowith extended evacuation time;

C. Phased evacuation (with extended evacuation time);

D. Partial evacuation (evacuation of the emergency area to a safe haven)

The main escape route as mentioned is the staircase, however evacuating via the elevator is also a
possibility. This evacuation principle is directed in the NTA 45Cbvenant highise buildings; Part 2:
Evacuation of highise buildings with elevators and evacuation staircases. In the SBRCURnet publication
the NTA 4614 is mentioned but not directeddzause it is not validated

NTA 4614 Covenant higkrise buildingsg Part 2: Evacuation of highise buildings withelevatorsand
evacuation staircases

The NTA 4612 describes the method of calculating the evacuation time for higd buildings between
70 and 250 raters for buildings with a residentiabfficeand/or hotel function. In order to use the NTA
46142 the following boundary conditions need to be taken into account:

In case of fire there will be a partial evacuation

In case of othecalamities, the building will be fully evacuated

All elevators have emergency power

There are at least two fire fighter elevators

The loadbearing structure is at least 120 minutes fire resistant

= =4 -8 —a A
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1 The building has a sprinkler installation
1 The evacuation timé maximum 60 minutes

In order to evacuate tall buildings the NTA 4@ldistinguishes five different evacuation concepts:
0. Full evacuation using stairs only
1. Full evacuation using elevators only
2. Full evacuation using stairs and partially using elevabgress sekreliant and not seleliant
building occupants
3. Full evacuation with refuge floors using stairs and elevators as shuttle
4. Full evacuation, free choice in stairs or elevators
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Figure3-3. ‘evacuation concepts of the NTA 4614rom left to right: 0, 1, 2, 3 and[80]. ‘

Evacuation senario 0 is the mostommon and mosbasic evacuation principle in a buildinguilding
occupants use the stairs to evacudke building and a common phrase in this scenarignicase of fire

do not use the elevatorEvacuation scenario 1 is a less common evacuation principle in which only the
elevators are used to evacuate the building. This evacuation scenario is notdagivigghrise buildings.

In evacuationscenario 2 the main evacuatiaoute for building occupantss the stairs only less self
reliant and not selfeliant building occupants use the elevators as means of evacuation. In buildings with
an office functioror hotel function thefire and rescue servicessist the less setéliant or not seHreliant
building occupants. When using evacuation scenario 3, the building is divided into multiple section that
are separated by a safe haven or refugee floor. Is Htienario building occupants in a section evacuate
towards the refuge floor by using the stairs. When building occupants have reached the safe haven or
refuge floor, the evacuation is continued by evacuation elevators called shuttles. In evacuatioriscenar
4 building occupants are free to choose to take the stairs or the elevatevacuate the buildingFire

and rescue serviceto not support building occupants during the evacuatié].

3.6.2 International egress components

After the terroristattacks on the World Trade Center and the collapse of the World Trade Center Towers,
on September 1%, 2001,in New York, a lot of research has been conducted internationally in order to
improve structural systems, fire proofing and evacuation systemdigirise buildings. A lot of
characteristics affect the evacuation process of a Higé building, both building/design characteristics

as well as human characteristics. Hiige evacuation concepts/design shoutdnsider (changing)
occupant demographg[61], occupant behaviof62], technological advancements and the increasing
height and complexity of buildind63]. In this paragraph the most commonly used evacuation systems
used in higkrise buildings internationally are described.

Stairs

Tradtionally the evacuation of buildings vertically takes place by the use of stairs. Botis®and high

rise buildings use stair for the evacuation of building occupants. Building characteristics and evacuation
concepts influence the width and/or the nuyar of stairs used in a building. The design of the stair(s)
taking into account the evacuation concept is dependent on: the number of stairs, stair width, staircase
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length, location in the building64], slope of the stairg65], value of capacity oftairs[66] and the
occupancy level per flod67]. Different methods of design agovidedby the aforementioned studies

while taking evacuation considerations into account. The design of the stairs and the structural design are
connected. When usingtair egress as the only evacuation concept the structural design of the building
should be at least the required safe egress time (RSET). Besides structural criteria and design aspects,
demographical aspects need to be considef@8]. Functional aspés such as the merging of evacuation
streams in the floosstair aspect and personal/demographic aspects such as fatigue need to be considered

in and evacuation scenario, as both aspects can influence the evacuatiof6tiings8], [69]

Evacuation elegtors

As the built of tall buildings continued, elevators became a more likely consideration for the evacuation

2F 0dZAf RAYy3 200dzldr yiad {AyOS (KS mpTtrnQad StSOFi2NAE KI
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building occupants, particularly building occupants that are less or netedilht[71], [72] Research into

GKS dzaS 2F St SOIFG2NR T2NJ 0dzA £ RA Yy 3 [78]dutdhezittack @y KIF & 0 S
the World Trade Centre on 9/11 has pushed the research of vertical evacuation using elg&ltors

Traditionally elevators should not be used during an emergency, however that concept had been

discarded. Evacuation in tall bdithgs should be faster and more effective than a concept which only uses

stairs, in particular the evacuation of less or not selfant building occupants benefit from elevator

evacuation Using elevators for evacuation purposes is compsgecially irsupertall buildings.Design

factors such as the limited space in elevatpfd], the piston effect caused by the movement of the

elevatorg[52], [75k[77], emergency power, water protectidii8], [79]and the spread of smoke, fire and

heat complicte the usage of evacuation elevators. The location of the evacuation elevators in relation to

the refuge areas, exit of the stairs and the pigklocations should be on a floor that can occupy a large
population[80]. This location is mostly referred &s a refuge floor or a safe haven.

Because the traditional notion of not using elevators in case adraargency the behavioral factors of
building occupants need to be considered when designing an evacuation strategy using elevators. The
behavior of buding occupants can be influenced by the waiting tif8#], building height and personal
fitness[53], [61], [62] The use of evacuation elevators can be regulatedireyand rescue servicefire

and rescue servicesan coordinate the number and ordef people entering the elevators.

Evacuation escalators

Escalators in buildings are usually not used for evacuation purposes in residential or office buildings. In
subway stations however escalators are used for evacuation purposes. A lot of studeddeav
conducted for upward evacuation of subway stations by escald8&jg[85], however little studies have

been conducted in the downward evacuation by escalators. Using escalators in an evacuation design can
be beneficial for the evacuation time, nmimize the effect of fatigue and can direct people in the right
direction by continuingstopping,or reversing depending on the fire scenaj®2]. The use of escalators

for evacuation can also save valuable flasea whenadditional evacuation stairs are not required
anymore. However, at the same time, several risks can be introduced when using escalators for
evacuation. During stoppage or reversd escalators the risk of personal injuries can be increased, flow
rates can bdowered,and power outages can cause partial loss of essential escape routes.

Refuge floors
In an evacuation system refuge floors can be used to hold building occupantaildiag and act as a
(temporary) safe haven. Instead of evacuating building occupants to the ground floor and outside of the
building, a refuge floor offers safety for building occupant for a certain time without a full building
evacuation. Refugee flosrare a part of an evacuation system in which stairs and/or elevators need to be
used in order for building occupants to reach the refugee floors. Refuge floors have several advantages:
1. Evacuees can rest at a refugee floor
2. Itreduces the possibility of srke in stairs or elevator shafts
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Less selfeliant people can be protected at a refugee fl§86]

The rescue team can use a refugee floor as a command point

Refuge floor can be used as a fiighting basg59]

Evacuating building occupant with elevegccan be easier as the refugee floor acts aschup
point. [87]

oA w

According to Alianto et aJ52] the refugee floors can also be used as sky lobbies, connecting multiple sky
lobbies or multiple building via sky bridges with each other.

Skybridge

As mentioned in the previous paragraph refuge floors or sky lobbies can be connected to each other via a
skybridge. A skybridge is an alternative means of escape irrisgbuildings as it connects two buildings

or two towers of the same building (for ample the Petronas towerf88]) via a bridge at height. A
skybridge introducea horizontaimeans of evacuation instead of a vertical evacuation. Building occupant
do not evacuate via the ground floor but enter another building/safe haven via a skylmidgéuilding

level other than the ground floor. Wod®9] pointed out that the effectiveness of a skybridge depends

on the evacuation strategy adopted in the building design and the other egress components such as stairs
and elevators. Wood89] also pointed out that for maximum efficiency of egress the location of the
skybridge should be at a level of changeover between lifts, for instance a sky lobby or a refuge floor. The
position of this level of changeover should be placed between the upperaavet Ipart of the building,
preferably at a location where the population of the building is split in @, [89] According to Ronchi

and Nilsson there is a lack of knowledge about the effectiveness of skybridges in evacuation scenarios,
which requires further studies of the subje63].

3.6.3 International egress strategies
Egress components as mentioned in the previous paragraph and egress strategies are both part of the fire
safety design of highise buildings. Egress components are used in egrestggtes in order for occupant
to evacuate the calamity zone. The most common egress strategies used internationally can be divided
into four strategies:

1. Total evacuation

2. Phased evacuation

3. Defendin-place/stayput tactic/stayin-place tactic

4. Delayed evacu#@n
The application of an egress strategy depends on the building characteristics, occupant characteristics and
fire characteristics.

Total evacuation

The total evacuation strategy is an egress strategy in which all building occupants evacuate ting buildi
at once to a designated safety area. Total evacuation of a building is more commonrisddwildings
than in highrise buildings becauseéhighrise buildings have longer vertical travel distances. Total
evacuation in buildings is mostly initiated the fire department or by a spontaneous decision of the
building occupant$63]. However total evacuation in higise buildings may not be necessary because
not all building occupants in higiise buildings are directly exposed to a hazard.

Phasedevacuation

When a total single staged evacuation strategy is not practical a total phased evacuation strategy can be
adopted. In a phased evacuation strategy building occupants evacuate the building in phases, the building
occupants directly exposed to abard or close to a hazard evacuate the building first, while the other
building occupants need to remain in the building for a certain time. When a phased evacuation strategy
is used in a building the fire compartmentation plays a key role. A common gleeseuation procedure

is to evacuate three floors first: the fire floor, the floor above and the floor below. After the evacuation of
the first three floor the other floor can be evacuated.
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Defendin-placéestay-put tactic/stay-in-placetactic.

The defendn-place, stayput tactic or stayin-place concept is not an evacuation strategy in which
building occupant evacuate the building in case of fire. In the defefadace, sayput tactic or stayin-

place concept building occupants that are directly in dangvacuate the fire compartment, while the
other building occupants stay inside their fire compartment. In buildings that use défiepldce, building
occupants should stay inside their compartment and wait for rescuers. Theatdgctic or stayin-place
concept is mostly used in buildings with a residential or hotel functionldsgrreliantor not selfreliant
people this strategy can be beneficial since these people need assistance in case of an emergency. There
are several case studies that supptiris strategy, while there are other case studies that do not. Arewa
et al. [90] conducted research in the application of the stayt tactic and pointed out thathere is a
difference in opinion between firefighters and building occupant. They coadltitat building occupants

find the stayput tactic a misjudgment, while firefighters find the stpyit tactic a good solution. The fire
fighters do have the opinion that it is dependent on building characteristics, people characteristics and
fire characteistics.

Delayedevacuatioriprogressive evacuation

A delayed/progressive evacuation strategy is the same as a phased evacuation, except that the building
occupants evacuate to a safe area within the building. The building occupants can remain in tresafe

until the fire has been extinguished or they evacuate to another safe area within the byidihgr to a

safe location outside the building3]. In highrise buildings refuge floors are mostly used as safe areas
within the building. Refuge flrs for delayed evacuation are mandatory in Hong Kong according to the
Hong Kong Building Departme#do].
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4. Riskbased approach

In a performanceébased design, two options are available: 1. complying tegmeepted solution, 2. by
means of analyses and/or calculations which document that the fire safety level is satisfactory.
Verification is a key component in a performadmaesed ode. In order to comply to praccepted
solutions, the designer verifies that the building has been built according to the specifications of the pre
accepted solution. When a designer performs analyses and/or calculations, the designer uses tools
show tat the proposed design solutions have a fire safety level that complies with the formulated
performance requirements of the building cofg5].

The Besluit Bouwwerken Leefomgeving has bothgoeepted stutions and performance requirements.
However,these performance requirements are formulated for buildings betwegrno 70 m and for
buildings between 70 and 200 m in the directed SBRCURnNet publication. Most of the requirements set in
the Besluit Bouwwerén Leefomgeving are pi@ccepted requirements which designers need to comply

to. In order to design a supeall building between 200 and 4Q@etersthe pre-accepted solutions can

be translated into risk factors. These risk factors can then be used as a b&selitculate the risk factors

of a supe#tall building.

4.1 Objectivesin aperformancebasedapproach

Performance requirements set in the BBL are categorized per building feature and in the order of the fire
development: structural fire safety, preventingnition, controlling fire growth, control smoke and fire
spread within the building and control fire spread to other buildings, means of escape and means of
attack.

4.1.1 Limiting theprobability of fireignition

A building is designed in suchaway thak S A3y AiGA2y 2F | FANB A& &ad¥FFAOAS
depends on the surface materials used in specific aspect of the building. The BBL states fire rating
classification for building materials for specific aspects of the building and amendent on heat flux,

temperature and surface aresize.

The probability of fire according to Dutch statistissshown iparagraphs.lis higher than the probality

of fire according to the Eurocode. The probability of fire according to the Eurocode is based on the building
area, building function, active fire repression systems and the consequence classes. Because the Dutch
national building code BBL is baseaudtbhe Eurocode, the probability of fire used in the Eurocode is used

in this researchThe probability of fire in a compartment is related to building function and floor area of
that compartment. There is no significant difference between-ttse and higkrise buildings

4.1.2 Limiting the development of fire and smoke

A building is designed in such a way that the development of fire and smoke is minimized. The
development of fire and smoke is minimized by using materials with a fire rating classificatiosraoée

rating classification. The applied fire and smoke rated materials are dependent on the surface area and
height of the building.

4.1.3 Limiting the spread of fire and smoke

A building is designed in such a way that the spread of fire to neighboring plots is suffineitég and
that the spread of fire does not cause danger to the evacuation of builaicgpants or to thdire and
rescue servicesThe BBL states that aillling needs to be divided into fire compartments and that the
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sections between fire compartmentevel NBaAadGlFyOS G2 FANLE LINBPLI I GA2Yy D
on the building function, location and size of the fire compartments, fire load, tieeréisistance of

separation constructionso fire propagation through penetration and flashover and the resistance of

materials to smoke propagation.

Spread of fire and/or smoke is possible séveralconnections, of which the facade is one of the polssib

ways fire and smoke can spread in a building. The spread of fire and smoke via the facade is not included
in this researchHowever,a key point that needs tde mentioned $ that the fagade does not shortcut

the fire compartment and the facade bano ignition sources.The facade is amdjoining external
separation construction of the ampartment and is therefore part of the risubsystem
compartmentation.

4.1.4 Conservation dbad bearing structure

The BBL states that a building shall be sufficient structurally safe and shall not collapse during evacuation

of the building occupants and the attack/supportfoé and rescue servicds ¢ KS (SN WadzFFAOASY
on the building function, the buildinbeight and the fire load of the fire compartments. The structural

safety is expressed in time and applies to4ase buildings betweer8 and 70 neters. Collapse is allowed

in lowrise buildings but not beforall building users have left the buildinupettall buildings that might

not be the case because the damage of a collapse can be much bigger.

4.1.5 Conservation of the escape routes

In a building the escape routes are designed in such a way that the building occupants can reach a safe
haven in case of fire. In order for building occupants to reach a safe lis@easistance of the structural
components, fire and smoke resistane# separations constructions of the escape routes and
classification of buildingnhaterialsas stated in the previous paragraphs are needed. The maximum length

of the escape routes in fire compartments is dependent on the building function and the occup#sacy ra
The BBL states that the capacity of escape routes is sufficient enough for building occupants to reach a
safe haven. Functional requirements are stated for the height and width of the escape routes and for the
flow rates trough or over escape route asps.

4.1.6 Conservation of the attack routes

The attack routes in a building are designed in such a wayfiteand rescue servicesan rescue building
occupants and fight the fire for a reasonable time. The attack routes used Hbiydglend rescue servise
are the same as the escape routes used by the building occup@herefore, the requirements
mentioned in the previous paragraph also apply to the attack routeditionally,the BBL states the
availability of a firefighting elevator and the length tbe attack route.The conservation of the attack
routesis not part of thepubliclaw andcan therefor be left out of a quantitative assessment.

4.2 Design alternatives

In a prescriptive based building code, the buildings are designed according to the prescribed solutions, in
a building code which has is both prescriptive and performarased, a mixture of prescribed solutions

and solutions derived from analytical mett®dre used. In most building designs the prescribed solutions
are used as a starting point. When these solutions do not fit the building desigondlict with other

design objects, an analytical method for alternative design solutions is usederify the design
alternatives Nysted{[35] and PatéCornell [42] mentioned three possible assessment methods: a
gualitative risk assessment, a quantitative assessment with deterministic analysis and a quantitative
assessment with probabilistic analysis.
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A qualitative risk assessment can only be applicated when the design alternatives are limited when

compared to the prescriptive design. In order to use a qualitative risk assessthergroposed design

solutions need to be well documented. Test results, agsk publications and relevant regulations in

other countries can be used to substantiate the proposed design solutlorsdesign solutions that

RSOAIGS (22 YdzOK FNRY (KS LINBAaONRLIIAGS RSaAAIYS aSOAI
engireer. This can be done by a deterministic or probabilistic quantitative assessment. The use of a
deterministic or a probabilistic analysis is not related to the needs of verification, but it depends on the

degree of conservatism that the designer is alloviedhave in order to verify a sufficient level of safety

[35].

4.2.1 Qualitative risk assessment

In a qualitative riskassessmenthe initial riskis identified and design solutions are presented in order to
cope with the risk. The design solutions used gualitative risk assessment are logic reasoning, statistics,
experience and results from testing5]. Design solutions can also be presented by making a comparison
with building regulations in other countries. Although testing guantification of the performance of a
system, test results and the comparison of test results is a qualitative approach because the results can
comply with the relevant requirements. Testing can be useful when calculation methods are not suited to
evaluae the performance of a safety system.

4.2.2 Quantitative assessment with deterministic analysis

When a proposed design deviated too much from the prescriptive solutions a qualitative risk assessment
cannot be used and then a quantitative risk assessment witletarministic analysis can be used. A
deterministic analysis in a quantitative assessment is generally more conservative than a probabilistic
analysis in a quantitative assessment. In a deterministic anatyiiria for a number of prelefined fire
scanarios need to be mdb show a sufficient level of safety. In a patefined firescenarioa sequence of
possible events and set of conditions that describe the fire development and the spread of combustible
products are defined. The outcome pdefined fre scenarios of the proposed desigre compared to

the acceptance criteria. The fire scenarios used to substantiate the design are dependent on the building
use and can be adapted to the building. The risk assessment can be made by comparing thef design o
proposed building with a reference building that is design according to the prescriptive design solutions.
An example of this analysisas ASETRSET analysis for building evacuation or anRSIT analysis for
load-bearing structures and firespread/compartmentation.

4.2.3 Quantitative assessment with probabilistic analysis

It is not possible to evaluate the overall performances of a safety barrier agiegerministic analysisn
order to evaluate the overall performancepaobabilistic analysisanbe used. In a probabilistic analysis
a risk analysis technique, such as an event tree analysis or a sensitivity analysis, doepuseitie the
designer with information about the importance, probability and consequence of different scenarios.

The scenarios used in a probabilistic analysis and in a deterministic analysis are practically the same,
resulting in a strong link between the twamalyses|In a probabilistic analysis the risk can be quantified

by calculating and comparing different meass of risk. The fire safety measures used in a building can

be adapted based on this quantification.

Where a deterministic analysis can be too conservative because of its weaknesses, a probabilistic analysis
can offer realistic scenarios'he relationsip between different scenarios and the probability and
consequences of these scenarios can be evaluated in a probalaitistigsis butannot be evaluated in a
deterministic analysis. Therefor the probabilistic analysis can provide a better understaoidihg

possible scenarios and the relative importance of those scenarios.
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The four steps used in a quantitative assessment with probabilistic analysis are: structure, estimate
consequences, estimate and evaluate risk dodument.

The data used in theffiérent scenarios of a probabilistic analysis, should be reliable data. This data should
be based on statistics or by engineering judgement. With the probability data, the probability of each
scenario can be calculated. The evaluation of the calculatkdsidone comparing performance criteria.

The calculated risks of the proposed design are compared with the calculated risk of a reference building.
This reference building is designed according to the prescriptive requirements. The individual rigi the ri
profile and the average risk are suitable risk measures in a comparison.

4.3 Performance criteria

Performance criteria can be divided into two different sets that could be usedrify that the proposed
design has a sufficient safety level. The two sétserformance criteria are:

1 Absolute criteria

1 Comparative criteria

Absolute criteria

The designer of a building can choose to verify the fire safety of a building with absolute criteria. Some
examples of absolute criteria for fire safety dbailding are: untenable conditions for lfsafety purposes

or limit states for fire spread.

Comparative criteria

When absolute criteria are not provided in a building code, a designer can choose to use comparative
criteria in order to verify the fire safy of a building. The proposed design is compared to a design based
on the prescriptive design solutions. In order to use thethod,the proposed design of the building must

be as much similar to the reference building as possible. A comparison withbdwdute criteria, for
instance on lifesafety or fire spread, is not needed. The design is considered safe if the proposed design
performs at least better than the reference building with the farecepted solutions.

4.4 Risk based assessmeatiteria

In quantitative assessment quantitative assessment critaiea needed. For each of the performance
objectives/risk subsystems mentioned in paragraph 4.1 anRSIT analysis can be mattgernationally
risk-basedassessment criteria are mentioden the BBRAI[®?2] andthe FEQ(fractional effective dee)

values can be used as criterRssessment criteria mentioned in the BBRADvésibility and temperature

criteria. Personal safety can be assessed by different criteria. According to the SFPE Handbook of Fire
Protection Engineering there amarbon monoxide concentrationdyydrogen cyanide concentrations,
carbon dioxide concentrations, oxygen concentrations, indireatliant heat flux to subject, air
temperature, smoke optical density (and particulate concentration), irritant acid gas concentrations and
concentrations of organic irritant specif33].

Risk based assessment criteaii@ not mentioned in BBL or anyhatr Dutch Legislation, howeverd NIPV
[18] recently (2022) published a report about smoke propagation and personal safety, in whgth a
based assessment is used in order to assess the personal safety of building occupants. Risk based
assessment criteria fdhe evacuation concepts are mentiondalr self reliant building occupants

1 FEDNO.3

1 FERea0.3

ﬂ FEGmoke 1
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The FED values mentioned iretNIPV report can be used in an ASET analysis for personal safesyb
system conservation of the escape roufes mentioned beforean ASET analysis for personal safety can
also be made based on the visibility and the temperature. The visilsifigated to the amount of (toxic)
particles in the aiand can therefore be used a a criteriehe toxicity of smoke becomes insignificant
when the visibility in a compartment is more thanrieters[94]. In order for residents to staiy-place
during a fire in an adjacent compartment, the temperature cannot exceé@.Mese values are used in
this research to evaluate the level of personal safety.

For the other risksubsystemsthe ASTRST is based on different values. For the conservation of the
building the ASRST analysislimsed on the Rriterium for load bearing structures, accordingthe EN
135012 [95]. The AS'RST analysis for tHee-resistantseparation constructions is based on the EIW
criteria, which is also according to the NMENI 135042 [95].
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5. Quantitative assessmentf fire

safety

The fire safety level athe low-rise buildingand the super tall building is
assessed witla quantitative assessment with a probabilistic analysis &d
presented in risk factorgherisk factordor the low-rise residential reference
building ae calculated by using the minimum requirements directed in the
Dutch National building code. The goaldsobtain risk factors for fire safety
of a buildings designed according to the BBhe risk factors for the super
tall residential building N& OF t Odzf  § SR 06 & dztbrkthé 3
low-rise residentialreferencebuilding The goal is to olain comparablerisk
factors for fire safety of a supéall buildings as for a lowise building
designed according to the BBL.

The available data is the requirements set in the BBL, the design of the
building, the design lifetime, ignition probability @nthe Eurocode
classification.

5.1 Setup

In order to calculate the risk factors of the laige residential reference
buildingand the supettall residential buildinga sensitivity analysis has been
performed. A sensitivity analysis can be defined as the study of how
uncertainty in the outcome of numerical simulations can be attributed to
different sources of uncertainty in the model input parameters. The
uncertainty ofparameters can be investigated by doing a sensitivity analysis.
The effect of change in one parameter on the outcome of the numerical
simulation is examined by performing the sensitivity analysis. The method for
performing a quantitative sensitivity anaig is based on earlier research
carried by Van Herpen et. al [30] and by the NIPV [92].

The first part of thesensitivity analysis is the determination of tR8T andAST
for the risk subsystems that are affected by the thermal load and
thermal/mechanical responseThe RST idetermined by the thermal load,
based on the building characteristics and fuel characteristics, as shown in
Appendix 3. The AST isletermined based on the fire resistance of the
separation construction and the load bearing structurée first partof the
analysis is performed for an average compartment in the-i®e& residential
reference building and for thimw-rise residential reference building.
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Figure5-1. Design of the lowise residential reference building (I) and

supertall residential building (r).
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The second part of the sensitivity analysis is the determination of RBETand ASETfor the risk

subsystems that are affecteal/ acceptable conditions for building occupants. RB&ET isletermined by

the required time to evacuateoomand human characteristic¥he ASET is determinkdsed on building
characteristics anéire characteristics, as shown Kppendix 3Computational models

The second part of the sensitivity analysis is performed for the following compartments:
The adjacent apartments

The apartment above

The adjacent corridors

The stairway lobbies

The stairways

The elevator lobbies

The elevator shafts

geeeeeec

All other input parameters for the lowise residential referencbuildingare shown irAppendix8. OZone
input and in Appendix9. Lowtrise residential reference building modeCFAST inpufThe complete
sensitivty analysis is included iAppendix10. Probabilistic approach lowse residentialreference

building The input parameters for the sup4all residential buildingare shown inAppendix8. OZone
input and Appendix 1. Supe#tall residential building modelCFAST inpufThe complete sensitivity
analysis is included idppendix 2. Probabilistic approach sup¢all residential building

In order to analyze the effect of the suppression system (automatic suppression system like sprinkler
protection) and of the pressurization system on the ASET in the super tall residential building an analysis
has been made based on the basedel used fothe simulations of the super tall building. An overview

is shown inTable5-1. As mentioned in paragph 2.4the automatic sprinkler systemsed in the super

tall study simulationss a quick response sprinkler with a response time index (RTI) of 50¢mats) an
actuation temperature of 68 andthe pressurization system used in the sugiall study simulations is a
stairway lobby pressurization system in which fresh air is supplied via avgittafhn airspeed of 2 m/s

over each door with a maximum pressure of 5GrPaase of closed doors

Table5-1. List of performed ABT analysis.

Simulation Variation of building services

1 Suppression + pressurization
2 Suppression

3 Pressurization

4 Neither

5.2 Quantitative sensitivity analysis

Thequantitative sesitivity analysiss performedbased orthe stochastic boundary conditiomaentioned
in Table2-1. These boundary conditions are different for thesttmal load on the building structure and
separation constructions and fpersonal safety. Stochastic boundary cdimisare boundary conditions
with anuncertaintyor bandwidth around a mean valu€hese stochastic boundary conditicsm® part of
the fire and fuel characteristic3he uncertainties of the stochastic boundary conditidepend on the
materials, constructions and quality of the building constructions

In the sensitivity analyses each stochastic boundary conditowaried separatelyThe simulations are
performed for eachvariation in the stochastic boundary condit®nthe average value is replaced with
the average value + standard deviation (A\8B) and with the average valustandard deviation (AV-G
SD)Variatons in the stochastic boundary conditions resulvariations of the simulation result3his is
repeated for all stochastic boundary conditiond/ith the resultsof the simulationsa probability
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distribution can be determind. The stochastic boundary cditions used in this research are shown in
Table2-1.

For eachstochastichoundary condition inTable2-1 the following conditionsapply for each boundary
condition ():

1 Average value (AVG): o

9 Variation coefficient: W

1 Standard deviation: i .o
1 Variation: Qw

Thevariation coefficient is the standard deviation at an average value of 1. In the sensitivityigaatls
stochastic boundary condition separatelyinterchanged with its standard deviatior@®@ | orQw

i . Theimpact of the outcome is offe ASTRST (t)sensitivity analysislepends on the following
conditions:

M Variation: Qo
1 Specific variation QFQ w
1 Secificvariance i QFQw

The total variance is the sum of each specific vari@mzbcan be derived with the following formula

9 Total variance: 0Wi Bi QFQw
{ Standard deviation (SD): Mo @i

With the total variance the standard deviatiaran be calculatedThe standard deviation is used the
determine the(cumulative) probabilityf ASTRSTThe curnlative probability of ASRST has an average
value (AVG) and a standard deviation (S sensitivity analysis results in average value foRST for
thermal loadon the building structureor AST for personal safety and tlverresponding standard
deviations.

Thethermal load on the building structure (RST) can be compared witfirtheesistance of the building
structure (AST) in order to determine the cumulative probabilityhaf load bearing structure or the
compartment separation constructiorf-or personal daty a similar comparism can be made The

acceptablesafe time (AST) is compared with the required safe time (RSdrder to determined the
cumulative probability of personal safety.

5.3 Results

The results of the simulations for the lengeresidentialreferencebuildingand thesupertall residential
buildingare shown in the paragraphs belamd are compared for each riskibsystemAn AS(EYRS(E)T
analyses has been made for each gsksystem based on a natural fire scenario and the consequences
for the risksubsystems are expressed in failure probabilities and corresponding reliability. Average
statistical values of project specific quantities have been used in the calculations and in the sensitivity
analyses, the results for each individual simaats shown inAppendix10. Probabilistic approach low

rise residentialreference building and in Appendix 2. Probabilistic approach sup¢all residential
building

5.3.1 Limiting theprobabilityof fire ignition

According to the Eurocode, the probability of fire ignition is dependent on the size of the building and the
life cycle of the building, as can be seen in parag&t¥and Table5-5 and Table5-6.
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Lowrise residential reference building

The probability of fire ignitionfor the lowrise residential buildings 1.00E05 /m?50 years. The
probability of fire ignition can change based on the size of the building or based in the lifecycle of the
building. By increasing the size of theilding,the probability of fire ignition increases or decreases by

the same &ctor. Because the lowise residential reference building is smaller than 70 mesterd has

more than 4 floors, the building has a reliability class RC2/ a consequence class CC2. The reliability index
for that class is 3.8, which takes into account theepted or assumed statistical variability of resistances

and load effects and modeling uncertaintig6]. For the lowrise residential reference building with a

floor area of 17.590 ithe probability of fire ignition during a lifecycle of 50 yearsli86E01. The
probability of fire ignition based on the compartment sigd.38E04 for a compartment size a@f3.82.

Supetrtall residential building

The probability of fire ignition for the sup¢all residential building is 2.0085 /m?100 years. By
increasing the size of the building the probability of fire ignition is also increased, as can be Sablein
5-6. By increasing the life cycle ofettbuilding by a factor 2, from 50 to 100 years, the probability of fire
ignition during the lifetime of the building also increases by a factor 2. Because thetallgmrilding is
taller than 70meters the building has a reliability class RC3/ a coneaqe class CC3. The reliability index
for that class is 4.3yhich takes into account the accepted or assumed statistical variability of resistances
and load effects and modeling uncertainti6]. For the supetall residential building with a floor aa

of 140,577 rithe probability of fire ignition during a lifecycle of 100 yearg.B1E+00. This means that
based on the statistics, 3 fires would happen during1f6-yearlifecycle.The probability of fire ignition
based on the compartmeris 8.76ED4 for a compartment size of 43.82.

Evaluation

As mentioned in paragraph 3.1, the probabilityof fire ignitiondependent on the size of the building and

the lifecycle of the buildingThe lowrise residential reference building hageobability of fireignition

over 1.76ED1. By increasing the size by a factor 8 and the life cycle of the building by a factor 2 the
probability of fire ignition in the supdall building is increased t8.81E+00.

The probability of fire ignition based on the compartment size is increased lpta & The size of the
compartment does not change, but the life cycle of the compartment does by a factor 2. Resulting in an
increase from 4.3884 to 8.76ED4.

5.3.2 Limiting the development of fire and smoke

Limiting development of fire and smoke is basedhwilding characteristic and is done by regulating the
permanent fire load and the fire ratings of building materials as well as by regulating the airflow in and
out of the fire compartmentThe permanent fire load in a building or in a fire compartmesnsists of

the fixed building materials, such as walls, floors and ceilings. Interior design such as furniture and
appliances in a building or fire compartment are part of the variable fire load. This fire load is different for
each building function andan be different for each building occupant. General values for the fire load
density are stated in the NEN 6060 and in the NEN 6098 growth of a fire can be limited by applying a
sprinkler system or by applying fire resistant glass in the facade. iBy fie resistant glass instead of
regular glass, the facade will not break and no extra air will be supplied to the fire.

Lowrise residential reference building

The development of fire and smolke the lowrise residentiateference building is limited by complying
to the requirements set in chapter 4, section 4.2 of the BBther options to limit the development of
fire and smoke suchsa suppressiorsystem are not applied in the lovise residential reference building

The development of the fire is limited to almost 11,000 k\s shown irFigure5-2. The fire is self

extinguished after 3960 seconds (66 minutes).
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Heat Release Rate lowse residetial building
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Figure5-2. Heat release ratef a fire in a compartment of the lovise residential reference building.

Supetrtall residential building

As mentioned in paragrapB.4, the suppression system used in the sufadl study simulations is a
sprinkler based on the computer model DETAZS]. The pressurization system used in the sufaédlr
studysimulations $ a stairway lobby pressurization system in which fresh air is supplied via aTsteft.
pressurization system is conform NHENI 121036:2022[27], there will be an airspeed of 2 m/s over each
door. The development of fire and smoke is limited when theomaticsprinklersystem is activated, as
shown inAppendix 4. Sprinkler activation DETA®D® inFigure5-3. The automatic sprinklesystem is
activated after 188 secondsdter when the actuation temperature has reached°6&nd after a response
time index of 50 (m*s)2. The development of the fire is limited to a heat release rat8@&Fkw in both
the defined fire and in the calculated fire, as showrFigure5-3 and Figure5-4. Just as in the lowise
residential building the fire is extinguished after 3,960 seconds (66 minutes).

Defined Heat Release Rate supil residetial building
400

]
w
[
o

300
250
200
150
100

Heat Release Rate [kW

50

0 10 20 30 40 50 60 70 80 90 100 110 120
Time [min]

Figure5-3. DefinedHeat Release Rate in a sprinklered compartment of the gafieesidential buding.
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Calculated Heat Release Rate sujtell residential building
400

]
w
a1
o

300
250
200
150

100

Heat Release Rate [kW

50

0 10 20 30 40 50 60 70 80 90 100 110 120
Time [min]

Figure5-4. CalculatedHeat ReleaseRatein a sprinklered compartment of the sugetl residential building

However by applying a automatic suppressiosystem the soot production by the fire is increase, as
shown inFigure2-5. As a result applying an automatic suppression systenfetieof oxygen in the room
decreaes the Heat Release Rate of the fire after 900 seconds, as sh&wguia5-4. Thisscenario could
also occur in a situation where the automatic suppression system compkstghguisheghe fire.

Evaluation

Limiting the development of fire and smoke has been analyzed for a theidewesidential reference
building and the supetall residential buildingln both buildings a fire compartment with the same size
has been simulated.

Limiting the development of fire in the lovise residentiateferencebuilding has been done by applying
the requirements set ichapter 4, section 4.2 dhe BBL The natural fire in a compartment of the lew

rise residential reference building is developed to a heat release rat®,864kW. The fire scenario in

the low-rise residentiateferencebuilding is 3,960 seconds (66 minutes).

In the supettall residential building however, an automatic suppression system has been applied, limiting
the development of the natural fire to 360 kW. The applied automatic suppression system is limiting the
development of fire but increases the developmefismoke. Théire scenario in thesupertall residential
building is 3,960 seconds (66 minuteBheduration of the fire in the supetall residential buildings an
assumption thais determined with the DETACT calculation sheet and may diffeality.

5.3.3 Limiting the spread of fire and smoke

Limitingspreadof fire and smoke is based on building characteristic and is donsihy fire resistant and
smoke resistant compartments the building. Fire resistance of the compartmentation is expressed in
minutes. According to the BBL the fire resistance of the compartmentation needs 89 lmeinutes
towards escape routes and 60 minutes towards other compartmeftse smoke resistance tfie
compartmentation is express is the classes Ra or RP®.smoke classes are expressed as internal
airtightness in the simulations and have an equivalsotface are through which smoke and air
propagates.
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5.3.3.1 Limiting the spread of fire

In order todetermine the reliability of the separation construction to limit the spread of fire towards
adjacent compartments and towards the adjacent corridor, the equivalent fire duration (in minutes
standard fire curve) of the natural fire has been evaluated. fiiteeduration of the natural fire is 51
minutes as shown ifrigure5-5. The available safe time for which the escape route needs to be available
is 30 minutes accordg to the BBL.

Equivalente fire duration
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Figure5-5. Equivalent fire duration for the lovise residential reference building and the sufadrresidential
building.

Lowrise residential reference building

In the lowrise residential reference building uses an evacuation con@ptirected in the BBIThe
availablesame time for the lowriseresidential referencduildingwould be 30 minutes as set in the BBL.
The fire duration of the natural fire is the required safe tiRST) in minutes standard fire cunte AST

RST analysis wtd leave a margin o21 minutes: AST RST = 3§51 =-21 minutes standard fire curve.
Therefor the available safe time has been set to 60 minutes for this project. With an available safe time
of 60 minutes the margin would be 9 minutes: ARST = 6§51 = 9 minutes standard fire curve.

With a sesitivity analysis the reliability of the separation constructions between apartments and between
apartment andescape route has been determinbdsed on the stochastic variables, as shown inisect
2.3. the results of the sensitivitgnalysisare shown in Appendix10. Probabilistic approach lowse
residentialreferencebuilding The results of the sensitivity analysis is an average thermal load on the
separation construction is 51 minutes standard fire curve, witstandard deviation of +17.9 an#l4 5
minutes standard fire curv@he cumulative probability dhis distribution isshown inFigure5-6.
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Cumulative probability of thermal action on compartment
separation constructions
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Figure5-6. Cumulativeprobability of thermal action oncomparimentseparation constructions

With a 60 minutes fire resistarseparation construction the probability of a safe evacuation is 69¥6.
means a reliability of 69%6r a safe evacuatiohased on the thermal load on the separation construction
and the building structuretaa required safe time of 60 minutes.

Supetrtall residential building

In the supettall residential buildingan evacuation concept as used in the loege residential reference
building would take longer than thequivalent fire duratior{in minutes standard fire curve) of the natural

fire. Just as in the lowiseresidential reference buildindhe fire durationof the natural fire is the required

safe time (RST) in minutes standard fire cuileeavailable safe timén the supettall residential building

has been set to 60 minutes for this project. With an available safe time of 60 minutes the margin would
be 9minutes: AST RST = 69 51 = 9 minutes standard fire curve.

With a sensitivity analysis the reliability of the separation constructions between apartments and between
apartment and escape route has been determined based on the stochastic variableeyesis section

2.3 the results of the sensitivity analysis are showrAppendix 2. Probabilistic approach sup<all
residential buildingbecause the compartmentation in both the lenige residential reference building ans

the supertall residential building are the samehe results of the sensitivitpnalysis of the average
thermal load on the separation construction is the sarfbe results of the sensitivity analysis is an
average thermal load on the separation construction is 51 minutes standard fire curve, with a standard
deviation of +17.9 anel4.5 minutes standard fire curve. The cumulative probability of this distribution is
shown inFigure5-6.

With a 60 minutes fire resistant separatioonstruction the probability of a safe evacuation is 69%. This
means a reliability of 69% for a safe evacuation based on the thermal load on the separation construction
and the building structure at a required safe time of 60 minutes.

Evaluation

The reslts of the sensitivity analyses for the lenge residential residence building show that the
requirement for the available safe time as set in the BBL is not sufficient enough for the natural fire
concept. The equivalent fire duration is 51 minutes stamddf@re curve for both the lowise residential
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building as the supetall residential building. Therefor the available safe time has been set to 60 minutes.
The reliability of 60 minute fire resistant separation constructions is 69% in theisewesidatial
building The spread of fire from compartment to compartment in the sutal residential building
without a suppression system is the same as in thetige residential reference building. Adding an
automatic suppression system, like a sprinkistem, is a redundant system and the compartmentation
should individually still work the same as with or without a suppression systaarefore a worstase
scenarioin which the sprinkler system fails has been simulated of the stadleresidential builing.

The reliability of the fire resistant separation constructions in the sdakmresidential building is also
69%.Because the evacuation time in the sugiall building is longer than thequivalentfire duration,
the reliability of the separatiogonstructions needs to be improvexdt alarger safe distance between the
fire and the escape routes needs to be creatdd.shown in section 5.2.5 tlevacuation time of a total
evacuation in the supetall residential building would take 87 minuté3ased on the performectenarios
the reliability of the fire resistance of the separation conah be improved to 99%hen the separation
construction is fire resistant for at least 90 minutes.

5.3.3.2 Limiting the spread of smoke

The spread of smoke is limiteoly using smoke resistant compartmentations in the building. Each
apartment in lowrise residential reference building and in the supeli residential building is a separate
smoke compartment with a smoke resistance class of Ra between the apartmerdssamake resistance

class R200 between the apartments and the corridors. The smoke resistance classes in the simulation are
expressed as the internal airtightness.

Lowrise residential reference building

The cumulative probability for smoke spread towardsljacent compartments for an average
compartment of 43.82 rhin the lowrise residential buildings shown irFigure5-7. Within 5 minutes the

spread of smoke towards the adjacent compartmehtss reached the limit for optical densityhe
probability of an available safe time that exceeds 4 minutes in the @ajacompartmentss almostO.

The reliability depends on the RST, if the RST is longer than the AST the reliability is almost 0. In this case
the RST is longer than 5 minutes and thereftire adjacent compartments are rlonger safe after 5
minutesfor building occupant to stay in baase the reliability of the compartments almost 0%t that

time. The probability of smoke spread towards the adjacent compartment after 5 minutes is almost 1.

Table5-2. AverageAST in the adjacent apartmes.

AST [min]
Floor average SD
11.07 11 2.75 -0.50 0.25
11.09 11 2.75 -0.50 0.50
12.08 12 15 -0.56 0.25
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Cumulative probability of AST in adjacent compartments
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Figure5-7. Cumulative probabilitgf AST irmdjacent compartments.

Supertall residential building

The cumulative probability for smoke spread towards adjacent compartments for an average
compartment of 43.82 rhin the supertall residential building is shown IFigure5-8. Within 3 minutes

the spread of smokéowards the adjacent compartmentsn the same floor and the floor aboveas
reached the limit for optical density. Tlremulativeprobability of an available safe time that exceeds 3
minutesin the adjacent compartments is almo8t Thereliability depends on therRST, if the RST is longer
than the AST the reliability is almostl@.this case the RST is longer than 3 minutes and theréfare
adjacent compartments are ntongersafeafter 3 minutesfor building occupant to stay in because the
reliability of the compartmentss almost 0%at that time. The limit for optical density in thadjacent
compartment on the floor above (compartment 12.0fips also been determine in the supwil
residential building becausthat of the possible use of an evacuation concept with a refugee floor for
which that compartment can be usedhd limit for optical density in the adjacent compartment on the

floor above (compartment 12.0has been reachedfter 11 minutes.At 11 minutes he reliability of
compartment 12.07 is 50%.

Table5-3. AverageAST in the adjacent compartments.

AST [min]
Compartment| Floor average SD
11.07 11 2.50 -0.66 0.00
11.09 11 2.25 2.25 0.35
12.07 12 11.00 -4.92 154.17
12.08 12 1.00 -0.61 0.25

50



TU/e

Cumulative probability of AST in adjacent apartments
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Figure5-8. Cumulative probabilitgf ASET iadjacent compartments.

The effect of theautomaticsuppression system and the pressurization system on the smoke propagation
towards the adjacent compartments has been analyzed. An owewvi¢he effect of a suppression system

and or a pressurization system are showTable5-4 and inFigure5-9. Applying a suppression system
and/or a pressurization system in the building has almost no effect on the ASET of the adjacent
compartments on the same floor or on the compartment abddewever it does have a large effect on

the adjacent compartment above. In the situation without automaticsuppression system and without

a pressurization system the ASET in that compartment is 38.75 minutes, which is an improvement of
approximately 350% in cgparison to the standard situatioriThe effect of only applyinghaautomatic

suppression system or only a pressurization system is not signifmastnoke propagation towards the
adjacent compartments.

Table5-4. AverageAST overview of the effect of a suppression systenagmdssurization systern the adjacent
compartments

AverageAST overview of the adjacent compartments

Compartment ASET variation depended on building services [min]
Quppression+ | Quppression | Pressurization  Neither
pressurization

Adjacent compartment 11.07 2.50 2.25 2.75 2.75

Adjacent compartment 11.09 2.25 2.25 2.75 2.75

Adjacent compartment above 12.07 11.00 11.50 13.50 38.75

Compartment above 12.08 1.00 1.00 1.50 1.25
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Average AST overview of the adjacent compartments and the
effect of a suppression system and pressurization system
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Figure5-9. AverageAST overview and the effect of a suppression systena @nelssurization systemn the
adjacent compartment.

Evaluation

Based on the results of the spread of fire and smoke in therlsgvreference building, the spread of
smoke is more important for personal safety than the spread of fire. The results of the simulations show
that the spread of smoke is significantly fastiean the spread of fire.

A full evacuation concept using stairs only is the standard forrisevresidentiakreferencebuildings

Based on the results of smoke spread towards adjacent compartments the reliability at 5 minutes is almost
0%. With anaverage AST of 2.75 minutes in the adjacent compartments and with an average of 1.5
minutes in the compartment above, the spread of smoke is very fast.

A full evacuation concept using stairs only is has been analyzed for thetsllpesidential building. The
reliability of the adjacent compartments at 5 minutes almost 0%, just as in theisewesidential
reference building. With an average AST @b2and 2.50 minutes in the adjacent compartments and with

an average of 1.5 minutes in the compartment above, the spread of smoke is even faster than in-the low
rise residential referencauilding. The spread of smoke has been affected by the applicatiom o
suppression system and a pressurization system. The suppression system lowers the heat release rate of
the fire but increases the production of smoke and toxic gasses. An increased production of smoke and
the pressurization system installed in the egearoutes increases the spread of smoke towards the
adjacent compartments. By applying an automatic suppression system more smoke propagates towards
adjacent compartments becauskere is no flash over. Applying only the automatic suppression system

or the pressurization system or applying neither of the systems does not effect the AST of the adjacent
compartments.

A full evacuation concept using stairs only is not recommended in gapebuildings and other
evacuation concepts such as a stayplace oncept or a concept with refugee floors is more likely to be
used. In case of a stay in place concept the reliability of the adjacent compartments and the compartments
above at 60 or 90 minutes is 0% and should therefor be improved. When an evacuati@ptcoiitt
refugee floors is used, it is likely that the compartment above is not used as a refugee floor, but the
adjacent compartment above could be used. The reliability of the adjacent compartment above is 35% at
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60 minutes and 30 % at 90 minutes. Thhatality of the adjacent compartment above would have to be
improved when an evacuation concept using refugee floors is used in ali@sidential building. The

AST of the adjacent compartments does not change significantly when applying only theesg§tems

or neither of the systems. Applying neither of the systems does affect the AST of the adjacent
compartment above positively. Increasing the AST form 11 minutes to 38.75 minutes.

The effect of wind on the building has not been considered. Vgiedsure on the facade of a suptil
building can increase with the height of the building. The pressure created by the wind can influence the
spread of fire and smoke by adding oxygen to the fire compartment through the equivalent surface area.

5.3.4 Consevation ofload bearing structure

The conservation of the building can be calculated according to the Eurocode. The consequence classes
stated in the Eurocode correspond with the use and the height of the building. For thésleweference

building study,consequence class (£C2 is used in order to calculate the failure probability and the
reliability of the structural safety of the buildingor the supetall study, consequence clas§@C3Jis

used in order to calculate theumulativeprobability andthe reliability of the structural safety of the
building Consequence Class 3 is used for g buildings taller than 70 m as defined in the BBlthis
calculation the usage area of the building, the design lifetime and the ignition probabilitysaik ta
calculate the probability of fire and the reliability.

The cumulative probability calculated using the Eurocode needs to be compared with the sensitivity
analyses based on a natural fire scenario. By varying each stochastic boundary condition, a standard
deviation for each stochastic boundary condition can be determined.cdybining the standard
deviations, a standard deviation for the standard fire curve can be calculated. This standard deviation is
used to calculate the reliability and the failure probability for that specific situation.

Lowrise residential reference bilding

In the lowtrise residential reference buildirtge cumulative probability calculated with consequence class

2 (CC2) of the Eurocodieshown inTable5-5. With a sensitivity analysis the reliability of tlead bearing
structure has been determined based on the stochastic variables, as shown in se@idhe results of

the sensitivity analysis are shown Appendix10. Probabilistic approach lovise residentiareference
building The available safe time for which the load bearing structure needs to be available is 120 minutes
according to the BBL.

Table5-5. Reliability ofa low-risebuildingwith a residential functioralculated according to
Eurocode NEEN 1992002

Building area [nd]
Design lifetime [yr.]

Ignition probability [1/m?/1yr]
Ignition probability [1/m?/50yr]

Probability of fire p(fi) \ 1.76E01 (during design lifetime) |

EUROCODE (M) p(flfi) beta(f|fi)
CC1: beta(f) > 3.3 4.83E04 2.75E03 2.78
CC2: beta(f) > 3.8 7.23E05 4.11E04 3.35
CC3: beta(f) > 4.3 8.54E06 4.85E05 3.90

The reliability index calculated ing) the Eurocode for dow-rise residential building with consequence
class 2 is 3.38he results of the sensitivity analysis shows that the reliability index at 120 minutes, as
required by the BBL, &.845.Figure5-10 showsthat the cumulative probdility of conservation of the
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building in case of fire with 820 minutedire resistant buildingtructureis 100%.The reliability of &20
minute fire resistant building structure for a lesse building is 100%

Cumulative probability of thermal action on the load bearing
structure
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Figure5-10. Qumulative probability of théhermal action orthe load bearing structure

Supertall residential building

In the supettall residential building the cumulative probability calculated with consequence class 3 (CC3)
of the Eurocode ishown inTable5-6. With a sensitivity malysis the reliability of the load bearing
structure has been determined based on the stochastic variables, as shown in s28tithre results of

the sensitivity analysis are shownAppendix 2. Probabilistic approach sup¢all residential building

Table5-6. Reliability ofa buildingwith a residential functioalculated according to Eurocode NEN
EN 19962002

Building area [] 140,577
Design lifetime [yr.] 100
Ignition probability [1/m?/1yr] \ 2.00E07

Ignition probability [1/m?/ 100yr] 2.00E05 (during design lifetime)
Probability of fire p(fi) | 2.81E+0Qduring design lifetime) |

EUROCODE p(f) p(f[fi) beta(f[fi)
CC1: beta(f) > 3.3 4.83E04 1.72E04 3.58
CC2: beta(f) > 3.8 7.23E05 2.57E05 4.05
CC3beta(f) > 4.3 8.54E06 3.04E06 4.52

The reliability index calculated ingjthe Eurocode for aupertall residential building with consequence
class3is4.52 With the performed sensitivity analysis the corresponding fire resistance of the load bearing
structure can be determinedit 135 minutes the reliability index is681, which would be sufficietibr a
building with consequence classf8fire resistancefol35minutesisonly 15 minutes longer than the 120
minutesset as a requirement in the BBir the conservation of the building-he cumulative probability

as shown irFigure5-10, is the same fothe low-rise residentiakeferencebuilding as for the supetall
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residential buildindgecause the fire compartmentations in both buildings are the sdfigrire5-10shows

that the cumulative probability ahe conservatiorof the load bearing structuri case of fire with a35

minutes fire resistant building structure is 100%. The reliability o8&riinute fire resistant building
structure for asupertall residentialbuilding is 100%

Evaluation

For the lowrise residential referencéuilding the load bearing elements should least have a fire
resistance of 120 minutes according to the BBL. According to the Eurocode the reliability index of
consequence class 2 for the laige residential reference building is 3.35. This results in a fire resistance
of 120 minutes for thedad bearing structure according to the sensitivity analysis. The reliability of a 120
minutes fire resistant load bearing structure is 100% for the-lise residential reference building.

In order to get the same level of fire safety in the sufadt residential building, a consequence class CC3

is required according to the Eurocode. The reliability index for the stgblenresidential reference building

is 4.52. This results in a fire resistance of 135 minutes for the load bearing structure when cgntperi
results of the sensitivity analysis and the Eurocode. This is an increase in fire resistance of 15 minutes for
the building structure. The reliability of a 135 minutes fire resistant load bearing structure is 100% for the
supertall residential builling.

Consequence class 3 of the Eurocode is based on an evacuation concept using full evacuation, as
mentioned before full evacuation in a supel building is not recommended and concepts as the stay
in-place concept or an evacuation concept withugée floors are more likely to be used. In these
evacuation concepts building occupant do not evacuate the building and therefor consequence class 3
might not be sufficient anymore. A new consequence class could might be needed for those evacuation
conceps in supeitall building or a safety factor could be applied. The safety factor should take into
account the factor by which the lifecycle of the building has bieereased and twice the factor by which

the building area has been increased, since thesmfa increase the probability of fire ignition. The factor

by which the building area has been increase should be taken into account Whiegeason for this is
increase inthe probability of fireand theincreasedin the effect of the fire. Thisvould result in an
reliability index of 5.46 and a fire resistance of 150 minutes.

5.3.5 Conservation of the escape routes

Conservation of the escape routesbased on building characteristic and is doneubing fire resistant

and smoke resistant compartments in the building. Fire resistance of the compartmentation is expressed
in minutes. According to the BBL the fire resistance of the compartmentation needs 36 benutes

towards escape routesThe smokeesistance of the compartmentation is express is the classes Ra or
R200. The smoke classes are expressed as internal airtightness in the simulations and have an equivalent
surface are through which smoke and air propagates.

The conservation of the escapautesisanalyzedy performing an ASERSET analysiSheresults ofthe
sensitivity analyss are average values with standard deviatiorBased on the average values and
standard deviationshe reliability of the conservation of the escape routedth cumulativeprobabilities

is given.

Lowrise residential building

The spread of fire and smoke as mentioned in parag&aptB8also affecsthe conservation of the escape
routes.Fire resistant wall of 60 minutes hav8#% chance to fail in the scenario of the loise residential
reference buildingas mentioned irparagraph5.3.3.1 The requiredsafe egress time (RSET) of a total
evacuation of thdow-riseresidentialreferencebuilding is calculated based on the SPFE handbook of fire
protection engineering21], as shown in equatioil1 )
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23%43 @ Ga Q (1)

Where:
1 tais the time from fire ignition to detection (detection phase)
1 tnis the time from detection to notification of the occupants of a fire emergency (notification
phase)
1 tpeis the time from notification until evacuation commences @@racuation phase)
1 te is the time from the start of purposive evacuation movement ustifety is reached
(evacuation phase)

The REST of the lenige residential reference building in this research is calculated based in the following
times:

1 ta+t =101020 second$RTI 0.3 5 (m.sy-°[97]

1 tpe =10 minutes (600 seconds) according to NTA 46[60].

1 te = 30 seconds per floor + 30 seconds on the floor =A%+ 0.5=7 minutes

RSET =0.5+ 10 + 7 47.5minutes

The average values and the standard deviations of Available Safe Egre$a3H¢ for the escape routes
based on smoke propagation towards the escape routes are shoWwahle5-7.

Table5-7. AverageAET in the escape routes of the loige

building.
ASET [min]

Escape route floor average SD
: : 11 18.0 -24.3
Adjacent corridor 12 75 5 8.4
. 11 75.C -69.5
Stairway lobby 12 75 5 na
Staima 1 75.C n.a.
y 2 75.0 n.a.

The requires safe egress tilRSET) is 17.5 minutes as calculated abblre.cumulative probability of
the conservation of the escape routes the 11" and the 12 floor based on smoke propagation is shown
in Figure5-11, Figure5-12 and Figure5-13. The xaxis shows thevailable safe egress time (ASET) in
minutesand the yaxis shows the cumulative probabilitks mentioned irsection4.4, the limit for the
visibility is 5.0 m, which is an optical density of 0:2 & P of 1 on the-gxis in the graphs is a cumulative
probability of 100%, a P of 0 on theayis is a cumulative probability of 0%. A longer ASET ondlis x
results in a sm&r failure probability of the escape route$he results of the sensitivity analyses are
shown inAppendix10. Probabilistic approach lovise residentiateferencebuilding

2 Simulation time for thdow-rise residential building is 75 minutes.
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Cumulative probability of ASET in adjacent corridor
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Figure5-11. Cumulative probabilitgf ASET itheadjacent corridor.

Cumulative probability of ASET in stairway lobby
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Figure5-12. Cumulative probabilitgf ASETh stairway lobby.
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Cumulative probability of ASET in stairways
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Figure5-13. Cumulative probabilitpf ASET istairway.

Thereliability of the evacuation concepn the lowrise residential reference building defined as the
probability thatthe available safe egress time (ASET) is longer than the required safe egress time (RSET)
P(ASET>RSETMNe reliability of the escape routes in the evacuation concept are showalle5-8.

Table5-8. Reliability of the evacuation concegit
the lowrise residential reference building

P(ASET>RSE
Escape route floor Reliability
Adjacent corridor E 8?;
Stairway lobby E 2?3
Staiway ; 1%

Supertall residential building

The spread of fire and smoke as mentionegamagraphbs.3.3also affect the conservation of the escape
routes. Fire resistant wall of 60 minutes have®46 chance to fail in the scenario of the supef
residential building, as mentioned in paraghap.3.3.1 The required egress time (RSET) of a total
evacuation of the supetall residential building is calculated based on the SPFE handbook of fire
protectionengineering21], as shown in equation ( 2 ).

23%4Q @ @i Q (2)

Where:
i tais the time from fire ignition to detection (detection phase)
1 tnis the time from detection to notification of the occupants of a fire emergency (notification
phase)
1 tp-e is the time from notification until evacuation commences @eracuation phase)
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1 teis the time from the start of purposive evacuation movement usdilety is reached
(evacuation phase)

The REST of the suptaitl residential building in this research is calculated based in the following times:

i td+tn = 3,5 minutes (188 seconds = 3 minutes and 8 seconds) accordhpypémdix
4. Sprinkler activation DETACT

T tpe = 10 minutes (600 seconds) according to NTA 45/60].

T te = 30 seconds per floor + 30 seconds on the floor =*186 + 0.5= 65.5 minutes

compensation for every 50 meters (1nmie per 50 meter) = 40050 =8 minutes
RSET =3.5 + 10 + (65.5 + 8) = 87 minutes

The average values and the standard deviations of Available Safe Egress Time (ASET) for the escape routes
based on smoke propagation towards the escape routes are showakle5-9.

Table5-9. ASET in the escape routes of the super

tall building.

Escape route Floor Average
10 120.¢¢

Adjacent corridor| 11 120.04°
12 120.¢¢
10 120.¢
Stairway lobby 11 120.¢¢
12 120.¢
. 1 120.¢
Staiway > 120.0

The requires safe egress time (RSE&Y iminutes as calculated abové&he available safe egress tirime

the escape routes of the sup#aill residential building is at least 120 minutes, since that is the maximum
simulation time. The results of the sensitivity analyses are shovwAppendix 2. Probabilistic approach
supertall residential buildingThe reliability of the evacuation concept for the supalt building is
defined as the probability that the available safe egress time (ASET) is longer than the regfieiesgtess
time (RSET): P(ASET>RSET). The reliability of the escap®fauategacuation concepin the supettall
residential buildingare shown inTable5-10.

Table5-10. Reliability of the evacuation concept of
the supertall residential building.

P(ASET>RSE]

Escape route Floor Reliability
10 1.00
Adjacent corridor| 11 1.00
12 1.00
10 1.00
Stairway lobby 11 1.00
12 1.00
. 1 1.00
Staiway 5 100

4 Simulation time fotthe supertall residential building is 120 minutes.
5 A small peak in optical density exceeds the limi® @0 m1 for a short period ofime. The pe& continues for 150 seconds from
120seconds t®70secondswith the maximum after 180 seconds when the door closes.
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The effect of theautomaticsuppression system and the pressurization system on the si@agation
towards the adjacent corridors kkabeen analyzed. An overview of the effect afautomaticsuppression

system and or a pressurization system are showhainle5-11 and inFigure5-14. Applying a automatic
suppression system and/or a pressurization system in the building has almost no effect on the ASET of the
adjacent corridors on floor 10 and®21However it does have large effect on the adjacent corridor on

floor 11, the floor of the fire. In the situation withnaautomatic suppression system and without a
pressurization system thaverageASET in that compartment is 9.75 minutes, which is a deciraS8ET

of approxmately 92% in comparison to the standard situation with a suppression system and a
pressurization system. The effect of applying neither automatic suppression systenmor a
pressurization system is a decrease of the ASET by approximately 85%.

Table5-11. AverageASET overview and the effect of a suppression system and pressurization system on
the adjacent corridor.
AverageASET overview of the adjacent corridor

Compartment ASET ariation depended onbuilding servicegmin]
Quppression+ | Quppression | Pressurizationn  Neither
pressurization

Adjacent corridor floor 10 120.0¢ 120.0¢ 120.0¢ 120.0¢
Adjacent corridor floor 11 120.0¢ 9.75 120.0¢ 18.50
Adjacent corridor floor 12 120.0¢ 120.0¢ 120.0¢ 120.0¢

Average ASET overview and the effects of a suppression
system and pressurization system on the adjacent corridor

Adjacent corridor floor 10 Adjacent corridor floor 11 Adjacent corridor floor 12

120.00
105.00
90.00
75.00
60.00
45.00

ASET [min]

30.00
15.00

0.00

B Suppression + pressurization m Suppression m Pressurization m Neither

Figure5-14. AverageASET overview and the effect of a suppression system and pressurization system on the
adjacent corridor.

The effect of theautomaticsuppression system and the pressurization system on the smoke propagation
towards the adjacent corridors has been analyzed. An overview of the effentaftamaticsuppression
system and or a pressurization system are showraible5-12 and inFigure5-15. Applying a automatic
suppression system and/or a pressurization system in the building has no effect on the ASET of the

6 Simulation time fothe supertall residential building is 120 minutes
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stairway lobby and the stairways. &l the situations the ASET in the stairway lobby and in the stairway
is at least 120 minutes.

Table5-12. AverageASET overview and the effect of a suppression system and pressurization system
on the stairway lobby and stairway.

AverageASET overview of the stairway lobby and stairway

Compartment ASET ariation depended onbuilding servicegmin]
Quppression+ | Suppression | Pressurization  Neither
pressurization|

Stairway lobby floor 10 120.00 120.00 120.00 120.00

Stairway lobby floor 11 120.@ 120.@° 120.0 120.

Stairway lobby floor 12 120.007 120.007 120.007 120.007

Stairway 1 120.@ 120.@° 120.@’ 120.@’

Stairway 2 120.@’ 120.@° 120.@’ 120.@’

Average ASET overview and the effects of a suppression
system and pressurization system on the stairway lobby and
stairway

120.00
105.00

90.00

75.00

60.00

45.00

30.00

15.00

0.00
Stairway lobby Stairway lobby Stairway lobby  Stairway 1 Stairway 2
floor 10 floor 11 floor 12

ASET [min]

B Suppression + pressurization m Suppression = Pressurization ® Neither

Figure5-15. ASET overview and the effect of a suppression system and pressurization system on the stairway
lobby and stairway.

Elevators as escape route

Depending on the chosen evacuation concept for the sdakbuilding theelevator may also be used as
escape routeThe average values and the standard deviatioravaflablesafe egress ime (AET) for the
elevator lobby and elevator shaftlased on smoke propagation towards the escape routes are shown in

Table5-13.

7 Simulation time for the supetall residentialbuilding is 120 minutes.
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Tableb-13. AverageAEET in theelevator lobby and
elevator shafts.

floor average
10 120.06
Elevator lobby 11 120.06
12 120.06¢
1 120.06¢
Elevator > 120 06

The available safe egress time in the escape routes of the gafpeesidential building is at least 120
minutes, since that is the maximum simulation time. The results of the sensitivity analyses are shown in
Appendix 2. Probabilistic approach sup¢all residential buildingThe relability of the elevator lobbies

on floor 10, 11 and 12 and of the elevator shafts is 1.088shown iMable5-14.

Table5-14. Reliability of theelevator lobbies and
elevatorsof the supeitall residential building.

P(ASET>RSE]
floor Reliability
10 1.00
Elevator lobby 11 1.00
12 1.00
1 1.00
Elevator 5 1.00

The effect of theautomaticsuppression system and the pressurization system on the smoke propagation
towards theelevator lobbies and elevator shafteve been analyzedAn overview of the effect of a
suppression system and or a pressurization system are shoivabile5-15 and inFigure5-16. Applying

a suppression system and/or a pressurization system énhbthilding has no effect on the BE of the
elevator lobbies on floor 10 and 12. However it does have a large effect on the elevator lobby on floor 11,
the floor of the fire. In the situation withraautomaticsuppression system and without a pressurizatio
system the ABT in that compartment is 23 minutes, which is a decraageSET of approximately 81% in
comparison to the standard situation with a suppression system and a pressurization system. The effect
of applying neither a automaticsuppression syem nor a pressurization systemesults ina decreasén

AST of approximately 78%lust as for the elevator lobby on theffloor, the elevator shafts araffected

by only using m automaticsuppression system. The ASET in the elevator shafts is 42 minutes, which is a
decreasein ASETof approximately 65% in comparison to the standard situation withaatomatic
suppression system and a pressurization system. The effect of applying neithetoanaticsuppression
systemnor a pressurization systemesults ina decreasén AT of approximately 73%.

8 Simulation time for the supetall residential building is 120 minutes.
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Table5-15. AverageASET overview and the effect of a suppression system and pressurization system
on theelevator lobbies and elevators

AverageASET overview of theelevator lobbies and elevators

Compartment ASET ariation depended onbuilding servicegmin]
Suppressiont+ | Suppression | Pressurizationn  Neither
pressurization

Elevator Lobby floor 10 120.¢ 120.¢ 120.0 120.0

Elevator Lobby floor 11 120.¢ 23.0 120.0 27.0

Elevator Lobby floor 12 120.0 1200° 120.0 120.0

Elevator 1 120.0° 42.0 120.¢° 35.25

Elevator 2 120.¢ 42.0 120.0 35.25

Average ASET overview and the effects of a suppression
system and pressurization system on the elevator lobbies and

elevators
120.00
105.00
__ 90.00
c
‘€ 75.00
~ 60.00
0
2 45.00
30.00
15.00 I I
0.00
Elevator Lobby Elevator Lobby Elevator Lobby  Elevator 1 Elevator 2
floor 10 floor 11 floor 12

B Suppression + pressurization m Suppression m Pressurization m Neither

Figure5-16. AverageAET overview and the effect of a suppression system and pressurization system on the
elevator lobbies and elevators.

Evaluation

Conservation of the escape routes has been assessed based on a full evacuation concept using stairs only,
which has beempplied to both the lowrise residential reference building and the sujtell residential

building in this research. ASRBET analyses have been made for both buildings based on the ASET
obtained from the sensitivity analyses and the RSET which hashiased on theSPFE handbook of fire

protection engineering21].

The required safe egress time (RSET) ofdherise residential reference building would be 17.5 minutes
based on the requirements for evacuation set in the BBle available safe egretime (ASET) in the
adjacent corridor is 18 minutes. The available safe egress time in the other escape routes (the corridor
above, the stairway lobbies on floor 11 and 12 and the stairways) is at least 75 minutes (which is the
maximum simulation time forhte lowrese residential building). The reliability of these escape routes at
17.5 minutes is 51% for the adjacent corridor, 75% for the corridor above, 80% for the stairway lobby on
floor 11 and 100% for the stairway lobby on floor 12 and stairways 1 and 2

9 Simulation time for the supetall residential building is 120 minutes.
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The required safe egress time (RSET) ostipertall residential building would b87 minutes based on

the requirements for evacuation set in the BBhe available safe egress time in all the escape routes (the
adjacent corridor, the corridors abowand below, the stairway lobbies on floor 10, 11 and 12 and the
stairways) is at least 120 minutes (which is the maximum simulation time for theelesvresidential
building). The reliability of these escape routes at 87 minutes is 100% for the adjacedbigathe
corridor above, the stairway lobby on floor 11 and 12 and stairways 1 ahdtBe supetall residential
building the required safe egress time is longer than the available safe egress time<(RSET). This
means that during the full firecenario building occupants will be present in the building.

For other evacuation concept such a full evacuation with refugee floors using stairs and elevators as
shuttle, the same ASERSET analysis can be made. As mentioned above in the discussion séct
limiting the spread of smoke the adjacent compartment above could be used as refugee floor. The
reliability of this compartment is 24% at 120 minutes. In order to be able to use the compartment as a
refugee floor/escape route the reliability of theompartment should at least be the same of as the
reliability of the escape routes in an full evacuation scenario. The reliability of that compartment could be
improved by applying a pressurization system or by using a partially opened facade, for irs@éfice
open. The effect of these solutions and the reliability of these solutions can be calculated with a sensitivity
analysis.

The effect of the automatic suppression system and the pressurization system in the escape routes has
been assessed in the sup@ll residential building. Only applying the automatic suppression system
affects the average ASET in the adjacent corridor, reducing the ASET from 120 minutes to 9.75 minutes,
the other escape routes (adjacent corridors above and below, the stairwayelob floor 10, 11 and 12

and the stairways) are not affected by removing the pressurization sydsgnmapplying an automatic
suppression system thadevelopment of smoke is increased and the windows in the fagdadw®ot shatter,

so that more smoke remains in the building thahenthe windowsshatterand the smoke can also partly
escapeOnly applying the pressurization system does not affect the average ASET in the escape routes,
the average ASET in the escape routes remaingrii@0tes. Applying neither an automatic suppression
system and a pressurization system affects the average ASET in the adjacent corridor, reducing the ASET
from 120 minutes to 18.5 minutes, the other escape routes (adjacent corridors above and below, the
stairway lobbies on floor 10, 11 and 12 and the stairways) are not affected.

Asmentioned in the previous paragraphs, the elevator lobbies and elevator shafts could also be used as
escape routes for instance in an evacuation concept using refugee floorewhe elevators could be

used as shuttles. The available safe egress time in all the elevator lobbies on floor 10, 11 and 12 and in
the elevator shafts is at least 120 minutes (which is the maximum simulation time for thectawv
residential building). fe reliability of these escape routes at 87 minutes is 100% for elevator lobbies on
floor 10, 11 and 12 and in the elevator shaffhie effect of the automatic suppression system and the
pressurization system on the average ASET of the elevator lobbiederador shafts has been assessed

in the supertall residential buildingOnly applying the automatic suppression system affects the average
ASET in the elevator lobby on floor 11, reducing the ASET from 120 minutes to 23 minutes and affects the
average SET in the elevator shafts, reducing the ASET from 120 minutes to 42 minutes. The elevator
lobbies on floor 10 and 12 are not affected by removing the pressurization system. Only applying the
pressurization system does not affect the average ASET in ttapesoutes, the average ASET in the
elevator lobbies and elevator shafts remains 120 minutes. Applying neither an automatic suppression
system and a pressurization system affects the average ASET in the affects the average ASET in the
elevator lobby on #ior 11, reducing the ASET from 120 minutes to 27 minutes and affects the average
ASET in the elevator shafts, reducing the ASET from 120 minutes to 35.25 minutes. In an evacuation
concept that uses the elevators, the elevator lobbies and elevator shafislétbe protected by a
pressurization system just as the stairway lobbies and stairway shafts.
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6. Discussion

The results of the lowise residential reference building and of the supelt residential building have
already been discussed and can be foumdection5.3. In this chapter the limitations of this research
possible future studies based on this research and recommendations based on this research are
described.

6.1 Limitations

This research focused on the fire safety engineering of stglebuildingsbetween 200 and 400 meters

in the Netherlands Building regulations allow buildings up to 200 metand regulations for higher
buildings have not yet been formulated@ihis research focusem buildings in the Netherlands and uses
the Dutch building cod8BL(Besluit Bouwwerken Leefomgevindput the method is not specifically for
buildings in the Nethdgands or for the Dutch building code. Because it isa@ngjtative assessment of fire
safety of supetall buildings with a probabilistic analysiad does not focus on the local standards, the
method can also be applied internationally. A quantitativeessment with a probabilistic analysis has
been mentioned multiple times in the literature, however the way to perform a quantitative assessment
with a probabilistic analysis for fire safety is not explained in the literature.

The quantitative assessmemtith a probabilistic analysis a performance based approach, which is
always project specific. This is one of the limitations of this rese&whother supetall buildings with a
different layout the conclusiomay be different, especially the exact reliability or failure probability of
the separate risk subsystems. In this research the case onlyrdtastthe processmethodology and
simuhtions needed for @erformance based approacfihe conclusions mentioned in this research are
not generic conclusions for suptall residential buildings.

The spread of fire and smoke has been investigated in this research, however the spread aof sinsoke

via the facadesvas not part of thigesearch After the fire in the Grenfell tower an inquiry has been set

up in order to evaluate the fire safety of Dutch building facades. Based on the fire and the inquiry the
standard for fire propagation, thBIEN 6068, will be complemented wigtnew method to analyze fire
propagation via the facade. Based on the adjustment/complementation of the NEN 6068 and the inquiry
into the fire safety of facades in the Netherlands, the subject of facadade a gradution subject on

its own. For thisresearch the facade, the following principle for the facade has been used: the facade
should not shortcut the fire compartmentation; the facade should at least have the same resistance to
fire as the compartment walls artie facade should not have ignition sources.

Smoke propagation in the lowse residential reference building and in the supat residential building

has been investigated by simulating a fire in a model. This model did not have the full size dfdimgbu

since this would result in very long computational times, with the available computational power. The
models used in this research are 3 or 4 levels tall instead of the 13 or 130 levels of the buildings. By
modeling the full building, the resultsf the smoke propagation might have beaffectedby the elevator
shafts.For the effect othe automaticsuppressiorsystem and the pressurizati®ystem on the smoke
propagationtowards the escape routes thstairways and elevator shafts have been modelled with a
height of 100 metersThe results of a shaft mogled as 12 meter tall or 100 metetall do not differ much
andtherefor thedifference n reailts is not significant.

This research is limited to a residential function in suadr buildings. In supetall buildings more
functions are possible than just a residential function,ifstance an office function and a hotel function

or a combination of these 2 or 3 functions. The building use and the functions linked to the use can affect
the fire safety in a building and have different results. Besides the fact that different buifldiatons
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have different levels of fire safety, the building method used for these functions differs in The
Netherlands. Where a residential function almost always uses structural walls and floor for the load
bearing elements, office functions or hotel fttions mostly use structural columns and beams for the
load bearing elements.

Fire safety during construction as mentioned in the SBRCURnet publications has not been investigated in
this researchHowever fire safety during construction is a point of éméest since not all buildingervices
might be operational during construction.

The sensitivity analgs are based on an estimate of the standard deviations. With a smaller uncertainty

in the standard deviation, the uncertainty of the result will atmosmaller. The standard deviations used

are based on previously published reports by Van Herpen et al. [30] and the NIPV [92]. However, the
standard deviations used can be further investigated because more research needs to be done into fuel
characteristts, internal airtightness and human behavior, since the models of theait®wresidential
reference building and the sup¢all residential building are most dependent on these parameters.

6.2 Future studies

The acquired knowledge of fire safety of a sufl residential building, assessed with a quantitative
assessment with a probabilistic analysis, can be used in the design of-talipeuildings in The
Netherlands. The method used shows that it is possible to calculate the fire safety level of d@adluper
residential building, based on a lewge residential reference building. The fire safety level of other
building functions or a combination of building functions has not been investigated in this research and
needs to be studied in future research.

Future research should also focus on the evacuation concepts used intallgrrildings. In this research

a full evacuation concept using stairs only has been investigated. The results show that in-takuper
building in which a suppression system gmdssurization system has been applied, the evacuation time

is longer than the fire scenario. Therefor other evacuation concepts could be of better use irtalliper
buildings. In order to investigate the effect of other evacuation concepts, improvencantbe made on

the model used to assess the smoke propagation in the building. When assessing the fire safety level of
other evacuation concepts, the same method used in this research can be used.

The effect ofnot applying gpressurization systerm the stairway lobby as active preventive measure is
unexpected. Based on the results of the ASET in the vertical escape routes the application of a
pressurization system is not necessary. However further research shoualthdected in order to further
substantate this conclusion.

Besides future research of building functions and evacuation concepts, the effect of the facade on fire and
smoke propagation can be studied in future research. The effect of the fagatievind on the facadin
combination with the external airtightness and facade connectioirs regard to fire and smoke
propagation in supetall buildings is not yet studies as the effect of wind on the fire is not part of the
directed standards.

66



TU/e

6.3 Recommendations

Based on this research somecommendations for supeall (residential) buildings in The Netherlands
can be made, regarding the building method and the evacuation concept.

The buildingconstructionmethod in The Netherlands differs for buildings with a residential function and
an dfice or hotel functionHowever,the assumed internal airtightness would be the same for all three
building functionsand building construction method8ased on fire propagation the fire resistance of the

walls and floors are project specific and needtevaluated per case.

As mentioned irparagraph3.1the probability offire ignition in the Eurocode differs from the probability

of fire ignition based on Dutcstatistics.The difference in the probability of fire between the Eurocode
and the statistics might be explained by the fact that the probability of fire according to the Eurocode is
for low-rise buildings and the probability of fire according to the Dustatistics is for a residential
building, lowrise and higkrise. The difference in probability of fire could also be explained based on the
difference in time. The statistics in the Handbook are based on a period between 1970 and 1990. An
increase in @ctrical appliances, Rpanels and other similar equipment may have caused an increase in
the probability of firel would recommendo investigate the difference in probabilities and based on that
adjust the probability of fire ignition if needed.

Based on the performed simulations and calculations for thEASand RET, a full evacuation using
stairs only and a staiyn-place concepis not recommendedn a supettall building The RSET of a full
evacuation using staimmaytake longer than thefire scenarig while the ASET of a stayplace concept

is too short. Based on these findings | would recommend a hybrid evacuation concept, where refugee
floors are used. The simulations show that a pressurization system can beougsssp the escape routes

free of smoke. The refugee floor is part of the escape route aodld also be kept free of smoke, either

by opening the fagade or by applying a pressurization systamrefugeefloor can also be kept free of
smoke by creating enough space betwetbe fire and the refugee floor, for instance Iyt using a
refugee flar directly above a fireBased on results of the simulation the refugee floor should be split up
in multiple sections so that in case of a fire burning directly under the refugee floor, the section above the
fire would not be used as a safe haven. In #Nscuation concept the elevators should be used to
evacuate less seftliant building occupant to the refugee floors. The elevators can also be used as
shuttles from the refugee floors to grourevel when the fire fighters deem a full evacuation necegsa

In order to make @uantitative assessment with@robabilistic analysis more widely accepted in the field
of fire safety engineering in the Netherlands and in Europe | would recommegmtitthis method of fire
safety engineering t@ standard or iternational standard, in which thamount of stochastic boundary
conditions and theaveragevaluesand variationsof those average valuesf the stochastic boundary
conditions are setin this way mordire safety engineers could use this method of firéetpengineering
Because quantitative assessment with a grabilistic analysis is a specific form of fire safety engineering
| would recommendhat the ire safety engineerss a skilled fire safety engineefte skilled fire safety
engineerand the company/organization the engineer works fi@eds to be certifiedjust as is the case
for the ERengineersvho are certified and work according tot the BRL 9500.

Based on the performed simulations and the resultghefse simulationghe effect of an automatic
suppressiorsystem and gressurization systeran the smoke propagation towards the escape routes is
limited. The optical density in the escape routes does not exceed theviihgh the escape routes are
separaed from the corridor with dobby. Therefor | wouldecommend to further investigate the effect
and the efficiency of a pressurization system the escape routes. For supéall buildings | would
recommend to use sprinkler systems becauseessive ation from fire and rescue servicdsom the
outside the building is almost impossildegreater heights
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7. Conclusim

During this graduation project,he application of a quantitative assessment of fire safety with a
probabilistic analysis, has beestudied. A literature review and multiple simulations have been
performed. A main research question has been formulated, which is dividedvwitoesearch questions
and 5 sub research questionshese research questions will be answered h&he conclusions drawn in
this researchwhich are basedn the lowrise residential reference building and the supelt residential
building are project specific and are therefore not generally applicable toloaltrise (residential
buildingg and al supertall (residential) buildings.

Subquestions
a. What is the fire safety level of residential loise buildings in the Netherlands?

The fire safety level of residential lesige buildings in the Netherlands is project specific. Not every low

rise building is the same. Because the buildings differ in height and size, the requirements set by the BBL
aredifferent. The fire safety levef@ lowrise building is not determined in the building code. The building
code only provides a set of regulations without defining the acceptable failure rislactieptablefailure

risk is project specific in all risk subsystems, because a performases approach is project specific.

The failure risks are generic applicable depending on the evacuation concept only. The fire safety level of
a residential lowrise building can be defined based on the two main public objectives of the building code
and kased on the risk subsystems that are connected to those two main public objectives.

Main public objectives

The fire safety level of the two main public objectives of the Dutch national building code forréséow
residential building in the Netherlandar not be defined for all the lowise residential buildings because
the fire safety level is project specific. Therefor the conclusion stated below is project specific.

Personal safety

The level of fire safety of building occupants in the -lise residential reference building designed
according to the requirements set in the BBL is sufficient enough to secure a RSET<ASET for a full
evacuation usingtairs only. The required safe egréisse in the lowrise residential reference building is

17.5 minutes. The available safe egress time is 18 minutes in the adjacent corridor and at #ast 75
minutes in the other escape routes.

Personal safety of fire and rescue services such as fireefigig not part of public law and héserefor

been left out of the quantitative assessment for fire safety. However if the level of fire safety of fire and
rescue services needs to be guantified, a quantitative assessment with probabilistic analysisusaad b

Protection of neighboring plots and adjacent buildisg

Neighboring plotand adjacent buildings are threatened by a flashover in a compartment fire and by the
collapse of a building. The threat of fire spread due to flashover to neighboringhaietsot been analyzed

in this research. The neighboring plots and adjacent buildings are protected from a building collapse in
case of fire by ensuring that the load bearing structure of the building is conserved for at least the length
of the fire scenan. Based on the simulations of the levge residential reference building the reliability

of the load bearing structure at 120 minutes is 100%. Therefore damage of neighboring plots and adjacent
buildings based on the collapse of the building is mmdikely.

1075 minutes is the maximum simulation time of the loise residential referenceuilding.
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Risk subsystems
The fire safety levelfdahe risk subsystems in the Dutch national building cannot be defined for all the low

rise residential buildings, because the fire safety level of the risk subsystems is project specific. The fire
safety bvel of the risk subsystems of the lawge residential reference building used in this study are
presented below.

Limiting the probability of fire ignition

The probability of fire ignition depends on the floor area of the building and the life cydhe difutilding.
Therefor the smaller the building the smaller the probability of fire in that building and/or the shorter the
lifetime of the building the smaller the probability of fire in that building. The level of fire safety per m
per year however is # same in all lowise residential buildings: 1.0al5 /m?/year. Because lowise
residential building are smaller than 70 meterand has more than 4 floors, the building has a reliability
class RC2/ a consequence class CC2. The reliability indengmuence class & 38, which considers

the accepted or assumed statistical variability of resistances and load effects and modeling uncertainties.
The probability of fire for the lowise residential reference building is 1.76E

Limiting the developmenof fire and smoke

The fire safety level as set in the BBL in order to limit the development of fire and smoke need to be
applied in lowrise residential buildings. These requirements have also been used in the simulation of the
low-rise residential refeznce building. A compartment fire in the lewge residential reference building

can develop to a heat release rate of 10,954 k\e®options to limit the development of fire and smoke
such are a suppression system are not applied in therlsg/residetial reference building. Applying a
suppression system would limit the development of fire but would increase the development of smoke.

Limiting the spread of fire and smoke
In the lowrise residential reference buildindgpeé spread of smoke is more important for personal safety
than the spread of fire.

Limiting the spread of fire

The natural fire in the lowise residential building has an equivalent fire duration of 51 minutes standard
fire curve. Therefor the availabkafe time of the separation constructions has been set to 60 minutes.
The reliability of the 60 minute fire resistant separation constructions is 69%.

Limiting the spread of smoke

A full evacuation concept using stairs only is the standard forrisavresidential reference buildings.
Based on the results of smoke spread towards adjacent compartments the reliability at 5 minutes is almost
0%. With an average AST of 2.75 minutes in the adjacent compartments and with an average of 1.5
minutes in the comparhent above, the spread of smoke is very faste spread of smoke towards the
adjacent compartments does not affect an evacuation concept with full evacuation using stairs only.
However, for other evacuation concepts such as a-stgptace concept, the soke resistance of the walls
and/or floor would not suffice for an ASET required in a-gtgylace concept.

Conservation of thdoad bearing structure

According to the BBL the fire resistance of the load bearing structure ¢bthrase residential reference
building should at leasbe 120 minutes.The lowrise residential reference building is classified as a
building with consequence class 2 in therd@wde. According to the Eurocode the reliability index of
consequence class 2 for the laige residential reference building is 3.35. This results in a fire resistance
of 120 minutes for the load bearing structure according to the sensitivity analysgeliability of a 120
minutes fire resistant load bearing structure is 100% for the-tise residential reference building.
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Conservation of the escape routes

In order to conservate the escape routes, the RSET should be shorter than theA4@IE&vacuation
concept using stairs only is the standard for {oge residential buildingwhich results in a required safe
egress time of 17.5 minute¥he available safe egress time (ASET) in the adjacent corridor is 18 minutes.
The available safe eggs time in the other escape routes is at least'#binutes. The reliability of these
escape routes at 17.5 minutes is 51% for the adjacent corridor, 75% for the corridor above, 80% for the
stairway lobby on floor 11 and 100% for the stairway lobby orrfidband stairways 1 and 2.

b. How does the framework of a probabilistic approach in a quantitative assessment look like?

As mentioned before a probabilistic approach is project specific. The framework used in a probabilistic

approach should be general apgable for all buildings anshould therefore not be project specific. The

5dzi OK bl GA2ylf o6dZAf RAYy3I /2RSS W. S&afdzAid .2dzeoSN] Sy [ S
These risk subsystems can be used to define the level of fire safety-aEmbuildings as well as the level

of fire safety of supetall buildings, based on the assessment: AST > RST (available safe time needs to

exceed the required safe time).

c. What should be the level of fire safety of a sutadirresidential building between B0and 400
meters in the Netherlands?

The fire safety level of sup¢all residential buildings between 200 and 400 meters is just as for the low
rise residential buildings project specific. In order to determine the fire safety level of a-wlper
residential building a quantitative assessment with a probabilistic analyses has been carried out. The
layout of the supetall residential building is the same as the layout of the-tise residential reference
building. The fire safety level of the supall residential building used in this research is shown in the
answers of the sub questions below.

The fire safety level of the supéall residential building between 200 and 400 metés project specific

and therefor depends on the size of the buildiangd the evacuation concept used in the building. In this
research a total evacuation using stairs only has been assessed, but other evacuation concepts could have
different results for the fire safety level of the building. Therefor there is no geneeakéifety level of
residential supetall buildings.

Main public objectives
The fire safety level of the two main public objectividsthe supertall residential building are project
specific.Therefor the conclusion stated below is project specific.

Personal safety

The level of fire safety of building occupants in sufadr residential buildings designed with the
requirements set in the SBRCURnet publication differ from the level of fire safety of building occupants in
low-rise residential buildingsThe RSET in the supgetl residential building for a full evacuation using

stairs only is 87 minutes. Which is 36 minutes longer than the fire scenario. The ASET in the escape routes
of the supertall residential is 120 minutes when an automatic suppi@ssystem and a pressurization
system are installed.

Because personal safety of fire and rescue services has not been assessed for-ise i@sidential
reference building, it has also not been assessed for the stgfleesidential building.

Protection of neighboring plots and adjacent building

1175 minutes is the maximum simulation time for the loise residential building
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Neighboring plots and adjacent buildings are threatepes the same for the low rise residential building:

by a flashover in a compartment fire and by the collapse of a buildihg.threat of fire sprad due to
flashover to neighboring plots has not been analyzed in this resda¥chuse of the distance between

two highrise buildings The neighboring plots and adjacent buildings are protected from a building
collapse in case of fire by ensuring thhetvailable safe time dbad bearing structure ofhe building is

longer than the required safe time. The load bearing structure has been analyzed based o consequence
class 3 of the Eurocode. Based on the results of this analysis, the load bearingretnfdhe supetall
residential building should be at least 135 minutes. The reliability of the load bearing structure at 135
minutes is 100%.

Risk subsystems
The fire safety levelfdahe risk subsystems in all suptaidl residential buildings cannot lekefined, because

the fire safety level of the risk subsystems is project specific. The fire safety level of the risk subsystems
of the supertall residential building used in this study are presented below, the automatic suppression
system and the pressization system are set as a condition for the conclusions.

Limiting the probability of fire ignition

The probability of fire ignition depends on the floor area of the building and the life cycle of the building,
making it project specific. Whecomparing a supetall residential building and a lovise residential
building, the life cycle of the building doubles from 50 years for arlseresidential building, to 100 year

for a supettall residential building. By doubling the life cycle of adding, the probability of fire is also
doubled from 1.0085 /m?/year to 2.00ED5 /m?/year. Because supetall residential buildings are taller

than 70 metes, the building has a reliability class RC3/ a consequence class CC3. The reliability index for
consequence classi8 4.3, which considers the accepted or assumed statistical variability of resistances
and load effects and modeling uncertainties. The probability of fire for the sigberesidential building

is 2.81E00.

Limiting the development of fie and smoke

In order to limit the development of fire and smoke in a sutml residential building, an automatic
suppression system has been applied. In this research the application of an automatic suppression system
in the supe#tall residential builéhg limits the development of the fire by 97% from 10,954 kW in the
reference situation to 360 kW in the sprinklered supeli situation.However, by applying a suppression
system more smoke is developed.

Limiting the spread of fire and smoke
In the sur-tall residential buildinghie spread of smoke is more important for personal safety than the
spread of fire.

Limiting the spread of fire

The natural fire in the supdall residential building has an equivalent fire duration of 51 minutes standard
fire curve. Therefor the available safe time of the separation constructions has been set to 60 minutes.
The reliability of the 60 minute fire resistant separation constructions is 69%. The spread of fire is also
limited by the application of an automatic sugssion system. However this is an redundant system and
the separation constructions should still function if the suppression system fails.

Limiting the spread of smoke

A full evacuation concept using stairs only is the standard fofriegvbuildings but not for supertall
buildings In this research a full evacuation using stairs only has been applied to thetsilipesidential
building, limiting the spread of smoke has been based on this evacuation conasptl 8n the results of
smoke spread towals adjacent compartments the reliability at 5 minutes is almost 0%. With an average
AST of 25 minutes in the adjacent compartments and with an average of 1.5 minutes in the
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compartment above, the spread of smoke is very fadte spread of smoke towardbe adjacent
compartments does not affect an evacuation concept with full evacuation using stairs only.

Conservation of thdoad bearing structure

The fire resistance of the load bearing structure of the sttpéiresidential building has beesssessed
based on a quantitative assessment with a probabilistic analysis. The-wlipersidential building is
classified as a building with consequence class 3 in the Euro&odearding to the Eurocode the reliability
index of consequence class 2 tbe low-rise residential reference building 4552 This results in a fire
resistance of 35 minutes for the load bearing structuren consequence class 3according to the
sensitivity analysisThe reliability of a 35 minutes fire resistant load bearirgtructure is 100% for the
low-rise residential reference building.

Conservation of the escape routes

In order to conservate the escape routes, the RSET should be shorter than theAaBlihg the same
evacuation concept in a lowise residential building as in a sugetl residential building is not likely. The
evacuation time of a supeall building is significantly longer than in a leise building. A full evacuation

using staionly is therefore not the most suitable evacuation concept. However, by applying a suppression
system in the compartments and a pressurization system in the stairway lobbies, the escape roots are
safe to use during the evacuatioA.full evacuation concepsing stairs onlyn the supertall residential
buildingresults in a required safe egress time of 87 minuldse available safe egress time (ASET) in the
escape routes is at leas20* minutes. The reliability of these escape route8zminutes is100%.

d. What should the evacuation concept for a sutak residential building between 200 and 400
meters in the Netherlands look like?

Based on the simulations performed in this research a full evacuation using stairs takes longer than the
burning time of a natural fire in an apartment (87 minutes > 51 minutes). Therefor the evacuation concept
used in supetall buildings should not onlge an evacuation using stairs. Based on the results limiting the
spread of smoke towards adjacent compartments is not enough in order to apply-mstéace concept.
therefor a hybrid concept using refugee floors might be the best solution for siatidsuildings. In this

hybrid evacuation concept building occupants evacuate inside the building to refugee floors, that can be
kept smoke free by opening the facadby,using a pressurization system or by creaéngugh distance
between the fire and a refyee floor. The main way of evacuating towards the refugee floors are the
stairs, elevators can be used for less-selfant building occupant or as shuttles between refugee floors
and the ground floor.

e. To what extend does an automatic suppression systedha pressurization system guarantee
personal safety of building occupants in sufar residential buildings between 200 and 400
meters?

An automatic suppression system and a pressurization system are mandatory in tall buildings between 70
and 200 metes in TheNetherlands. Thactive fire safety measures are additional to the preventive fire
safety measures. In this research the effect of those building systems on the available safe time has been
assessed in the sup#all building. Based on the resslbf the simulations the effect of an automatic
suppression system on the horizontal escape route are minimal. The effect of the pressurization system
on the horizontal escape route on the fire floor is significant. Without the pressurization system in the
horizontal escape route on the fire floor the ASET would decrease with 85% in comparison to a situation
with a pressurization system. The effect of an automatic suppression system and a pressurization system
on the ASET in the vertical escape routes havaes minimal, based on the simulations using elevator
shafts and staircases with a height of 100 meters. Removing either or both the automatic suppression

12120 minutes is the maximum simulation time for the loige residential building
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system or the pressurization system does not affect the ASET in the vertical escape routesdgiginis d

The use of a stairway lobby is critical for this effect. In this design the elevator lobby is not protected by
an additional lobby (or smoke lock) and as a result of that the effect of removing the pressurization system
is significant on the elevatdobby of the fire floor. By removing the suppression system the ASET in the
elevator lobby on the fire floor is decreased with 81%. To conclude this research question, a pressurization
system is not needed in the suptill residential building in ordeto escape in a horizontal direction, the
ASET without a pressurization system is longer than the RSET in the horizontal difdotiefor the
pressurization system is a redundant system, A&ET in the horizontal escape route is improved. If for
some reson the pressurization system does not work, the ASET in the horizonal and vertical escape
routes is stillong enough for a safe escapehe automatic suppression system however is needed for
limiting the development of fire, limiting the spread of fiaéd for the conservation of the load bearing
structure.

Research questions

I.  Which framework could be used for a probabilistic approach in a quantitative assessment of
fire safety of supetall residential buildings?

Because a probabilistic approach is always project specific, the framework used for a probabilistic
approach of fire safety should be general applicable for all building functions. Because there are no
building regulations for supeall buildings the frarawork should be based on the building code for{ow

rise buildings.

The risksubsystems useq/i G KS 5dzi OK bl A2yl f o6dzAif RAy3d O2RS W,

could be used as a framework for a probabilistic approach of fire safety in the Natdsrl The risk
subsystems used in the BBL are used to substantiate the two main public objectives of the building code:
public safety and protection of neighboring plots and adjacent buildings.

II.  How can the level personal safety for building occupantsubeagteed in supetall residential
buildings?

As mentioned in the mvious research question a probabilistic approach is always project specific.
Therefore the personal safety level of building occupant in stpléresidential building iproject specific.

The level of personal safety depends on the evacuation concept used in thetallgrrilding.However

for all evacuation concepts the AS(E)T should be longer than the RS(E)T.

Main research question

What does the framework of a probabstic analysis in a quantitative assessment of fire safety for
supertall residential buildings between 200 and 400 meters in the Netherlands look like and how do
you guarantee a level of personal safety for the building occupants comparable to the Duétional
Building Code?

Supertall residential buildings between 200 and 400 meters are not build yet in the Netherlands and the
legislation for supetall buildings has not been written. In order to guarantee the level of personal safety

in case ofire in a supettall building a probabilistic approach to fire safety can be used. This probabilistic
approach is based on the framework use in the Dutch building code BBL, tlseibsjstems. By using

the risksubsystems as a framework the personal safetcase of fire and the fire safety level of super

tall buildings can be assessed so that the level of personal safety and fire safety is at least the same as in
low-rise buildings.
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9.1 Appendix 1 Directed NENMind NENEN standards in the BBL

Multiple NEN and NEEN standards can/need to be used in order to design and bgideabuilding. The
following standards are controlled in paragraph 4.2.2:

S@~ooo0oTe

NENEN 1990
NENEN 1992
NENEN 1993
NENEN 1994
NENEN 1995
NENEN 1996
NENEN 1999
NEN 6069

The following standards are controlled in paragraph 4.2.6. 4.2.7. 4.2.8.4.2.90. 4.2.11 and 4.2.12:

a.

b
C
d.
e.
f,
9
h
.
i

NENEN 135041
NENEN 135046
NEN 6061
NEN 6062
NEN 6063
NEN 6060
NEN6068
NEN 6075
NEN 6079
NEN 6090

The following standards are controlled in paragraph 4.7.6. 4.7.7 and 4.7.8:

e N N

NENEN 179
NENEN 1125
NENEN 1838
NEN 1594
NEN2575
NEN 3011
NEN 6068
NEN 6088

The following standards are controlled in paragraph 6.2.1 and 6.2.2:

@~ oaoo0oT

NEN 3011
NEN 6060
NEN 6061
NEN 6064
NEN 6065
NEN 6079
NENEN 135041
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9.2 Appendix 2. Evacuation concepts of the SBRCURnet publication

Concept A

Evacuation concept A assumes a standard evacuation according to the BBL. In a standard evacuation the
building occupants need to evacuate the building within 30 minutes after the ignition of the fire. The
regulations assumes that the fire is discovered egmbrted within 15 minutes after ignition and that the
escape staircase is used for a maximum of 15 minutes. When a stairway lobby is used the escape staircase
can be used for 20 minutes. With the use of a quick discovery system the time in which tiee fire
discovered and reported is shortened frobd to 7 minutes decreasing the evacuation time with 7
minutes.

Concept B

Evacuation concept B assumes an extended evacuation in which the building occupants need to evacuate
the building within 60 minutes after the ignition of the fire. The regulations assumes that the fire is
discovered and reported within 15 minutes after iigon and that the escape staircase is used for a
maximum of 45 minutesVhen a tairway lobbyis used the escape staircase can be used for 50 minutes.
With the use of a quick discovery system the time in which the fire is discovered and reported isstorte

from 15 to 7 minutesdecreasing the evacuation time with 7 minutes.

Concept C

Evacuation concept C is an evacuation concept using phased evacuation. In case of fire the building
occupants in the endangered zone will be evacuated. The endangeredansists of four levels: the fire

floor. two floors above the fire and a floor below the fire. The building occupants on the other floors will
onlybeevacuated if the fire department deems it necessary. The time in which the fire department needs
to decide about the total evacuation of the building is 30 minutes. leaving 30 minutes for the other
building occupant to evacuate the building.

Table9-1. Overview of evacuation tinef concepts A. B andafthe SIRCURnet publication.

Evacuation concept  Staircase type ' Quick response alarm Escape time (min)
A Normal No 30
Yes 23
With gairwaylobby No 35
Yes 28
Safety staircase No 45
Yes 38
B Normal No 60
Yes 53
With gairwaylobby No 65
Yes 58
Safety staircase No 75
Yes 68
C Normal No 30
Yes 38
With gairwaylobby No 23
Yes 28
Safety staircase No 45
yes 38
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Concept D

Evacuation concept D assumes a partial evacuation of the building. Partial evacuation is not a conventional
evacuation strategy in The Netherlands and is not elaborated in the publication. It is explicitly noted that
partial evacuation might be necessarnysupertall buildings and needs to be project specjit
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9.3 Appendix 3.Computational models

OZone

Building characteristics and fire characteristics imagural fire conceptare used in the program Ozone
V.3.0.4, in accordanaceith NEN 6055All risk and multiplication factors i@Zone are set to 1. In this way
the simulation model provides punghysical results

@ Q Q Q @ Q @
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Figure9-1. Geometry of the 10-13" floor, and the compartments used in the Ozone calculations.

For the Qoone calculatios materials of the separation constructioase specifiedin Table9-2.
Table9-3 specifies the openings used in th&d@de model for the compartment

Table9-2. Material characteristicgor the Ozonecompartmentmode| according to the Eurocode.

Partition Material Thermal Thickness Density Specific Emissivity
conductivity [mm] [kg/m® heat [
[W/m*K] [ J/kg*K]
Floor Concrete 16 370 2300 1000 0.8
Ceiling Concrete 16 370 2300 1000 0.8
Wall 113 Concrete 16 250 2300 1000 0.8
Glass wool / | 0.037 150 60 1030 0,8
rock wool
Normal bricks | 0.7 90 1600 840 0.8
Wall 2, 3, 4| Concrete 16 250 2300 1000 0.8

Table9-3. Opening characteristider the Ozone compartment model.
Opening Sill height [m] ‘ Soffit height [m] Width [m]  Variation Adiabatic

Window 1 0.6/1.0 2.6 variablé* Constant No

CFAST
In the CFAST models the same fire characteristics are used as ifothe i@odels. Buildingharacteristics
such as material properties and size are also the same for the CFASTaedn@bdel. The windows in

3Wall 1 has windows to theutside.
14 The width of the windowsi depending on thevorst-casescenario: duel-controlledpost flashover fire with oxygen mass = 0.0
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the CFAST models are modelled as designed by the architect as #gmreimdix6. Architectural drawing
of the Brinktoren floor 11
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Figure9-2. Gemetry of the 10 ¢ 13" floor, and
For theCFASTalculatiors materials of the separation constructioase specified imable9-4.

Table9-4. Material characteristts for the CFAST model, according to the Eurocode.

Partition Material Thermal Thickness| Density Specific Emissivity
conductivity | [mm] [kg/m3 heat [-]
[KW/m*K] [ J/kg*K]
Floor Concrete | 0.0016 90 2300 1000 0.8
Ceiling Concrete | 0.0016 280 2300 1000 0.8
Wall Concrete| 0.0016 250 2300 1000 0.8
Airtightness

Airtightness is the volume flow through a separation construction of a building, measured at a pressure
difference of 10 Pa. the airtightness is calculated wijlnation( 3 ).

0n 06z% (3)
Where:

1 Quuois the volumetric leakage airflow rate at 10 Pa expressed®ih m

1 Cisthe air leakage coefficient expressed ¥hiPa™

1 nPis the pressure difference across the building expressed in Pa

T Vv Ad GKS FANFf26B5SELRYSYl 6ndp X Yy X mModno

The NEN 2687 knows two levels of airtightness, the third level of airtightness is based on the passive house
principle. The levels of airtightness are show aile9-5.

15 The airflow exponent n is 0,5 for large openings and 1.0 for perfect laminar flows. The airflow exponent is between 87 and 0
for flows through separation constructionis buildings, in CFAST the airflow exponent needs to be filled in aEdr.Slifferent
airflow exponents the air leakage coefficient needs to be adjusted in CFAST.
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Table9-5. Level of airtightness according to NEN 2687.

' Qualification Qu:10 (dM3/s*m2)
1 Basic <1.0
2 Good 0.4¢0.6
3 Excellent <0.15

The minimum airtightness ofrasidentialbuilding according to the national building code isvad@f 0.2
m?/s Q00 dn¥/s) [98]. TheQ..100f 0.2 ni¥/s is for a building with a volume of 50FnThis is a Qoof 1.08
dm?®/s*m? for an apartment of 43.82 fn Comparing it to the classification of an energy efficient building
which has a @Qoof 0.40.6 dn¥/s*m?, the requirements of the National Building Code are approximately
a basic levelForthese simulationghe airtightness of the building will differ for each scenario. The basic
Q10 will be 0.45 dri's*m? for the internal and external separation construction. Thev,( value
corresponds with the national building code and is usedaforost energy neutrabuildings, BENG in the
Dutch regulationsThe Q:.1ovalue used in tts project are shown iffable9-6.

Table9-6. Airtightness of the building.

" Qualification Qu:10(dm¥/s*m 2)
Internal Good 0.45
external Good 0.45

In order to calculate the equivalent surface aegguation( 4 )has been used:

o) -9 wO 8 (4)
Where:

9 Als the equivalent surface area expressed irf dm

1 Cisthe air leakage coefficient expressed ¥hiPa™

1 P isthe pressure expressed in Pa

1 nis the flow exponent

When using formula 2 for the equivalent surface area for air leakages, the equivalent surface area
dependson the pressure difference between indoor and outdoor. The equivalent surface area is
calculated for a reference pressure difference of 10 Pa. Teanmthat for pressure differences <10 Pa

the equivalent surface area is overestimated and for pressure difference >10 Pa the equivalent surface
area is underestimated. This is the result of a flow exponent 6f51>

The equivalent surface area is definfed each air leakage patifable9-7 shows theaverage factor and
the standard deviation of that factor for the equivalent surface afBae equivalensurface area of the
compartments is shown ifable9-10.

Table9-7. Stochastic boundary conditions used in the sensitivity analysis for spread
of fire and conservation of the escape routes.

Average Variation =~ Standard
deviation
- - 0.7 0.7
External airtightness multiplier 1 0.7 07
- - 1.5 1.5
Internal airtightness multiplier 1 05 05
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Vents

The equivalent surface area calculated based on the assumptions made for the airtightness need to be
included in the model. The equivalent surface area is included in the model by creating small openings in
the compartment. These small openings or smatitseneed to be applied over the entire height of the
compartment. By applying the vents over the entire height, the fire behavior is affected as little as
possible. The vent measurements used in the simulation are shown in a table for each scenario. Doors
and windows will be opened and closed in the simulatidrethle9-8 and Table9-9 show the specifics
regarding the doors and windows in the fire compartmestitows the speifics for the doors and windows

in the simulation used in the probabilistic approach.

Table9-8. Specifics of the doors and windows.

Opening From Towards Width = Height Opening Closing Percentage of
compartment compartment | [m] [m] [s] [s] opening [%]
Door Compartment| Adjacent 1.26 2.4 120 140 100
11.08 corridor
Windows | Compartment| Outside 175 |2.17 | 300 - 10
11.08

Table9-9. Specifics of the doors in the CFA®TUlations.

SENSITIVITY ANALYSIS Deterministic Sensitivity analysis
Stochastic boundary conditions average variation | st. deviation | new value
X Vv S X + dx
Time door opens s 120 1.50 180.00 300.00
-0.50 -60.00 60.00
Time door closes S 20 2.00 40.00 60.00
-0.50 -10.00 10.00

The mechanical ventilation in the apartments has been neglected for the simulations of this project based
on a worst case approach. The capacity of an individual mechanical ventilation system has a small
influence on the fire scenario, smoke production ahd smoke spread. The only effect it can have is
positivesinceit extracts smoke from the fire compartment.

Figure9-3 shows all the openings the computational model for the lowise reference study
simulations Figure9-4 shows all the openings in the computational model for the sttpérstudy
simulations.

16 After 300 s the windows in the fagade will bempletely openin the lowvrise reference study, based
on a flash over. In the sup#all building study, the windows will stay closed, due to the sprinkler
activation
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Figure9-3. Geometry (wire model in 3D) of the loise reference study simulations in Smokeview.
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Figure9-4. Geometry (wire model in 3D) of the supegf study simulations in Smokeview.
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Table9-10. Equivalent surface areas of thempartments.

Separation construction Qv;10 Qv;10 Aequivalent Aecquivalent  Height  Vent width st. deviation
[dm?/s] [dm3¥s*m?] [dm?] [m?] [m] [m] + -

11.07-1

Facade 18.52 0.45 0.703 0.00703 2.60 0.00270 0.004597 0.000811
Floor 14.55 0.45 0.276 0.00276 - - 0.006904 0.001381
Ceiling 14.55 0.45 0.276 0.00276 - - 0.006904 0.001381
Separation construction 11.06 (n.a.) 14.55 0.45 0.276 0.00276 2.60 0.00106 0.002655 0.000531
Separation construction 11.08 14.55 0.45 0.276 0.00276 2.60 0.00106 0.002655 0.000531
Separation construction corridor 1 14.55 0.45 0.211 0.00211 2.60 0.00081 0.002028 0.000406)
Separation construction shaft 1 14.55 0.45 0.053 0.00053 2.60 0.00021 0.000514 0.000103
Floor 3.97 0.45 0.075 0.00075 - - 0.001886 0.000377|
Ceiling 3.97 0.45 0.075 0.00075 - - 0.001886 0.000377|
Separation construction corridor 1 3.97 0.45 0.075 0.00075 2.60 0.00029 0.000725 0.000145
Separation construction corridor 2 3.97 0.45 0.439 0.00439 2.60 0.00169 0.004219 0.000844
Separation construction shaft 1 3.97 0.45 0.075 0.00075 2.60 0.00029 0.000725 0.000145
Door in separation construction 5.56 - 0.149 0.00149 2.60 0.00057 0.001434 0.000287
Facade 19.72 0.45 0.749 0.00749 2.60 0.00288 0.004895 0.000864
Floor 14.45 0.45 0.274 0.00274 - - 0.006857 0.001371
Ceiling 14.45 0.45 0.274 0.00274 - - 0.006857 0.001371
Separation construction 11.01 14.45 0.45 0.274 0.00274 2.60 0.00105 0.002637 0.000527
Separation construction 11.09 14.45 0.45 0.274 0.00274 2.60 0.00105 0.002637 0.000527
Separation construction shaft 1 14.45 0.45 0.057 0.00057 2.60 0.00022 0.000543 0.000109
Separation construction shaft 2 14.45 0.45 0.070 0.00070 2.60 0.00027 0.000672 0.000134
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Separation construction Qv;10 Qv;10 Aequivalent Aequivalent  Height  Vent width st. deviation

[dm?/s] [dm®¥s*m?] [dm?] [m?] [m] [m] + -

11.082

Floor 5.27 0.45 0.100 0.00100 - - 0.002501 0.0005
Ceiling 5.27 0.45 0.100 0.00100 - - 0.002501 0.0005
Separation construction shaft 1 5.27 0.45 0.100 0.00100 2.60 0.00038 0.000962 0.000192
Separation construction corridor 3 5.27 0.45 0.467 0.00467 2.60 0.00180 0.004491 0.000898,
Separation construction shaft 2 5.27 0.45 0.100 0.00100 2.60 0.00038 0.000962 0.000192
Door in separation construction 5.56 - 0.149 0.00149 2.60 0.00057 0.001434 0.000287
Facade 19.65 0.45 0.746 0.00746 2.60000 0.00287 0.004878 0.000861
Floor 14.24 0.45 0.270 0.00270 - - 0.006756 0.001351
Ceiling 14.24 0.45 0.270 0.00270 - - 0.006756 0.001351
Separation construction 11.08 14.24 0.45 0.270 0.00270 2.60 0.00104 0.002599 0.00052
Separation construction 11.10 (n.a.) 14.24 0.45 0.270 0.00270 2.60 0.00104 0.002599 0.00052
Separation construction shaft 2 14.24 0.45 0.071 0.00071 2.60 0.00027 0.00068 0.000136)
Floor 5.41 0.45 0.103 0.00103 - - 0.002569 0.000514
Ceiling 5.41 0.45 0.103 0.00103 - - 0.002569 0.000514
Separation construction 11.10 (n.a.) 5.41 0.45 0.103 0.00103 2.60 0.00040 0.000988 0.000198
Separation construction corridor 3 5.41 0.45 0.675 0.00675 2.60 0.00260 0.006493 0.001299
Separation construction shaft 2 5.41 0.45 0.103 0.00103 2.60 0.00040 0.000988 0.000198,
Door in separation construction 5.56 - 0.149 0.00149 2.60 0.00057 0.001434 0.000287
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Separation construction Qv;10 Qv;10 Aequivalent Aequivalent  Height  Vent width st. deviation

[dm¥/s] [dm%/s*m?] [dm?] [m?] [m] [m] + -

12.081

Facade 19.72 0.45 0.749 0.00749 2.6 0.00288 0.004895 0.000864
Floor 14.45 0.45 0.274 0.00274 - - 0.006857 0.001371
Ceiling 14.45 0.45 0.274 0.00274 - - 0.006857 0.001371
Separation construction shaft 1 14.45 0.45 0.057 0.00057 2.6 0.00022 0.000543 0.000109
Separation construction shaft 2 14.45 0.45 0.070 0.00070 2.6 0.00027 0.000672 0.000134
Floor 5.27 0.45 0.100 0.00100 - - 0.002501 0.0005
Ceiling 5.27 0.45 0.100 0.00100 - - 0.002501 0.0005
Separation construction shaft 1 5.27 0.45 0.100 0.00100 2.60000  0.00038 0.000962 0.000192
Separation construction corridor 3 5.27 0.45 0.467 0.00467 2.60000 0.00180 0.004491 0.000898
Separation construction shaft 2 5.27 0.45 0.100 0.00100 2.60000  0.00038 0.000962 0.000192
Door in separation construction 5.56 - 0.149 0.00149 2.60000 0.00057 0.001434 0.000287

Corridor 1
Door in separation construction corridor 2 5.56 - 0.211 0.00211 2.60 0.00081 0.002028 0.000406
Opencorridor 4 - - - - - - - N

Door in separation construction corridor 1 5.56 - 0.211 0.00211 2.60 0.00081 0.002028 0.000406
Door in separation construction corridor 3 5.56 - 0.211 0.00211 2.60 0.00081 0.002028 0.000406
Door in separation construction corridor 2 5.56 - 0.211 0.00211 2.60 0.00081 0.002028 0.000406
Door in separation construction 11.08 5.56 - 0.211 0.00211 2.60 0.00081 0.002028 0.000406
Door in separatiorconstruction corridor 8 5.56 - 0.211 0.00211 2.60 0.00081 0.002028 0.000406
Door in separation construction 11.02 5.56 - 0.211 0.00211 2.60 0.00081 0.002028 0.000406

Open corridor 7 - - - - - - - -




Separation construction Qv;10 Qv;10 Aequivalent Aequivalent  Height  Vent width st. deviation

[dm¥/s] [dm%/s*m?] [dm?] [m?] [m] [m] + -
Corridor 6
Door in separation construction corridor 5 5.56 - 0.211 0.00211 2.60 0.00081 0.002028 0.000406|
Door in separationconstruction corridor 8 5.56 - 0.211 0.00211 2.60 0.00081 0.002028 0.000406|

Open corridor 7 - - - - - - - -

Open corridor 3 - - - - - - - -
Open corridor 6 - - - - - - - N

Door inseparation construction corridor 3 5.56 - 0.211 0.00211 2.60 0.00081 0.002028 0.000406)
Door in separation construction corridor 6 5.56 - 0.211 0.00211 2.60 0.00081 0.002028 0.000406)
Door in separatiorconstruction corridor 2 and 6 5.56 - 0.211 0.00211 2.60 0.00081 0.002028 0.000406)
Door in separation construction corridor 10 5.56 - 0.211 0.00211 2.60 0.00081 0.002028 0.000406)
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9.4 Appendix 4. Sprinkler activation DETACT

DETACT.XLS: Estimate of the response time of ceiling mounted fire detectors

INPUT PARAMETERS

CALCULATED PARAMETERS

100

150
TIME (s)

200 250

91

Calculation rese| 1 Oorl R/H| 0.8159 | -

Ceiling height (H 2.6 |m W/H| 2.2692 | -

Room width (W] 5.9 |m Temperature facto| 0.3436 | -

Radial distance (R 2.1213| m Velocity factory 0.237 |-
Ambient temperature (Tol 20 |C Calculation time (tf] 192 |s
Actuation temperature (T 68 |C Fire HRR (Q 433.2 | kW

Rate of rise rating (RO| 8.3 | C/min Gas temperature (Tq 87.622 |C
Response time index (R 50 |(m-s)1/2 Gas velocity (Ug 1.3039 | m/s
Fire growth power (n| 2 - ROR at detecto| 4E13 | C/min
Fire growth coefficient (K 0.012 | KW/s" Detector temp (Td] 87.622|C
Firelocation factor (kLH 1 - Detection trigge 190 1633
CALCULATIONRESULTS FT  ROR
Slow| 0.003 Transport lag time (tl] 145 15 S
Medium| 0.012 Detection time (td) 190 1411 |s
Fast| 0.047 HRR atetection (Qd) 360 | 23891 | kW
Ultrafast| 0.400 HRR wi/transport lag (QI+( 416 | 24377 | kW
Calculation time (s) HRR Gas temp Det. temp
0 0 20 20
45 24 30 22
90 97 45 31

135 219 63 45

180 389 83 64

202 491 94 81

202 491 94 81

202 491 94 81

202 491 94 81

DETACT

100 450
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Designfire scenariowith sprinkler activation
The design fire input for CFAST based on the DETACT calculation.

Defined Heat Release Rate supwil residetial building
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Figure9-5. DefinedHeat Release Rate in a sprinklered compartment of the gafieesidential building.

Calculated fire scenario with sprinkleactivation

As a result applying an automatic suppression system the lack of oxydes iodm decreases the Heat
Release Rate of the fire after 900 seconds, as showrigire9-6. This scenario could also occur in a
situation where the automatic suppression system completely extinguishes the fire.

Calculated Heat Release Rate sujtall residential building
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Figure9-6. Calculatd Heat Release Rate in a sprinklered compartment of the $alpeesidential building.
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9.5 Appendix 5. Statistics of residential fires in the Netherlands for the past 10 years

2013

2014

TU/e

2020

2021

2022

10 year average

Total residential fires 53757 54707 56657 54857 |5400:FouwBl 51408 53348 |5773%ouwB| 3788 |E99QFouB 5701
ladwijzer niet ladwijzer niet ladwijzer niet
gedefinieerd. gedefinieerd. gedefinieerd.
Total residential 7.45E+06| 7.54E+06 7.59E+06| 7.64E+06 7.69E+06) 7.74E+06| 7.81E+06 7.89E+06| 7.97E+06 8.05E+06) -
bu"dingSlQFout! Bladwijzer niet g
edefinieerd.
P fire [1/yr.] 7.22E04 | 7.26E04 | 7.47E04 | 7.18E04 | 7.03E04 | 6.64E04 | 6.83E04 | 7.32E04 | 8.01E04 | 8.69E04 7.36E04
Total residential are& 8.86E+08| 9.04E+08 9.03E+08 9.09E+08 9.15E+08 9.21E+08 9.3E+08| 9.39E+08| 9.48E+08 9.65E+08 -
P fire [1/m2/yr.] 6.06E06 | 6.05E06 | 6.27E06 | 6.03E06 | 5.90E06 | 5.58E06 | 5.74E06 | 6.15E06 | 6.73E06 | 7.24E06 6.18E06

17 Total residential fires irhe Netherlands from 2013 to 20132]
18 Total residential fires inhe Netherlands from 2018 to 20223]
19Total residential area in The Netherlands from 2013 to 792P
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Residential fires

TU/e

Residential fires per year in The Netherlands
8000
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5000
4000
3000
2000
1000

0
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Probability of fire per year in The Netherlands
1.00E-03
9.00E-04
8.00E-04
> 6.00E-04
—

'3' 5.00E-04

= 4.00E-04

7.00E-04
o

3.00E-04

2.00E-04

1.00E-04

0.00E+00
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average
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9.6 Appendix6. Architectural drawing of the Brinktorenfloor 11
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9.8 Appendix8. OZone input

OZone V 3.0.4 Report
ANALYSIS

Analysis Name:
File Name:CQ:Usersjoost\ OneDrivéBureaubladlOzone_afstudereyl. validation study- compartment
basis.ozn

Created: 5/11/2023 at 8:46:07 PM
Strategy

Select Analysis Strategy: Combination (default)

Transition (2 Zones to 1 Zone) Criteria

PLILISNI [ F 8@ SNIS00SE LIS NI & dzNB %

/| 2Y0dzAGAGES Ay !'LIISNI[F@SNI b ! o[ & ¢SYLISNI GdzNB x [/ 2 Y
LYGSNFIFOS 1 SAIKG X ndn E /2YLI NLYSyd | SA3Ki
CANB ! NBI x ndup E Cf22NJ! NBI

Parameters

Openings

Radiation Through Closed Openings: 0.8

BernoulliCoefficient: 0.7

Physical Characteristics of Compartment

Initial Temperature: 293 K

Initial Pressure: 100000 Pa

Parameters of Wall Material

Convection Coefficient at the Hot Surface: 25 W/m2K

Convection Coefficient at the Cold Surface: 9 W/m2K

Calculation Parameters

End of Calculation: 7200 sec

Time Step for Printing Results: 60 sec

Maximum Time Step for Calculation: 1 sec

Air Entrained Model:Heskestad
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Temperature Dependent Openings
Temperature Dependent: 400 °C
Stepwise Variation

Temperature
[°C]

20

400

500

Linear Variation
Temperature
[°C]

20

400
500

Time Dependent Openings

% of Total Openings

[%]
10
50
100

% of Total Openings

[%]
10
50
100

Time % of Total Openings
[sec] [%]

0 5

1200 100
Compartment...

CompartmentGeometry: Rectangular Floor

Height: 3 m
Depth: 5.895 m
Length: 7.433 m

Flat Roof
Floor
Material ThicknesUnlt
mass
[cm] [kg/m3]
Normal weight  Concrete
[EN19941-2] 37 2300
Ceiling
Material ThicknesUnlt
mass
[cm] [kg/m3]
Normal weight Concrew37 2300

[EN19941-2]

Conductivity Specific
Heat
[W/mK] [J/kgK]
1.6 1000
Conductivity Specific
Heat
[W/mK] [J/kgK]
1.6 1000

TU/e

Rel Rel
Emissivity Emissivity
Hot SurfaceRel. .
Emissivity
0.8 0.8
Rel Rel
Emissivity Emissivity
Hot SurfaceR8|. -
Emissivity
0.8 0.8
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TU/e

Wall 1
Material ThicknesUnlt Conductivit\SpeCIfIC Rel- . Rel- -
mass “Heat Emissivity Emissivity
Rel
3
[cm] [kg/m3] [W/mK] [J/kgK] Hot SurfaceEmissivity
Normal weight Concre!
[EN19941-2] 25 2300 1.6 1000 0.8 0.8
Glass wool Rock wool 15 60 0.037 1030 0.8 0.8
Normal Bricks 9 1600 0.7 840 0.8 0.8
Openings
Sill Height Hi Soffit Height Hs Width Variation Adiabatic
[m] [m] [m]
1 2.6 458 Constant no
Wall 2
Material ThicknesUnlt Conductivit\SpeCIﬂC Rel_ L Rel_ .
mass “Heat Emissivity Emissivity
Rel

3
[cm] [kg/m3] [W/mK] [J/kgK] Hot SurfaceE issivity
Normal weight Concre!

[EN19941-2] 25 2300 1.6 1000 0.8 0.8

Wall 3
Material ThicknesUnlt ConductivitySpeclflc ReI. L Rel_ .
mass Heat Emissivity Emissivity
Rel
3
[cm] [kg/m3] [W/mK] [J/kgK] Hot Surface Emissivity
Normal weight Concre!
[EN19941-2] 25 2300 1.6 1000 0.8 0.8
Wall 4
Material ThicknesUnlt Conductivit\SpeCIfIC Rel_ - Rel_ .
mass “Heat Emissivity Emissivity
Rel
3
[cm] [kg/m3] [W/mK] [J/kgK] Hot Surface Emissivity
Normal — weight  Concre', g 2300 1.6 1000 0.8 0.8

[EN19941-2]
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Fire...

Compartment Fire: Annex E (EN 1992)
Max Fire Area: 43.817542m

Fire Elevation: 1 m

Fuel Height: 1.5 m

Occupancy  Fire Growth Rate RHRf Fire Load gf,k Danger of Firdctivation
[kW/m2] 80% Fractile [MJ/m?]
User Defined 300 250 780 1

Active Fire Fighting Measures

Automatic Water Extinguishing System 11=1
Independent Water Supplies 12=1
Automatic Fire Detection by Heat

Automatic Fire Detection b$moke

Automatic Alarm Transmission to Fire Brigade 15=1
Work Fire Brigade

1341

Off Site Fire Brigade ‘el
Safe Access Routes on =1
Staircases Under Overpressure in Fire Alarm

Fire Fighting Devices on {o=1
Smoke Exhaust System on 4i10=1

Fire Risk Area: 12.5%2mg1=1

Danger of Fire Activationg2= 1
Active Measure§: Hi=1

Ord = 624.0

Combustion Heat of Fuel: 17.5MJ/kg
Combustion Efficiency Factor: 0.8

CombustiorModel: Nocombustion model

RESULTS

Fire Area: The maximum fire aré#3.82mjJ is greater than 25% of the floor aré43.82m3j. The fire load
is uniformly distributed.
Switch to one zone: Area of fire > 25.0% of floor area at time [s] 497.00

Fully engulfed fire: Temperature of zone in contaith fuel >300.0°C at time [s] 550.00
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Temperatures
900
750 / .
- \\
'g' 600 . .
= ‘ .
2 \ Hot Zone
g 450 T
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E 300 l‘ \\
; .
150 7
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0 20 40 60 80 100 120
Time [min]
Figure 1. Hot and Cold Zone Temperature
Max: 881°C At:38 min
Rate of Heat Release
12
10 ( f
| \
o 1 Y
‘ B
E | \\ Data
s 6 I i y — Computed
4 / \
2/
/
0 s
0 20 40 60 80 100 120

Time [min]

Figure 2. RHR Data and Computed
Max: 10.95MW At:10.00 min

Zones Interface Elevation

3
25
[ ————
P -
E 15
1
05
0
0 2 4 6
Time [min]

Figure 4. Zones Interface Elevation

Max: 1.64mat;8.00 min

TU/e
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9.9 Appendix9. Lowriseresidential reference building modelICFAST input
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CFAST

CEAST 7.7.3
CFASTT7.7.4-0-géb52d0c3

Fri Jan 13 15:42:10 2023 -0500
Thu 0171972022 11:24 AM

Releasse Versicn :
Rerision H
Bevision Date H
Compilatien Date :

Data file: C:\Users‘joost\OneDrive\Bureaublad\CFAST afstuderen‘\CFAST-model validation - basis.in
Title: CFAST Simulation

OVERVIEW
Compartments Doors, ... Ceil. Vents, ... MV Connects
3z 74 = ¢
Simulation Cutput Smokeview Spreadshest
Time Interval Interval Interval
is) (s] (s} is)
4500.00 60 .00 15.00 15.00
AMBIENT COMDITIONS
Interior Interior Exterior Exterior
Temperaturs Fressure Temperature Eresssurs
(cl (Fa) [{+] (Ba)
20. 101325. 20 101325
THERMAL PROEERTIES
Hame Conductivity Specific Heat Density Thicknesss Emissivity
(EW/ (m 3 (kTS {m L1;%C)) {kg/m~3) (m)
MM 1 1.60 BOO 2_300E+03 0.250 0.800
MM 2 1.60 BOD 2_300E+03 0.2B0 0.800
MM 3 1.50 BOO 2_300E+03 3_000E-02 0.800

TU/e
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Shaftc

E

*

# % 4 % % 4 & % % & ¥ ¥ F #F # * F F

*

Hall

Wall
Laakags
(m*2)

(=]

[=]

TU/e

Floor
Leakage
{m*~2)

=]
o

CEFAOLT 0.120 900. BOQO. 1.200E-02 0.9200

COMPARTMENTS

Compartment Name Width Depth Height Floor Ceiling

Height Height
(m} {m} (m) (m} (m)

1 Comp § — shaf 1.00 2.45 .00 0.00 6.00
2 Comp 7 — shaf 1_20 2.45 .00 0.00 6.00
3 Comp 1 - 11-0 6.10 5.85 3.00 0.00 a.00
4 Comp 2 - 11-0 6.10 5.85 3.00 0.00 a.oo
5 Comp 3 — 11-0 6.10 5.65 3.00 0.00 a.oo
[ Comp 4 - 11-0 3_B0D 2.458 3.00 0.00 a.oo0
7 Comp & — 11-0 5.00 2.458 3.00 0.00 3.00
B Comp B - 11-0 5.50 2.48 3.00 0.00 3.o0
9 Comp 9 - gang 1._80D 10.25 3.00 0.00 a.oo0
10 Comp 10 - gan 4_30 1.50 3.00 0.00 a.00
11 Comp 11 - gan 17.00 1.50 3.00 0.00 a.oo
12 Comp 13 - sha 1.00 1.00 3.00 0.00 3.o0
13 Comp 14 - sha 1.00 1.00 3.00 0.00 a.oo
14 Comp 15 - sha 1.00 1.00 3.00 0.00 a.oo
15 Comp 16 - sta 6.30 1.50 &.00 0.00 6.00
1@ Comp 17 - sta 6.30 1.50 &.00 0.00 6.00
17 Comp 18 - gan 4_30 1.50 3.00 0.00 a.oo
18 Comp 1% - gan 4_30 1.50 3.00 0.00 a.oo0
18 Comp 20 - gan 11.30 1.50 3.00 0.00 a.00
20 Comp 22 - gan 1.40 4.50 3.00 0.00 a.oo
21 Comp 23 - 1lif 2.70 2_28 &.00 0.00 6.00
22 Comp 24 - sha 1.35 0.7% 3.00 0.00 a.oo0
23 Comp 25 - sha 1_35 0.78 3.00 0.00 a.oo
24 Comp 26 — gan 2.30 3.00 3.00 0.00 3.o0
25 Comp 27 - sha 1.35 0.7% 3.00 0.00 a.oo0
26 Comp 28 - sha 1.35 0.7%8 3.00 0.00 a.oo
27 Comp 293 - 1if z2.70 2_258 .00 0.00 6.00
2 Comp 30 - 12- 6.10 5.85 3.00 3.00 6.00
29 Comp 32 - 12- 5.00 2.45 3.00 3.00 6.00
30 Comp 34 - gan 4_30 1.50 3.00 3.00 6.00
31 Comp 35 - gan 17.00 1.50 3.00 3.o00 6.00
a2 Comp 45 - gan 2.30 i.o0 3.00 3.00 6.00

£3 63 03 00 63 ©3 £ 63 £3 ©3 £3 63 £3 €3 £ 00 £3 £3 03 60 €3 03 03 £3 €3 £3 03 03 63 £33
[T e N T =T = T T e Y e O Y e e O O Y e O O e R O O e e e e Y e e e}

[ N N T Y e N e T e N o O O e T o Y O e T e o O Y O e O Y O e O Y O o Y e S e B
000 0000000000000 0000000000o00o0o00
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COMPARTMENT MATERIALS

Compartment

10

17

Name

Comp

Comp

Comp

Comp

Comp

Comp

Comp

Comp

Comp

Comp

1 - 11-0
2 - 11-0
3 - 11-0
4 - 11-0
& — 11-0
B - 11-0
9 - gang
10 - gan
11 - gan
13 - gan

Surface

Walls
Walls
Ceiling
Floor
Walls
Ceiling
Floor
Walls
Ceiling
Floor
Walls
Ceiling
Floor
Walls
Ceiling
Floor
Walls
Ceiling
Floor
Walls
Ceiling
Floor
Walls
Ceiling
Floor
Walls
Ceiling
Floor
Walls
Walls
Walls
Walls
Walls
Walls
Ceiling
Floor
Walls

Layer

e e I e e I I e e e e e e e e I e i e e e e e e e i e e S S

Conduectiwvity
{kW/ (m C))

.80
.60
.60
.50
.80
.60
.50
.80
.60
.50
.60
.60
.50
.80
.60
.50
.80
.60
.50
.80
.60
.50
.80
.60
.50
.80
.60
.50
.80
.80
.60
.80
.80
.60
.60
.50
.60

Specific Heat
(kJ/ (m C))

BOO.
BOO.
BOO.
BOO.
BOO.
BOOD.
BOO.
BOO.
BOO.
BOOD.
BOO.
BOO.
BOOD.
BOO.
BOO.
BOO.
BOO.
BOO.
BOOD.
BOO.
BOO.
BOOD.
BOO.
BOO.
BOO.
BOO.
BOO.
BOO.
BOO.
BOO.
BOOD.
BOO.
BOO.
BOO.
BOOD.
BOO.
BOO.

Density

(kg/m~3)

| KNI E DT O O O ORI O O8N O T NN O N O O O O O O O O N O N O (N O I O O S S S O SR R )

.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03
.300E+03

Thickness
(m)

0.100
0.100
0.280
5.000E-02
0.250
0.280
5.000E-02
0.250
0.280
9.000E-0D2
0.250
0.280
9.000E-0D2
0.250
0.280
5.000E-02
0.250
0.280
9.000E-0D2
0.250
0.280
9.000E-0D2
0.250
0.280
5.000E-0D2
0.250
0.280
5.000E-0D2
0.250
0.100
0.100
0.100
0.250
0.250
0.280
5.000E-02
0.250

Emissivity

OO0 000 000000000000 00000o0000 o000

TU/e

.800
.800
.800
- 800
.800
. 800
- 800
.800
.800
. 800
.800
.800
. 800
.800
.800
- 800
.800
.800
. 800
- 800
.800
. 800
- 800
.800
.800
.800
.800
.800
- 800
.800
. 800
- 800
.800
.800
. 800
.800
.800

Materizsl

HERRE AR AN AN AR AAAEEE



18 Comp 1% - gan
19 Comp 20 - gan
20 Comp 22 - gan
24 Comp 26 - gan
28 Comp 30 - 12-
29 Comp 32 - 1l2-
30 Comp 34 - gan
31 Comp 35 - gan
3z Comp 45 - gan
VENT CONNECTICHNS

Wall Vents (Doors, Windows
) :

From To

Final Final
Compartment Compartment
Fraction

Ceiling
Floor
Walls
Ceiling
Floor
Walls
Ceiling
Floor
Walls
Walls
Walls
Walls
Ceiling
Floor
Walls
Walls
Walls
Walls
Ceiling
Floor
Walls
Ceiling
Floor
Walls
Ceiling
Floor
Walls
Ceiling
Floor
Walls
Ceiling
Floor
Walls

Vent

Kumber

I I I e e I e e e e e e e e e e e e I i el e T e e S S S I S =

Width

5ill

.80
.50
.60
.80
.50

.80
.50
.60
.80
.60
.60
.80
.50
.60

.80
.60
.80
.80
.60
.60
.80

.60
.80
.60
.60
.80
.60
.60
.50
.60

Height

BOO. 2.300E+03
BOO. 2.300E+03
BOOD. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOOD. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOOD. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOOD. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOOD. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOOD. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
BOOD. 2.300E+03
BOO. 2.300E+03
BOO. 2.300E+03
Soffit Cpen/Close Trigger
Height Type Talues

0.280
5.000E-02
0.250
0.280
5.000E-02
0.250
0.280
5.000E-02
0.250
0.250
0.100
0.100
0.280
5.000E-02
0.250
0.100
0.100
0.250
0.280
5.000E-02
0.250
0.280
5.000E-02
0.250
0.280
5.000E-02
0.250
0.280
5.000E-02
0.250
0.280
5.000E-02
0.250

L e [ o e e N o o o e e v e O e O o e O e e e e o e [ o [ e v e O e [ e e

Initial

Target Time

.800
.800
. 800
.800
.800
. 800
- 800
.800
. 800
- 800
.800
.800
- 800
.800
.800
- 800
.800
.800
- 800
.800
.800
. 800
.800
.800
. 800
.800
.800
. 800
.800
.800
. 800
- 800
.800

HEREEA AR AR AR NEAAEEREE

Initial

Fracticn
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Comp 1 -

0.01
Comp
0.01
Comp
Comp
Comp
0.01

(LU SR ] [

[t

M owp 0 dy b Lo P2

11-07

11-07

11-08
11-0B
11-09

11-0%9

11-07
11-08
11-039
11-07
11-08
11-039
gang

gang

gang
gang
gang
gang
gang

gang
gang

stal
gang
lift
gang
11-07
11-0B
11-0%9
11-07

11-0B

Cutside

Cutside

Cucside

Cutside

COutside

Cutside

Comp £ 11-07
Comp 6 11-0%8
Comp B 11-0%
Comp 9 gang
Comp 11 gang
Comp 11 gang
Comp 10 gang
Comp 18 gang
Comp 11 gang
Comp 16 stai
Comp 19 gang
Comp 20 gang
Comp 22 gang
Comp 26 gang
Comp 22 gang
Comp 19 gang
Comp 26 gang
Comp 26 gang
Comp 29 1iftc
Cucside

COutside

Cutside

Comp 2 — 11-08
Comp 3 — 11-0%

(L I S )

[43]

|

oo

10
11
1z
13
14

15

17
18
12

20
21

22
23
24
25
26

{m)

3.B0O
5.00
5.50
1.03
1.03
1.03
1.14
1.50

1.14
1.03
1.14
1.14
1.50

1.03
1.10
0.9%¢
0.96
0.00

{m)

0.31

0.321

0.31
0.321
0.31

0.31

0.00
0.00

0.00
0.00

0_00
0.00
0.00
0_00
0.00

0_00

(m)

2.e0
2.e0
2.80
2.42
2.42
2.42
2.42
2.70

2.42
2.42
2.42
2.42
2.42

2.42
2.42
2.42
2.42
2.e0

(m)

Time

Time

ZAME
RAME
Time

Time

RAME
RAMD
RAMD
RAME
RAMD
RAMD
RAME
Time

ZAMD
Time
ZAMD

Time

Time
Time

2AMD
Time
Time
Time
Time
Time
Time

Time

Time

e

o H B e

[

B - I i

(Y- ]

13

(C/W/m~2

(s

(S <=

]

]

.00

.00

.00

.00

.00
.00

.00

]

.00

.00

TU/e

1.00
1.00
1.00
1.00

{s)h

7200.00

7200.00

7200.00

7200.00

7200.00

7200.00

7200.00

7200.00
7200.00
7200.00
7200.00

7200.00
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10

10

18

17

11-07

shaftc

shaftc

11-07

11-07

11-07

shaftc

shafc

shaftc

shaftc

11-0B

11-08

shaftc

shaftc

11-039

11-09

gang

gang

gang

gang

gang

stal

Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp
Comp

Comp

i

10

11

11

11

11

10

lg

11

26

13

15

gang

11-07

11-07

gang

gang

gang

11-0%8

11-08

11-0%8

11-0%8

gang

gang

11-0%

11-0%9

gang

gang

gang

gang

gang

gang

gang

38

39

40

0_00

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

.00

.00

]

.00

.00

]

.00

.00

]

.00

]

]

.00

]

.00

.00

]

.00

.00

]

.00

.00

TU/e

7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00

7200.00
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30

32
34
lg
30

o

32

32

34

16

35

T ogang

T ogang

- gang

- 12-D

- 12-0

- 12-D

T ogang

- stal

- 12-D

shaftc

shaftc

shaftc

shaftc

- 12-0

- 12-D

- gang

- stal

— gang

- lift

- life

Comp 20
Comp 26
Comp 26
Comp 29
Qucside
Cutside
Comp 32
Comp 35
Comp 35
Comp 34
Qucside
Comp 30
Comp 30
Comp 32
Comp 32
Comp 35
Comp 35
Comp 35
Comp 34
Comp 45
Comp 45

Comp 45

gang 3

gang

gang

lift &

12-0
gang

gang
gang

12-0

12-0

12-0

12-0

gang

gang

gang

gang

gang

gang

gang

B0
61
62
63

65

EE

68

1]

70

72

73

1.03
1.14
1.03
Q.00

3._00

2.42
2.42
5.42
2.80

5.e0

Time

Time

Time

Time

Time

Time

Time

ZAMD

ZAMp
Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

Time

.00

.00

]

.00

.00

]

.00

.00

]

.00

]

.00

.00

]

.00

.00

]

.00

.00
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7200.00
7200.00
7200.00
7200.00
7200.00
7200.00

7200.00

7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00
7200.00

7200.00
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Ceiling and Floor Vents

Top Bottom Vent Shape Area Open/Close Trigger Inicial Initial Final Final

Compartment Compartment Number Type Talue Targst Time Fraction Time Fraction
{m*2] (C/W/m~2) (s) (s)

Comp 30 - 12-0 Comp 2 - 11-08 1 Square 0.00 Tims 0.00 1.00 .00 1.00

Comp 32 - 12-0 Comp 6 — 11-08 2 Square 0.00 Time 0.00 1.00 0.00 1.00

There are no mechanical fleow connections

TVENT RAMES
Type From To Vent
Compartment Compartment Number
(s} (=) {5} (=] (sl (5} (=) is5) (=]
is)
H Comp 2 - 11-08 Qutside 1 Time 0 298 300 7200
Fraction 0.01 0.01 1.00 1.00
H Comp 2 — 11-08 Qutside 2 Time 0 299 300 7200
Fraction 0.01 0.01 1.00 1.00
H Comp 1 - 11-07 Comp 4 - 11-07 3 Time 0 1 7200
Fraction 1.00 1.00 1.00
H Comp 2 - 11-08 Comp € — 11-0B 4 Time 0 1 7200
Fraction 1.00 1.00 1.00
H Comp 3 - 11-0% Comp 8 - 11-092 5 Time 0 1 7200
Fraction 1.00 1.00 1.00
H Comp 4 - 11-07 Comp 2 - gang 3 Time 0 1018 1020 1040 1041 7200
Fracticn o.0o0 0.00 1.00 1.00 0.00 o.oo
H Comp & — 11-08 Comp 11 — gang 7 Time 0 118 120 lan 141 7200
Fracticon o.0o0 0.00 1.00 1.00 0.00 o.oo
H Comp B - 11-0% Comp 11 - gang 8 Time 0 1018 1020 1040 1041 7200
Fracticn o.0o0 0.00 1.00 1.00 0.00 o.oo
H Comp % - gang Cemp 10 - gang 2 Time 0 1039 1040 1060 1061 7200
Fraction o.0o0 0.00 1.00 1.00 0.00 0.oo
H Comp 10 - gang Comp 11 - gang 10 Time 0 138 120 160 16l 7200
Fracticon o.0o0 0.00 1.00 1.00 0.00 o.oo
H Comp 10 - gang Comp 16 — stai 11 Time 0 158 160 180 131 10592 1060 1080 1081
7200
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Fraction 0.00 o.o0 1.00 1.00 o.o0o 0.00 1.00 1.00
0.00
H Comp 1% - gang Comp 20 - gang 12 Time 0 1039 1040 1060 1061 7200
Fraction 0.00 o.o0 1.00 1.00 o.o0o 0.00
H Comp 17 - stai Comp 19 — gang 13 Time 0 1058 1060 1080 1081 7200
Fraction 0.00 o.o0 1.00 1.00 o.o0o 0.00
H Comp 32 - 12-0 Comp 35 - gang 14 Time 0 1018 1020 1040 1041 7200
Fractieon 0.00 o.o0 1.00 1.00 o.oo 0.00
H Comp 34 - gang Comp 35 - gang 15 Time 0 1039 1040 1060 1061 7200
Fraction 0.00 o.o0 1.00 1.00 o.o0o 0.00
H Comp 16 - stai Comp 34 - gang lé Time 0 1059 10a0 1080 1081 7200
Fractieon 0.00 0.00 1.00 1.00 o.o00 0.00
FIRES
Mame: New Fire 1 Esferenced as object £ 1 Normal fire
Compartment Fire Type Time to Flaming Bosition (x, v, =) Relative Lower 02 Eadiative
Humidicy Limit Fractien
Comp 2 - 11-0B Constrained 0.0 3.05 2.83 1.00 50.0 10.00 0.35
Chemical fermula of the fuel
Carbon Hydrogen Oxygen Hitrogen Chlorine
4.000 &.000 3.000 0.000 0.000
Time Mdot Heomb Qdot Zoffset Sooct co HCH HC1 TS5
(=] {kg/s) [T/ kgl {W) (m} (kg kgl {kg/kg) (kg kgl {kg/kg) (kg/kg)
0. 0.0 1.75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
&0. 2.29E-03 1.75E+07 4.00E+D4 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
120. 9.14E-03 1.75E+07 1.60E+05 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
180. 2.06E-02 1.75E+07 3.60E+05 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
240 1.75E+07 &.40E+05 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
300. 1_75E+07 1.00E+06 1.0 2.64E-02 1._04E-0D2 0.0 0.0 0.0
360. §.23E-02 1.75E+07 1.44E+06 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
420, 0.11 1.75E+07 1.96E+0& 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
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480. 0.15 1.75E+07 2.56E+06 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
540, 0.19 1.75E+07 32.24E+06 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
€00, 0.23 1.75E+07 4.00E+086 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
660, 0.28 1.75E+07 4.B4E+06 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
T20. 0.33 1.75E+07 5.7€E+0& 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
780, 0.39 1.75E+07 &.7T6E+06 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
840. 0.45 1_75E+07 7.B4E+06 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
200. 0.51 1.75E+07 9.00E+08& 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
260. 0.59 1.75E+07 1.02E+07 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
1020. 0.63 1_75E+07 1.10E+07 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
1o80. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
1140, 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
1200. 0.63 1_75E+07 1.10E+07 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
1280. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
1320. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
1380. 0.63 1_75E+07 1.10E+07 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
1420, 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
1500. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
1560. 0.63 1_75E+07 1.10E+07 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
1620. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
lgB0. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
1740. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
1800. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
1880. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
1920. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
1280. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
2040, 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
2100. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
21le0. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
2220. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
2280. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
2340. 0.63 1_75E+07 1.10E+07 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
2400. 0.63 1.75E+07 1.10E+07 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
2480, 0.&0 1.75E+07 1.08E+07 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
2520. 0.58 1_75E+07 1.01E+07 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
2580. 0.55 1.75E+07 9.7T0E+06& 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
2e40. 0.53 1.78E+07 9.2T7E+06 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
2700. 0_50 1_75E+07 8_B3E+06 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
27e0. 0.48 1.75E+07 &.3%E+06 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
2820. 0.45 1.78E+07 7.595E+0& 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
2880. 0.43 1_75E+07 7.51E+06 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
2940, 0.40 1.75E+07 7.07E+06 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
3000. 0.38 1.78E+07 €.63E+06 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
3060. 0_35 1_75E+07 &.132E+06 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
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0.33 1.75E+07 &S.75E+06 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.30 1.75E+07 5.32E+06 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.28 1.75E+07 4.B8E+06 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.25 1.75E+07 4.44E+06 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.23 1.75E+07 4.00E+08& 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.20 1.75E+07 2.56E+06 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.18 1_75E+07 3.12E+06 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.15 1.75E+07 2.68E+06 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.13 1.75E+07 2.24E+06 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.10 1_75E+07 1.BOE+06 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
T.81E-02 1.75E+07 1.37E+06 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
5.30E-02 1.75E+07 9.27E+05 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
Z2.79E-02 1.75E+07 4_BSE+05 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
2_82E-03 1.75E+07 4.94E+04 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.0 1_75E+07 .0 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
0.0 1._75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.0 1.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.0 1_75E+07 .0 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
0.0 1._75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.0 1.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.0 1_75E+07 .0 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
0.0 1.75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.0 1.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.0 1_75E+07 .0 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
0.0 1.75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.0 1.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.0 1_.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.0 1.75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.0 1.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.0 1_.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.0 1.75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.0 1._75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.0 1_.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.0 1.75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.0 1._75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.0 1_.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.0 1_75E+07 .0 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
0.0 1._75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.0 1_.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.0 1_75E+07 .0 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
0.0 1._75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
0.0 1.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
0.0 1_75E+07 .0 1.0 2.64E-02 1.04E-D2 0.0 0.0 0.0
0.0 1._75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
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5780. 0.0 1.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
5820. 0.0 1.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
5880. 0.0 1.75E+07 0.0 1.0 2.64E-02 1.04E-02 0.0 0.0 0.0
5340, 0.0 1.75E+07 .0 1.0 2.64E-02 1.04£E-02 0.0 0.0 0.0
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9.10 Appendix10. Probabilistic approach lowise residentialreference
building
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PROBABILISTIC CALCULATION THERMAL LOAD / THERMAL RESISTANCE
REQUIRED TIME [SFC]

RST
Case: Low-rise residential reference building
Assessment: Equivalent fire duration of a natural fire (no flaming model)

Deterministic Sensitivity analysis Probabilistic Reliability and cumulative failure probability
SENSITIVITY ANALYSIS

Stochastic boundary conditions average RST variation|st. deviation new value RST dt/dx s-dt/dx (s-dt/dx)? t [min] s(t)) beta(f|fi) p(f[fi)
X t [min] V| S X + dX t [min]
Rate of heat release density KW/m? 250 0,40 100 350 41,0 -0,10 -10,00 0,00 100,00 0| 14,49139 -3,519 2,16E-04
-0,30 -75 175 65,0 -0,19 14,00 196,00 0,00 10| 14,49134 -2,829 2,33E-03
Timeconstant for fire spread S 300 0,25 75 375 51,0 0,00 0,00 0,00 0,00 20| 14,4913§ -2,139 1,62E-02
-0,50 -150 150 52,0 -0,01 1,00 1,00 0,00 30[ 14,4913§ -1,449 7,36E-02
Fire load density MI/m? 780 0,15 117 897 59,0 0,07 8,00 64,00 0,00 40| 14,49139 -0,759 2,24E-01
-0,15 -117 663 44,0 0,06 -7,00 0,00 49,00 50| 14,49134 -0,069 4,72E-01
Combustion efficiency factor - 0,8 0,08 0,1 0,862 57,0 96,77 6,00 36,00 0,00 60| 17,94436 0,502 6,92E-01
-0,08 -0,1 0,738 46,0 80,65 -5,00 0,00 25,00 70] 17,94434 1,059 8,55E-01
Stoichiometric coefficient ka/kg 1,27 0,50 0,6 1,91 45,0 -9,45 -6,00 0,00 36,00 80| 17,94434 1,616 9,47E-01
-0,25 -0,3 0,95 56,0 -15,75 5,00 25,00 0,00 90| 17,9443€ 2,173 9,85E-01
Standard fire curve SFC 60 min. SFC 60 100| 17,94436 2,731 9,97E-01
RST 51,0 variancy(t) = 322,000 210,00d 110, 17,94434 3,288 9,99E-01
(opening factor worst case: fuel/oxygen controlled) s(t) = 17,944 -14,491 120, 17,94436 3,845 1,00E+00D
Significant event compartmentfire e . - .
reliability index Cumulative probability of thermal action on compartment
5,000 separation constructions
Compartment area [f) 43,82 1,00E+00
Design life time [yr] : 50 4,000 / 9,00E-01 //
Ignition probability [L/n¥/1yr] :  2,000E-07 3,000 - 6 00E-01 /
Ignition probability [1/nf/50yr] : 1,00E-05  (during design lifetime) e 0
2,000 7 7,00E-01
Probability of fire p(fi) : 4,38E-04  (during design lifetime) _ 1,000 // 6,00E-01
. . < 0.000 ~ a 5,00E-01 /
EUROCODE p(f) p(f|fi) beta(f|fi) g / /
CC1: beta(f) > 3,3 4,83E-04 1,10E+00 #GETAL! 2 1000 30 go g0 1p0 120 4,00E-01 /
CC2: beta(f) > 3,8 7,23E-05 1,65E-01 0,97 / 3,00E-01
CC3: beta(f) > 4,3 8,54E-06  1,95E-02 2,06 -2,000 /' 2.00E-01 /
-3,000 7 1,00E-01 /
-4,000 0,00E+00
5,000 . 0 20 40 60 . 80 100 120
RST [min] RST [min]
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PROBABILISTIC CALCULATION THERMAL LOAD
AVAILABLE AND REQUIRED TIME [SFC]

RST
Case: Low-rise residential building study
Assessment: Equivalent fire duration of a natural fire

/ THERMAL RESISTANCE

(no flaming model)

SENSITIVITY ANALYSIS
Stochastic boundary conditions average RST
X t [min]
Rate of heat release density KW/m? 250
Timeconstant for fire spread S 300
Fire load density MJ/m? 780
Combustion efficiency factor - 0,8
Stoichiometric coefficient kag/kg 1,27
Standard fire curve SFC 120 min. SFC 120
RST 51,0
(opening factor worst case: fuel/oxygen controlled)
Significant event compartmentfire

Building area [rfi 17590
Design life time [yr] : 50

Ignition probability [1/nf/1yr] : 2,000E-07
Ignition probability [1/nf/50yr] : 1,00E-05
Probability of fire p(fi) : 1,76E-01
EUROCODE p(f)
CC1: beta(f) > 3,3 4,83E-04
CC2: beta(f) > 3,8 7,23E-05
CC3: beta(f) > 4,3 8,54E-06

(during design lifetime)

(during design lifetime)

p(flfi) beta(f|fi)
2,75E-03 2,78
4,11E-04 3,35
4,85E-05 3,90

TU/e

Sensitivity analysis Probabilistic Reliability and cumulative failure probability
variation| st. deviation new value RST dt/dx s-dt/dx (s-dt/dx)? t [min] s(t) beta(f|fi) p(flfi)
V| S X + dX t [min]
0,40 100 350 41,0 -0,10 -10,00 0,00 100,0Q 0| 14,49138 -3,5619 2,16E-04
-0,30 -75 175 65,0 -0,19 14,00 196,00 0,00 15| 14,49139 -2,484 6,49E-03
0,25 75 375 51,0 0,00 0,00 0,00 0,00 30| 14,49134 -1,449 7,36E-02
-0,50 -150 150 52,0 -0,01 1,00 1,00 0,00 45| 14,49134 -0,414 3,39E-01
0,15 117 897 59,0 0,07, 8,00 64,00 0,00 60| 17,9443 0,502 6,92E-01
-0,15 -117 663 44,0 0,06 -7,00 0,00 49,00 75| 17,94436 1,337 9,09E-01
0,08 0,1 0,862 57,0 96,77 6,00 36,00 0,00 90| 17,94436 2,173 9,85E-01
-0,08 -0,1 0,738 46,0 80,65 -5,00 0,00 25,00 105| 17,94436 3,009 9,99E-01
0,50 0,6 1,91 45,0 -9,45 -6,00 0,00 36,00 120 17,94436 3,845 1,00E+00
-0,25 -0,3 0,95 56,0 -15,75§ 5,00 25,00 0,00 135| 17,94436 4,681 1,00E+0D
150, 17,94436 5,517 1,00E+00
variancy(t) = 322,000 210,00d 165 17,94434 6,353 1,00E+00
s(t) = 17,944  -14,491 180 17,94436 7,189 1,00E+00
reliability index failure probability in case of fire
6,000 1,00E+00
ol
5,000 9,00E-01 /
8,00E-01
4,000 7
/ 7,00E-01
3,000 7
/] 6,00E-01
__ 2,000 v
= / o 5,00E-01
% 1,000
g // 4,00E-01
= 0,000 3,00E-01 /
) 20 j/ 60 80 100 120 140 160 ' /
-1,000 / 2,00E-01 /
-2,000 /7 1,00E-01 /
-3,000 V4 0,00E+00 —
4000 0 20 40 60 80 100 120 140 160 180
' RST [min] ASTRST [min]
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TU/e

PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Overview: Apartments 11.07, 11.09 and 12.08

Reliability and failure probability

adjacen]  adjacent Cumulative probability distribution of smokespread
apartment| apartment| apartment towards the adjacent apartments
t [min] 11.07 11.09 above 12.0¢
1,00E+00

0 1,000 1,000  5,00E-0} 9,00E-01
1 1,000 1,000 1,86E-01 ~ 800801

o 7,00E-01
2 0,933 0,933  3,68E-02 w

¢ 6,00E-01
25 0,691 0,691 1,27E-02 g 6
2,75 0,500 0,500 9,87E-10 ) 5,00E-01-
3 0,159 0,309 1,28E-1% ¥ 4.00E-01
4 0,000 0,006 6,22E-16 S 3,00E-01-
5 0,000 0,000 2,75E-89 2,00E-01+
10 0,000 0,000 0,00E+00 1,00E-01-
20 0,000 0,000 0,00E+00 0,00E+00+—M——— — —_— -
30 0,000 0,000 0,00E+00 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
40 0,000 0,000 0,00E+00 ASET [min]
50 0,000 0,000 0,00E+00
60 0,000 0,000 0,00E+0D adjacent apartment 11.0#%= = adjacent apartment 11.09
70 0,000 0,000 0,00E+00
75 0,000 0,000 0,00E+00 apartment above 12.08
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TU/e

PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Compartment: Adjacent apartments 11.07

SENSITIVITY ANALYSIS Probabilistic: sensitivity analysis Standard deviation
Stochastic boundary conditions average ASET variation| st. deviation| value| ASET dt/dx s-dt/dx (s-dt/dx)?
X t [min] V| S| X +d t [min]
External airtightness multiplier - 1 0.70 0.70 1.70 2.75 0.00 0.00 0.00 0.00
-0.70 -0.70 0.30 2.75 0.00 0.00 0.00 0.0
Internal airtightness multiplier - 1 1.50 1.50 2.50 2.75 0.00 0.00 0.00 0.00
-0.50 -0.50 0.50 2.75 0.00 0.00 0.00 0.0
Time door opens s 120| 1.50 180.09 300.04 2.79 0.00 0.00 0.00 0.00
-0.50 -60.00  60.0Q 2.7 0.00 0.00 0.00 0.0
Time door closes s 20 2.00 40.00  60.00 2.75 0.00 0.00 0.00 0.0
-0.50 -10.00  10.09 2.75 0.00 0.00 0.00 0.0
Lower oxygen limit % 10 0.50 5.00 15.00 2.75 0.00 0.00 0.00 0.0
-0.50 -5.00 5.00 2.75 0.00 0.00 0.00 0.0
Soot yield multiplier - 1 1.00 1.00 2.00 2.25 -0.50 -0.50 0.00 0.25
-0.30 -0.30 0.70 3.00 -0.83 0.25 0.06 0.0
Acceptable conditions ASET 2.75 variancy(t) = 0.063 0.25(¢
s()=  0.250  -0.50(
Reliability index t [min] s(]_betatfi) p(lf) Cumulative probability distribution
0.000 o/ 050004 5500 1.00E+0p 1.008+00
5N10 15 20 25 30 35 40 45 50 55 60 65 70 75 1 0.50009  3.500 1.00E+0 9.00E-01
50,000 2 0.5000Q  1.500 9.33E-01 8.00E-01
2.5 0.50000  0.500 6.91E-01
E \\ 2.75 0.25000 0.000 5.00E-01 o 7.00E-01
@ 100.000 N 3 0.25000  -1.000 1.59E-01 A 6.00E-01
F N 4 025000 -5.000 2.87E-07 &
9 -150.000 5| 025000 -9.000 1.13E-19 G 500801
1’% NG 10 0.2500Q  -29.004 3.29E-185 ¥ 4.00E-01
T - N 20 0.2500Q  -69.00( 0.00E+0! =3
4 -200000 ‘\ 30 0.2500Q -109.00Q 0.00E+0( 3.00E-01
40 0.2500Q -149.00d 0.00E+0p 2.00E-01
-250.000 50,  0.25000 -189.000 0.00E+0) 1.00E-01
N 60 0.2500Q -229.00Q 0.00E+0p
300000 ASETRSET [min] 70 925000 -269.009 0-005+0p 0.005+000 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
75 0.2500Q -289.00Q 0.00E+0!
ASETRSET [min]
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PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Compartment: Adjacent apartments 11.09

TU/e

SENSITIVITY ANALYSIS Probabilistic: sensitivity analysis Standard deviation
Stochastic boundary conditions average ASET variation| st. deviation| value| ASET dt/dx s-dt/dx (s-dt/dx)?
X t [min] V| S| X +d t [min]
External airtightness multiplier - 1 0.70 0.70 1.70 2.75 0.00 0.00 0.00 0.00
-0.70 -0.70 0.30 2.75 0.00 0.00 0.00 0.0
Internal airtightness multiplier - 1 1.50 1.50 2.50 2.75 0.00 0.00 0.00 0.00
-0.50 -0.50 0.50 3.00 -0.50 0.25 0.06 0.0
Time door opens s 120| 1.50 180.09 300.04 2.79 0.00 0.00 0.00 0.00
-0.50 -60.00  60.0Q 3.0 0.00 0.25 0.06 0.0
Time door closes s 20 2.00 40.00  60.00 3.00 0.01 0.25 0.06 0.0
-0.50 -10.04 10.09 2.75 0.00 0.00 0.00 0.0
Lower oxygen limit % 10 0.50 5.00 15.00 2.75 0.00 0.00 0.00 0.0
-0.50 -5.00 5.00 2.75 0.00 0.00 0.00 0.0
Soot yield multiplier - 1 1.00 1.00 2.00 2.25 -0.50 -0.50 0.00 0.25
-0.30 -0.30 0.70 3.00 -0.83 0.25 0.06 0.0
Acceptable conditions ASET 2.75 variancy(t) = 0.250 0.25(¢
s(t) = 0.500  -0.504
Reliability index t [min] s(]_betatfi) p(lf) Cumulative probability distribution
o/ 050004 5500 1.00E+0p 1.008+00
-10.000 0-65-70-75 1 0.5000Q  3.500 1.00E+0 9.00E-01
2 0.5000( 1.500 9.33E-01 8.00E-01
-30.000 2.5 0.50000  0.500 6.91E-01
= 2.75 0.50000 0.000 5.00E-01 o 7.00E-01
@ -50.000 3 0.5000Q  -0.500 3.09E-01 u
o) 6.00E-01
F 4 050000 -2.500 6.21E-0 &
@ -70.000 5 050000 -4.500 3.40E-0 g SO0EOL
£ 90,000 10 0.5000Q  -14.50( 6.06E-4 ¥ 4.00E-01
g ’ 20 0.5000Q -34.50( 4.01E-261 S 5 00E01
< 110,000 NG 30 0.5000Q -54.500 0.00E+0( ’
\ 40 0.5000Q -74.50( 0.00E+0p 2.00E-01
-130.000 \\ 50 0.5000Q -94.500Q 0.00E+0 1.00E-01
N 60 0.5000Q -114.50Q 0.00E+0p \
150000 ASETRSET [min] 70 0-50000  -134.509 0-005+0p 0.005+000 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
75 0.5000Q -144.50Q 0.00E+0!
ASETRSET [min]
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PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Compartment: Apartments above 12.08

TU/e

SENSITIVITY ANALYSIS Probabilistic: sensitivity analysis
Stochastic boundary conditions average ASET variation| st. deviation| value| ASET dt/dx s-dt/dx (s-dt/dx)?
X t [min] V| S| X +d t [min]
External airtightness multiplier - 1 0.70 0.70 1.70 1.50¢ 0.00 0.00 0.00 0.00
-0.70 -0.70 0.30 1.5 0.00 0.00 0.00 0.00
Internal airtightness multiplier - 1 1.50 1.50 2.50| 1.25 -0.17| -0.25 0.00 0.06|
-0.50 -0.50 0.50 1.50 0.00 0.00 0.00 0.00
Time door opens s 120 1.50 180.00  300.04 1.50 0.00 0.00 0.00 0.00
-0.50 -60.00  60.00 1.50 0.00 0.00 0.00 0.00
Time door closes s 20 2.00 40.00  60.00 1.50 0.00 0.00 0.00 0.00
-0.50 -10.0d  10.00 1.5 0.00 0.00 0.00 0.00
Lower oxygen limit % 10| 0.50 5.00| 15.00 1.50¢ 0.00 0.00 0.00 0.00
-0.50 -5.00 5.00 1.50 0.00 0.00 0.00 0.00
Soot yield multiplier - 1 1.00 1.00 2.00 1.0 -0.50 -0.50 0.00 0.25
-0.30 -0.30 0.70 1.75 -0.83 0.25 0.06 0.00
Acceptable conditions ASET 1.5 variancy(t) = 0.063 0.313
s)=  0.250  -0.559
Reliability index t[min] s()] beta(lfi) p(ifi Cumulative probability distribution
0.000 o| 055003 2683 9.96E-0] 1.008+00
\Qo 15 20 25 30 35 40 45 50 55 60 65 70 75 0.5 0.55907  1.789 9.63E-01 9.00E-01
-50.000 N 1 0.55902  0.894 8.14E-01 8.00E-01
N 1.25 0.55907  0.447 6.73E-0]
M N 15 0.2500Q  0.000 5.00E-01 © 7.00E-01
¢ "100.000 AN 175 025000 -1.000 1.59E-01 H 6.00E-01
& N 2l 025004 -2.00q 2.28E-09 &
9 -150.000 AN 5| 025000 -14.000 7.79E-4 y 500801
% \\ 10 0.2500Q  -34.00( 1.11E-258 2 4.00E-01
3. \ 20 0.2500Q  -74.00( 0.00E+0p 3
£ 200000 \\ 60 0.2500Q -234.00Q 0.00E+0p 300801
250,000 N 40/ 0.2500Q -154.000 0.00E+0 2.00E-01
TeoT N 50 0.2500Q -194.00Q 0.00E+0p 1.00E-01
400000 N 60 0.2500Q -234.00Q 0.00E+0 0.00E400
-300. . 70 0.2500Q -274.00Q 0.00E+0 :
ASETRSET [min] 75 0.25000 -294.004 0.00E+0D 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

ASETRSET [min]
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TU/e

PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Overview: Adjacent corridors floor 11 and 12

Reliability and failure probability

Adjacen{  Adjacent Cumulative probability distribution adjacent
corridor corridor corridor
. th th
t [min] 11 12 1.00E+00
0 0.77074 0.813 9.00E-01
5/ 0.7038C 0.797 8.00E-01 —
[ —
10|  0.62910 0.779 = 7.00E-01 E—
15|  0.54914 0.761 7 ] Q T
6.00E-01
16  0.53282 0.758 & N i
W 500E-01
17|  0.51643 0.754 2 \
18/ 0.5000( 0.750 ¥, 4.00E-01 \
19|  0.46389 0.747 S 3.00E-01 \
20|  0.42808 0.743 2 00E-01 \\
25| 0.26291 0.723 1 00E.01 N
30|  0.1384 0.703 N
40,  0.02309 0.661 0.00E+00
50 0.00187 0614 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
60|  0.00007 0.571 ASET [min]
70| 0.00000 0.524
75 0.0000d 0.500 = Adjacent corridor 11th == Adjacent corridor 12th
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TU/e

PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Compartment: Adjacent corridors floor 11

SENSITIVITY ANALYSIS Probabilistic: sensitivity analysis Standard deviation
Stochastic boundary conditions average ASET variation| st. deviation| value| ASET dt/dx s-dt/dx (s-dt/dx)?
X t [min] V| S| X +d t [min]
External airtightness multiplier - 1 0.70 0.70 1.70 16.5Q -2.14 -1.50 0.00 2.25
-0.70 -0.70 0.30 18.0Q 0.00 0.00 0.00 0.00
Internal airtightness multiplier - 1 1.50 1.50 2.50 12.2§ -3.83 -5.75 0.00 33.04
-0.50 -0.50 0.50 27.5Q -19.0Q 9.50 90.25 0.00
Time door opens s 120| 1.50 180.09 300.04 5.25 -0.07| -12.7§ 0.00 162.54
-0.50 -60.0Q 60.00 19.09 -0.02 1.00 1.00 0.00
Time door closes s 20 2.00 40.00 60.00 3.00 -0.38 -15.00 0.00 225.04
-0.50 -10.09 10.00 18.5(¢ -0.05 0.50 0.25 0.00
Lower oxygen limit % 10| 0.50 5.00 15.00 18.0Q 0.00 0.00 0.00 0.00
-0.50 -5.00 5.00| 18.0Q 0.00 0.00 0.00 0.00
Soot yield multiplier - 1 1.00 1.00 2.00 5.00 -13.00  -13.0Q 0.00  169.0q
-0.30 -0.30 0.70 23.5Q -18.33 5.50 30.25 0.00
Acceptable conditions ASET 18.0 variancy(t) = 121.750 589.624
s)=  11.034 -24.287

Reliability and failure probability

Reliability index t[min] s()]_betaifi (i) Cumulative probability distribution
1.000 0| 2428229  0.741 7.71E-01 1.00E+00
S~ 5| 24.28220  0.535 7.04E-01 9.00E-01
0.000 ~ 100  24.28220  0.329 6.29E-01 8.00E-01
10 15 20NQ5 30 35 40 45 50 55 60 65 70 75 15|  24.2822Q0  0.124 5.49E-01 ’
7 -1.000 N 16|  24.28220 0.082 5.33E-01 © 7.00E-01
%) 17| 24.2822Q0  0.041 5.16E-01 & 6.00E-01 N
f -2.000 18 11.03404  0.000 5.00E-0 & \\
2 NG 19)  11.03404  -0.091 4.64E-0] & 5.00E-01 \
¥ -3.000 AN 200  11.03404  -0.181 4.28E-01 ¥ 4.00E-01 \
g N 25 11.03404 -0.634 2.63E-01 S 5 00E-01 \
< .4.000 S 30|  11.03404  -1.084 1.38E-01 ’ \\
N 40,  11.03404  -1.994 2.31E-02 2.00E-01 AN
-5.000 NS 50  11.03404  -2.90 1.87E-0 1.00E-01 NG
60,  11.03404  -3.80§ 7.05E-0 N
6.000 ASET [min] 79 1n03404 4713 12280 0.005+000 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
75 11.03404  -5.166 1.20E-07
ASET [min]
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PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Compartment: Adjacent corridors floor 12

TU/e

SENSITIVITY ANALYSIS Probabilistic: sensitivity analysis Standard deviation
Stochastic boundary conditions average ASET variation| st. deviation| value| ASET dt/dx s-dt/dx (s-dt/dx)?
X t [min] V| S| x+d t [min]
External airtightness multiplier - 1 0.70 0.70 1.70 75.0Q 0.00 0.00 0.00 0.00
-0.70 -0.70 0.30 53.04 31.43  -22.04 0.00 484.00
Internal airtightness multiplier - 1 1.50 1.50 2.50 31.2§ -29.17 -43.75 0.00 1914.04
-0.50 -0.50 0.50 75.0Q 0.00 0.00 0.00 0.0
Time door opens s 120| 1.50 180.09 300.04 37.2§ -0.21 -37.75 0.00 1425.06
-0.50 -60.00  60.00 54.5( 0.34 -20.50 0.00 420.25
Time door closes s 20 2.00 40.00  60.00 49.25 -0.64 -25.75 0.00 663.06
-0.50 -10.04 10.09 53.75 213  -21.2§ 0.00 451.56
Lower oxygen limit % 10 0.50 5.00 15.00 53.0 -4.40  -22.00 0.00 484.00
-0.50 -5.00 5.00 53.04 440 -22.0 0.00 484.00
Soot yield multiplier - 1 1.00 1.00 2.00 40.79 3425  -34.25 0.00 1173.04
-0.30 -0.30 0.70 64.75 34.17  -10.2§ 0.00 105.06
Acceptable conditions ASET 75.0 variancy(t) = 0.000 7120.125
s(t) = 0.000 -84.381
Reliability index t [min] s(]_betat/fi) p(f) Cumulative probability distribution
1.000 0| 8438083  0.889 8.13E-01 1.008+00
0.900 5|  84.38083  0.83( 7.97E-0] 9.00E-01
N 10| 84.38083  0.77( 7.79E-01 8.00E-01
0.800 NS 15 84.38083 0.711 7.61E-01 ’ ———
£ 0700 \\ 16|  84.38083  0.699 7.58E-01 o 700E-01 ~
H 17|  84.38083  0.687 7.54E-01 Y 6 00E-01 —
fr 0600 18  84.38083  0.67§ 7.50E-0] & ~_
9 0.500 NG 19 84.38083 0.664 7.47E-01 4 5.00E-01
% 0.400 NL 20| 84.38083  0.652 7.43E-01 ¥ 4.00E-01
I N 25  84.38083  0.593 7.23E-01 k=
2 0.300 30 84.38083  0.533 7.03E-01 3.00E-01
0.200 NG 40| 84.38083  0.415 6.61E-01 2 00E-01
N 50| 84.38083  0.296 6.16E-01
0.100 N 60| 8438083  0.17§ 5.71E-01 1.00E-01
0.000 70|  84.38083  0.059 5.24E-01 0.00E+00
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 75|  84.38083  0.000 5.00E-01 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
ASETRSET [min] ASETRSET [min]

125



PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Overview: Stairway Lobbies floor 11 and 12

Reliability and failure probability

Stairway Stairwayf

t[min]| lobby 11" lobby 12"
0 0,85974 1,000
10 0,82517 1,000
20 0,78564 1,000
30 0,74134 1,000
40 0,69273 1,000
50 0,640471 1,000
60 0,58544 1,000
70 0,52868 1,000
75 0,5000( 1,000

p(t<ASERSET)

TU/e

Cumulative probability distribution stairway lobby

1,00E+00
9,00E-01
8,00E-01
7,00E-01
6,00E-01
5,00E-01
4,00E-01
3,00E-01
2,00E-01
1,00E-01
0,00E+00

0

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
ASET [min]

— Stairway lobby 11th = Stairway lobby 12th
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TU/e

PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Compartment: Stairwaylobby floor 11

SENSITIVITY ANALYSIS Probabilistic: sensitivity analysis
Stochastic boundary conditions average ASET variation| st. deviation value| ASET dt/dx s-dt/dx (s-dt/dx)?
X t [min] V| S| X +d t [min]
External airtightness multiplier - 1 0.70 0.70 1.70 75.0Q 0.00 0.00 0.00 0.00
-0.70 -0.70 0.30 75.00 0.00 0.00 0.00 0.00
Internal airtightness multiplier - 1 1.50 1.50 2.50 75.0Q 0.00 0.00 0.00 0.00
-0.50 -0.50 0.50 75.0( 0.00 0.00 0.00 0.00
Time door opens s 120 1.50 180.00  300.00 5.50) 039 -69.5¢ 0.00 4830.25
-0.50 -60.00  60.00 75.0( 0.00 0.00 0.00 0.00
Time door closes s 20, 2.00 4000  60.00 75.0( 0.00 0.00 0.00 0.00
-0.50 -10.0  10.00 75.0( 0.00 0.00 0.00 0.00
Lower oxygen limit % 10| 0.50 5.00 15.0Q 75.00 0.00 0.00 0.00 0.00
-0.50 -5.00 5.00 75.0( 0.00 0.00 0.00 0.00
Soot yield multiplier - 1 1.00 1.00 2.00 75.0( 0.00 0.00 0.00 0.00
-0.30 -0.30 0.70 75.0( 0.00 0.00 0.00 0.00
Acceptable conditions ASET 75.0 variancy(t) = 0.000 4830.25
s()=  0.000 -69.50(
Reliability index t[min] s(]_beta(ifi p(lf) Cumulative probability distribution
o| 6950000 1.079  8.60E-0f 1.00E+00
1.400 100  69.50000  0.93§  8.25E-01 9.00E-01
200  69.50000 0791  7.86E-01 —
1.200 30| 69.50000 0647  7.41E-01 8.008:01 T
& 1000 40, 6950000  0.504  6.93E-01 £ 700801 —
e N 50 69.50000  0.360  6.40E-01 @ 6.00E-01 \“\
i 0.800 60 69.50000  0.21§  5.85E-01 i 5.00E-01 —
< N 70 69.50000  0.072  5.29E-01 )
< 0600 N 75| 69.50000  0.000  5.00E-01 ¥ 4.00E-01
2 SN = 3.008-01
0.400 NS
N 2.00E-01
0.200 \\\ 1.00E-01
0.000 0.00E+00
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
ASETRSET [min] ASETRSET [min]
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TU/e

PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Compartment: Stairwaylobby floor 12

SENSITIVITY ANALYSIS Probabilistic: sensitivity analysis Standard deviation
Stochastic boundary conditions average ASET variation| st. deviation value| ASET dt/dx s-dt/dx (s-dt/dx)*
X t [min] V| S| X +d t [min]
External airtightness multiplier - 1 0,70 0,70 1,70 75,00 0,00 0,00 0,00 0,00
0,700 0,70 0,30 75,00 [ 0,00 0,00 0,00 0,00
Internal airtightness multiplier - 1] 1,50 1,50 2,50 75,00 0,00 0,00 0,00 0,00
0,500 0,50 050 75,00 [ 0,00 0,00 0,00 0,00
Time door opens s 120 1,50 180,00 300,04 75,00 0,00 0,00 0,00 0,00
0,500 60,00 60,00 75,00 [ 0,00 0,00 0,00 0,00
Time door closes s 20 2,00 40,00 60,00 75,00 0,00 0,00 0,00 0,00
0,500 -10,0d 10,00 75,00 I 0,00 0,00 0,00 0,00
Lower oxygen limit % 10 0,50 500 15,00 75,00 0,00 0,00 0,00 0,00
0,500 5000 5,00 75,00 [ 0,00 0,00 0,00 0,00
Soot yield multiplier - 1 1,00 1,00 2,00 75,00 0,00 0,00 0,00 0,00
-0,30 -0,30 0,70 75,00 0,00 0,00 0,00 0,00
Acceptable conditions ASET 75,0 variancy(t) = 0,000 0,000
s()= 0,000 0,004
. . . Reliability and failure probability ) . ) ) .
Reliability index t [min] s()]_beta(lfi) (i) Cumulative probability distribution
1,000 0 0,00000 1,00E+0 1,00E+00
0.800 10 0,00000 1,00E+0 9,00E-01
’ 20 0,00000 1,00E+0 8.00E-01
0,600 30| 0,00004 1,00E+0! ’
E 0,400 40 0,00004 1,00E+0! E 7,00E-01
D 200 50 0,00000 1,00E+0 W 6 o0E01
F o 60| 0,0000( 1,00E+0! i1
2 0,000 70 0,0000( 1,00E+0 4 5,00E-01
%é-o 200 10 15 20 25 30 35 40 45 50 55 60 65 70 75 75| 0,00000% 1,00E+0! j‘vj 4,00E-01
g b=t
£ 0400 3,00E-01
-0,600 2,00E-01
-0,800 1,00E-01
-1,000 . 0,00E+00
ASEIRSET [min] 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

ASETRSET [min)]
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PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Overview: Stairway 1 and 2

Reliability and failure probability

t [min] Stairs 1 Stairs 4
0|  1,00000 1,000
10|  1,00000 1,000
20,  1,00000 1,000
30,  1,00004 1,000 e
40, 1,0000 1,004 7
50,  1,00000 1,000 %
60|  1,00000 1,000 ?
70|  1,00000 1,000 Y
75/ 1,00000 1,000 S

1,00E+00
9,00E-01
8,00E-01
7,00E-01
6,00E-01
5,00E-01
4,00E-01
3,00E-01
2,00E-01
1,00E-01
0,00E+00

TU/e

Cumulative probability distribution stairs

0

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
ASET [min]

Stairs 1 = = Stairs 2
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PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Compartment: Stairway 1

SENSITIVITY ANALYSIS Probabilistic: sensitivity analysis Standard deviation
Stochastic boundary conditions average ASET variation| st. deviation| value| ASET dt/dx s-dt/dx (s-dt/dx)?
X t [min] V| S| x+d t [min]
External airtightness multiplier - 1 0,70 0,70 1,70 75,00 0,00 0,00 0,00 0,00
0,70 0,70 0,30 75,00 0,00 0,00 0,00 0,00
Internal airtightness multiplier - 1 1,50 1,50 2,50 75,00 0,00 0,00 0,00 0,00
0,50 0,50 0,50 75,00 0,00 0,00 0,00 0,00
Time door opens s 120 1,50 180,00 300,00 75,00 0,00 0,00 0,00 0,00
-0,50 -60,00 60,00 75,00 0,00 0,00 0,00 0,00
Time door closes s 20| 2,00 40,00 60,00 75,00 0,00 0,00 0,00 0,00
-0,50 -10,00 10,00 75,00 0,00 0,00 0,00 0,00
Lower oxygen limit % 10 0,50 5,00 15,00 75,00 0,00 0,00 0,00 0,00
0,50 -5,00 5,00 75,00 0,00 0,00 0,00 0,00
Soot yield multiplier - 1 1,00 1,00 2,00 75,00 0,00 0,00 0,00 0,00
0,30 0,30 0,70 75,00 0,00 0,00 0,00 0,00
Acceptable conditions ASET 75,0 variancy(t) = 0,000 0,009
s(t) = 0,000 0,004
) . ) Reliability and failure probability ) . ) ) )
Reliability index t[min] s()]_betaifi (i) Cumulative probability distribution
1,000 o 0,0000 1,00E+00 1,008+00
0.800 10 0,0000 1,00E+0 9,00E-01
' 20 0,0000 i 1,00E+00 8.00E-01
0,600 30 0,0000 1,00E+00 '
£ 0,400 40 0,0000! 1,00E+0! ~ 7.00E-01
L ! "
B oo 50| 0,0000 1,00E+00 Y 6 00E-01
g o 60 0,0000 1,00E+0( 14
2 0,000 70 0,0000! 1,00E+0 & 5,00E-01
%g-o,zoo 10 15 20 25 30 35 40 45 50 55 60 65 70 75 75 0,0000! 1,00E+00 :‘Z, 4,00E-01
= o
8 -0,400 3,00E-01
-0,600 2,00E-01
-0,800 1,00E-01
-1,000 - 0,00E+00
ASETRSET [min] 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

ASETRSET [min]
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PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Compartment: Stairway 2

SENSITIVITY ANALYSIS Probabilistic: sensitivity analysis Standard deviation
Stochastic boundary conditions average ASET variation| st. deviation| value| ASET dt/dx s-dt/dx (s-dt/dx)?
X t [min] V| S| x+d t [min]
External airtightness multiplier - 1 0,70 0,70 1,70 75,00 0,00 0,00 0,00 0,00
0,70 0,70 0,30 75,00 0,00 0,00 0,00 0,00
Internal airtightness multiplier - 1 1,50 1,50 2,50 75,00 0,00 0,00 0,00 0,00
0,50 0,50 0,50 75,00 0,00 0,00 0,00 0,00
Time door opens s 120 1,50 180,00 300,00 75,00 0,00 0,00 0,00 0,00
-0,50 -60,00 60,00 75,00 0,00 0,00 0,00 0,00
Time door closes s 20| 2,00 40,00 60,00 75,00 0,00 0,00 0,00 0,00
-0,50 -10,00 10,00 75,00 0,00 0,00 0,00 0,00
Lower oxygen limit % 10 0,50 5,00 15,00 75,00 0,00 0,00 0,00 0,00
0,50 -5,00 5,00 75,00 0,00 0,00 0,00 0,00
Soot yield multiplier - 1 1,00 1,00 2,00 75,00 0,00 0,00 0,00 0,00
0,30 0,30 0,70 75,00 0,00 0,00 0,00 0,00
Acceptable conditions ASET 75,0 variancy(t) = 0,000 0,009
s(t) = 0,000 0,004
) . ) Reliability and failure probability ) . ) ) )
Reliability index t[min] s()]_betaifi (i) Cumulative probability distribution
1,000 o 0,0000 1,00E+00 1,008+00
0.800 10 0,0000 1,00E+0 9,00E-01
' 20 0,0000 i 1,00E+00 8.00E-01
0,600 30 0,0000 1,00E+00 '
£ 0,400 40 0,0000! 1,00E+0! ~ 7.00E-01
L ! "
B oo 50| 0,0000 1,00E+00 Y 6 00E-01
g o 60 0,0000 1,00E+0( 14
2 0,000 70 0,0000! 1,00E+0 & 5,00E-01
%g-o,zoo 10 15 20 25 30 35 40 45 50 55 60 65 70 75 75 0,0000! 1,00E+00 :‘Z, 4,00E-01
= o
8 -0,400 3,00E-01
-0,600 2,00E-01
-0,800 1,00E-01
-1,000 - 0,00E+00
ASETRSET [min] 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

ASETRSET [min]
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PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Overview: Elevator Lobbies floor 11 and 12

Reliability and failure probability

Elevator Elevator

t[min]| lobby 11"| lobby 12"
0 0.86783 0.734
5 0.811546 0.722
10 0.74252 0.707
15 0.66224 0.693
20 0.57379 0.678
23 0.51855 0.669
24 0.50000 0.664
25 0.47433 0.663
30 0.34960Q 0.647
35 0.23935 0.632
40 0.15147 0.61§
50 0.04703 0.583
60 0.01021 0.550
70 0.00153 0.517
75 0.00051 0.500

Cumulative probability distribution elevator lobby

TU/e

1.00E+00

9.00E-01

8.00E-01 |

7.00E-01 \
= - [—
57 B
g 6.00E-01 T ——
(1N} -
W' 500E-01
¥ 4.00E-01
< 3.00E-01

. N,

2.00E-01 \\

1.00E-01

0.00E+00 —

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
ASET [min]
= Elevator lobby 11th == Elevator lobby 12th
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PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Compartment: Elevator Lobbies floor 11

SENSITIVITY ANALYSIS Probabilistic: sensitivity analysis Standard deviation
Stochastic boundary conditions average ASET variation| st. deviation| value| ASET dt/dx s-dt/dx (s-dt/dx)?
X t [min] V| S| x+d t [min]
External airtightness multiplier - 1 0.70 0.70 1.70 19.75 -6.07| -4.25 0.00 18.04
-0.70 -0.70 0.30 25.04 -1.43 1.00 1.00 0.00
Internal airtightness multiplier - 1 1.50 1.50 2.50 16.5Q -5.00 -7.50 0.00 56.25
-0.50 -0.50 0.50 36.75 -25.5(Q 12.79 162.56 0.00
Time door opens s 120| 1.50 180.09 300.04 5.50 -0.10 -18.5Q 0.00 342.2§
-0.50 -60.0Q 60.00 26.50 -0.04 2.50 6.25 0.00
Time door closes s 20 2.00 40.00 60.00 21.28 -0.07| -2.75 0.00 7.56
-0.50 -10.09 10.00 25.5( -0.15 1.50 2.25 0.00
Lower oxygen limit % 10| 0.50 5.00 15.00 25.00 0.20 1.00 1.00 0.00
-0.50 -5.00 5.00 25.04 -0.20 1.00 1.00 0.00
Soot yield multiplier - 1 1.00 1.00 2.00 16.5¢ -7.50 -7.50 0.00 56.25
-0.30 -0.30 0.70 32.25 -27.5Q 8.25| 68.06 0.00
Acceptable conditions ASET 24.0 variancy(t) = 241.125 462.319
s)= 15528 -21.50]

Reliability and failure probability

Reliability index t min] s betatlf () Cumulative probability distribution
1.500 0| 2150148  1.116 8.68E-0] 1.00E+00
1,000 5| 2150145  0.884 8.12E-0] 9.00E-01
. N~ 10,  21.50143  0.651 7.43E-01 N
~ 8.00E-01-—N

0.500 ~ 15|  21.50145  0.419 6.62E-0] N
£ 0.000 N 20| 21.50145  0.186 5.74E-01 ~ 7.00E-01 \\
o 5 0.047 5.19E-01 w N
D 0500 10 15 20 25™8Q 35 40 45 50 55 60 65 70 75 23 21.5014 : : ¢ 6.00E-01 N
g0 AN 24| 1552820  0.000 5.00E-0 4 No
@ -1.000 N 25 1552820  -0.064 4.74E-01 4 5.00E-01 \
A N 30 1552820  -0.38§ 3.50E-01 $ 400201 N\
g+ N 35 1552824  -0.70§ 2.39E-0] = \\
2 2,000 40| 1552820  -1.03( 1.51E-01 3.00E-01 N

N 50, 1552820 -1.674 4.70E-02 2 00E-01 \,
-2.500 S N
60| 1552820 -2.31§ 1.02E-02
-3.000 70 1552820  -2.962 1.53E-0 1.00E-01
3500 : 75| 1552820 -3.284 5.11E-04 0.00E+00 ~
ASETRSET [min] 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

ASETRSET [min]
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PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Compartment: Elevator Lobbies floor 12

SENSITIVITY ANALYSIS Probabilistic: sensitivity analysis Standard deviation
Stochastic boundary conditions average ASET variation| st. deviation| value| ASET dt/dx s-dt/dx (s-dt/dx)?
X t [min] V| S| x+d t [min]
External airtightness multiplier - 1 0.70 0.70 1.70 75.0Q 0.00 0.00 0.00 0.00
-0.70 -0.70 0.30 40.5( 49.29  -34.5( 0.00 1190.25
Internal airtightness multiplier - 1 1.50 1.50 2.50 25.00 -33.33 -50.00 0.00 2500.00
-0.50 -0.50 0.50 75.00 0.00 0.00 0.00 0.00
Time door opens s 120 1.50 180.00  300.00 22.25 029 -52.7§ 0.00 2782.56
-0.50 -60.00 60.00 41.74 0.55 -33.25 0.00 1105.56
Time door closes s 20| 2.00 40.00 60.00 36.5( 0.9 -38.50 0.00 1482.24
-0.50 -10.00 10.00 41.0 3.400  -34.00 0.00 1156.00
Lower oxygen limit % 10 0.50 5.00 15.00 40.5( 6.90  -34.50 0.00 1190.25
-0.50 -5.00 5.00 40.5( 6.90 -34.50 0.00 1190.24
Soot yield multiplier - 1 1.00 1.00 2.00 28.75 -46.2  -46.24 0.00 2139.06
-0.30 -0.30 0.70 50.0q 83.33  -25.00 0.00  625.0Q
Acceptable conditions ASET 75.0 variancy(t) = 0.000 #H####HHHAE
s(t) = 0.000 -119.047
Reliability index t [min] s(]_betat/fi) p(f) Cumulative probability distribution
1.000 0 119.0417%  0.630 7.36E-01 1.008+00
0.900 5/ 119.04173 0.588 7.22E-0] 9.00E-01
10|  119.04175 0.546 7.07E-01 8.00E-01
0.800 15 119.04175 0.504 6.93E-01 ' e
£ 0.700 20 119.04174 0.462 6.78E-01 o 7.00E-01 S
u N 23 119.04175 0.437 6.69E-01 W 6 00E-01 ——
f 0-600 TN 24/ 119.0417%  0.428 6.66E-01 g L
w i ¥ T—
@ 0.500 25 119.04175 0.420 6.63E-01 & 5.00E-01
£ 0,400 \\\ 30| 119.04175 0.378 6.47E-01 2 4.00E-01
g N 35 119.04175 0.336 6.32E-01 =
< 0.300 40| 119.04175  0.294 6.16E-01 3.00E-01
0200 N - 50, 119.04174 0.210 5.83E-01 2 00E-01
N 60 119.04175 0.126 5.50E-01
0.100 S 70| 119.0417%  0.042 5.17E-0] 1.00E-01
0.000 75 119.04174 0.000 5.00E-01 0.00E+00
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
ASETRSET [min] ASETRSET [min]
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PROBABILISTIC APPROACH FIRE SCENARIO

AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD

Overview: Elevator shafts

Reliability and failure probability

t[min]| Elevator 1 Elevator 2
0 0.939 0.939
5 0.900 0.90(0

10 0.845 0.845
20 0.685 0.685
25 0.585 0.585
27 0.543 0.543
28 0.521 0.521
29 0.500 0.50(0
30 0.480 0.48(Q
31 0.460Q 0.46(Q
35 0.380 0.38(
40 0.288 0.288§
50 0.143 0.143
60 0.058 0.058§
70 0.019 0.019
75 0.010 0.010

Cumulative probability distribution elevator shafts

1.00E+00

9.00E-01

N
8.00E-01 ~

7.00E-01 N

6.00E-01 \

5.00E-01 \

N
4.00E-01 \

p(t<ASETRSET)

N
3.00E-01 N\

2.00E-01
N

SN

1.00E-01

0.00E+00

TU/e

0O 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75

ASET [min]

Elevator 1 = = Elevator 2
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PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Compartment: Elevator shaft 1

SENSITIVITY ANALYSIS Probabilistic: sensitivity analysis Standard deviation
Stochastic boundary conditions average ASET variation| st. deviation| value| ASET dt/dx s-dt/dx (s-dt/dx)?
X t [min] V| S| x+d t [min]
External airtightness multiplier - 1 0.70 0.70 1.70 75.0Q 65.71 46.00 2116.00 0.00
-0.70 -0.70 0.30 32.25 -4.64 3.25 10.56 0.00
Internal airtightness multiplier - 1 1.50 1.50 2.50 21.00 -5.33 -8.00 0.00 64.07
-0.50 -0.50 0.50 43.0( -28.00 14.00 196.00 0.00
Time door opens s 120| 1.50 180.09 300.04 13.5Q -0.09 -15.5Q 0.00 240.2§
-0.50 -60.0Q 60.00 33.75 -0.08 4.75 22.56 0.00
Time door closes s 20 2.00 40.00 60.00 28.25 -0.02 -0.75 0.00 0.56
-0.50 -10.09 10.00 33.04 -0.40 4.00 16.00 0.00
Lower oxygen limit % 10| 0.50 5.00 15.00 32.25 0.65| 3.25 10.56 0.00
-0.50 -5.00 5.00 32.25 -0.65 3.25 10.56 0.00
Soot yield multiplier - 1 1.00 1.00 2.00 22.2§ -6.75 -6.75 0.00 45.56
-0.30 -0.30 0.70 40.5( -38.33 11.50 132.25 0.00
Acceptable conditions ASET 29.0 variancy(t) = 387.938 350.37§
s)=  19.696 -18.71§

Reliability and failure probability

Reliability index t[min] s(0]_beta(i pif) Cumulative probability distribution
2.000 0| 1871831  1.549 9.39E-01 1.00E+00
5| 1871831  1.282 9.00E-01 9.00E-01
1500 N 10| 1871831  1.015 8.45E-01 6.00E.01 N
1000 1IN 200 1871831  0.481 6.85E-0] U \\
= N 25 1871831  0.214 5.85E-0] o~ 7.00E-01 \
@ 0-500 27| 1871831  0.107 5.43€-01 W s 00E-01 N
F 0000 N 28 18.7183]1  0.053 5.21E-0} o N
2 10 15 20 25 30 98_40 45 50 55 60 65 70 75 29 1969613  0.009 5.00E-04 ¢ 50001 N
¥ -0.500 ~ 30|  19.69613  -0.051 4.80E-01 $ 4.00E-01 .
& 1000 N 31 19.69613  -0.102 4.60E-01 k=t N
e N 35|  19.69613  -0.305 3.80E-01 3.00E-01
-1.500 NG 40,  19.69613  -0.558 2.88E-0] 2 00E-01
\\ 50  19.69613  -1.06§ 1.43E-01 N
-2.000 N 60  19.69613 -1.574 5.78E-02 1.00E-01
N b T~
2500 70 19.69613  -2.082 1.87E-02 0.00E+00 ——
ASEIRSET [min] 75 19.69613  -2.339 9.76E-0 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
ASETRSET [min]
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PROBABILISTIC APPROACH FIRE SCENARIO
AVAILABLE SAFE TIME FOR EVACUATION

ASET

Case: Low-rise residential reference building
Assessment criterion: Optical density ULOD
Compartment: Elevator shaft 2

SENSITIVITY ANALYSIS Probabilistic: sensitivity analysis Standard deviation
Stochastic boundary conditions average ASET variation| st. deviation| value| ASET dt/dx s-dt/dx (s-dt/dx)?
X t [min] V| S| x+d t [min]
External airtightness multiplier - 1 0.70 0.70 1.70 75.0Q 65.71 46.00 2116.00 0.00
-0.70 -0.70 0.30 32.25 -4.64 3.25 10.56 0.00
Internal airtightness multiplier - 1 1.50 1.50 2.50 21.00 -5.33 -8.00 0.00 64.07
-0.50 -0.50 0.50 43.0( -28.00 14.00 196.00 0.00
Time door opens s 120| 1.50 180.09 300.04 13.5Q -0.09 -15.5Q 0.00 240.2§
-0.50 -60.0Q 60.00 33.75 -0.08 4.75 22.56 0.00
Time door closes s 20 2.00 40.00 60.00 28.25 -0.02 -0.75 0.00 0.56
-0.50 -10.09 10.00 33.04 -0.40 4.00 16.00 0.00
Lower oxygen limit % 10| 0.50 5.00 15.00 32.25 0.65| 3.25 10.56 0.00
-0.50 -5.00 5.00 32.25 -0.65 3.25 10.56 0.00
Soot yield multiplier - 1 1.00 1.00 2.00 22.2§ -6.75 -6.75 0.00 45.56
-0.30 -0.30 0.70 40.5( -38.33 11.50 132.25 0.00
Acceptable conditions ASET 29.0 variancy(t) = 387.938 350.37§
s)=  19.696 -18.71§

Reliability and failure probability

Reliability index t[min] s(0]_beta(i pif) Cumulative probability distribution
2.000 0| 1871831  1.549 9.39E-01 1.00E+00
5| 1871831  1.282 9.00E-01 9.00E-01
1500 N 10| 1871831  1.015 8.45E-01 8.00E.01 N
1000 1IN 200 1871831  0.481 6.85E-0] U \\
= N 25 1871831  0.214 5.85E-0] ~ 7.00E-01 \
@ 0-500 27| 1871831  0.107 5.43€-01 W e 00E-01 N
F 0000 N 28 18.7183]1  0.053 5.21E-0} g N\
2 10 15 20 25 30 98_40 45 50 55 60 65 70 75 29 1969613  0.009 5.00E-04 ¢ 500801 N
¥ -0.500 ~ 30|  19.69613  -0.051 4.80E-01 $ 400801 .
& 1000 N 31 19.69613  -0.102 4.60E-01 & N
e N 35|  19.69613  -0.305 3.80E-01 3.00E-01
-1.500 NG 40,  19.69613  -0.558 2.88E-0] 2 00E-01
\\ 50  19.69613  -1.06§ 1.43E-01 N
-2.000 N 60  19.69613 -1.574 5.78E-02 1.00E-01
N b T~
2500 70| 1969613  -2.082 1.87E-02 0.00E+00 ——
ASEIRSET [min] 75 19.69613  -2.339 9.76E-0 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
ASETRSET [min]
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9.11 Appendix 1. Supertall residential building model CFAST input
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CFAST

Release Version : CFAST 7.7.3

Revision : CFAST7.7.4-0-g6b52d0c3
Revision Date : Fri Jan 13 15:42:10 2023 -0500

Compilation Date : Thu 01/19/2023 11:24 AM

Data file: C:\Users\joost\OneDrive\Bureaublad\CFAST afstuderen\03 Super-tall residential building\0l Basis\l.l basis - sprinkler en overdruk
\CFAST-model case - basis.in
Title: CFAST Simulation

OVERVIEW
Compartments Doors, ... Ceil. Vents, ... MV Connects
47 109 4 35
Simulation output Smokeview Spreadsheet
Time Interval Interval Interval
(s) (s) (s) (s)
7200.00 60.00 15.00 15.00

AMBIENT CONDITIONS

Interior Interior Exterior Exterior
Temperature Pressure Temperature Pressure
(c) (Pa) (C) (Pa)

20. 101325. 20. 101325.

THERMAL PROPERTIES

Name Conductivity Specific Heat Density Thickness Emissivity
(kW/ (m 1:%C)) (kJ/ (m 1:3C)) (kg/m~3) (m)

MM 1 1.60 800. 2.300E+03 0.250 0.800

NM 2 1.60 800. 2.300E+03 0.280 0.800
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NM 3 1.50 800. 2.300E+03 9.000E-02 0.800
DEFAULT 0.120 900. 800. 1.200E-02 0.%00
COMPARTMENTS
Compartment Name Width Depth Height Floor Celling Shaft Wall Floor
Height Height Leakage Leakage
(m) (m) (m) (m) (m) (m~2) (m~2)
1 Comp 3 shaf 1.00 2.45 12.00 0.00 12.00 * 0.0 0.0
2 Comp 7 shaf 1.20 2.45 9.00 3.00 12.00 * 0.0 0.0
3 Comp 1 11-0 6.10 5.65 3.00 3.00 6.00 0.0 0.0
4 Comp 2 11-0 6.10 5.65 3.00 3.00 6.00 0.0 0.0
5 Comp 3 11-0 6.10 5.65 3.00 3.00 6.00 0.0 0.0
6 Comp 4 11-0 3.80 2.45 3.00 3.00 6.00 0.0 0.0
7 Comp 6 11-0 5.00 2.45 3.00 3.00 6.00 0.0 0.0
8 Comp 8 11-0 5.50 2.45 3.00 3.00 6.00 0.0 0.0
9 Comp 9 gang 1.80 10.25 3.00 3.00 6.00 * 0.0 0.0
10 Comp 10 - gan 4_30 1.50 3.00 3.00 6.00 * 0.0 0.0
11 Comp 11 - gan 17.00 1.50 3.00 3.00 6.00 * 0.0 0.0
12 Comp 13 - sha 1.00 1.00 12.00 0.00 12.00 * 0.0 0.0
13 Comp 14 - sha 1.00 1.00 3.00 3.00 6.00 * 0.0 0.0
14 Comp 15 - sha 1.00 1.00 12.00 0.00 12.00 * 0.0 0.0
15 Comp 16 - sta 6.30 1.50 12.00 0.00 12.00 * 0.0 0.0
16 Comp 17 - sta 6.30 1.50 12.00 0.00 12.00 * 0.0 0.0
17 Comp 18 - gan 4.30 1.50 3.00 3.00 6.00 * 0.0 0.0
18 Comp 19 - gan 4.30 1.50 3.00 3.00 6.00 * 0.0 0.0
19 Comp 20 - gan 11.30 1.50 3.00 3.00 6.00 * 0.0 0.0
20 Comp 22 - gan 1.40 4.50 3.00 3.00 6.00 * 0.0 0.0
21 Comp 23 - 1lif 2.70 2.25 12.00 0.00 12.00 * 0.0 0.0
22 Comp 24 - sha 1.35 0.75 12.00 0.00 12.00 * 0.0 0.0
23 Comp 25 - sha 1.35 0.75 12.00 0.00 12.00 * 0.0 0.0
24 Comp 26 - gan 2.30 3.00 3.00 3.00 6.00 * 0.0 0.0
25 Comp 27 - sha 1.35 0.75 3.00 3.00 6.00 * 0.0 0.0
26 Comp 28 - sha 1.35 0.75 3.00 3.00 6.00 * 0.0 0.0
27 Comp 29 - 1if 2.70 2.25 12.00 0.00 12.00 * 0.0 0.0
28 Comp 30 - 12- 6.10 5.65 3.00 6.00 9.00 0.0 0.0
29 Comp 32 - 12- 5.00 2.45 3.00 6.00 9.00 0.0 0.0
30 Comp 43 - gan 1.80 10.25 3.00 6.00 9.00 * 0.0 0.0
31 Comp 34 - gan 4.30 1.50 3.00 6.00 9.00 * 0.0 0.0
32 Comp 35 - gan 17.00 1.50 3.00 6.00 9.00 * 0.0 0.0
33 Comp 44 - gan 4.30 1.50 3.00 6.00 9.00 * 0.0 0.0
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24 Comp 45 gan 4.30 1.50 3.00 6.00 9.00 * 0.0 0.0

35 Comp 47 gan 11.30 1.50 3.00 6.00 9.00 * 0.0 0.0

36 Comp 46 gan 1.40 4.50 3.00 6.00 9.00 * 0.0 0.0

37 Comp 45 gan 2.30 3.00 3.00 6.00 9.00 * 0.0 0.0

38 Comp 34 12- 6.10 5.65 3.00 6.00 9.00 0.0 0.0

39 Comp 35 12- 3.80 2.45 3.00 6.00 9.00 0.0 0.0

40 Comp 36 gan 1.80 10.25 3.00 0.00 3.00 * 0.0 0.0

41 Comp 33 gan 4.30 1.50 3.00 0.00 3.00 * 0.0 0.0

42 Comp 37 gan 17.00 1.50 3.00 0.00 3.00 * 0.0 0.0

432 Comp 38 gan 4.30 1.50 3.00 0.00 3.00 * 0.0 0.0

44 Comp 39 gan 4_30 1.50 3.00 0.00 3.00 * 0.0 0.0

45 Comp 40 gan 11.30 1.50 3.00 0.00 3.00 * 0.0 0.0

16 Comp 41 gan 1.40 4.50 3.00 0.00 3.00 * 0.0 0.0

47 Comp 42 gan 2.30 3.00 3.00 0.00 3.00 * 0.0 0.0

COMPARTMENT MATERIALS
Compartment Name surface Layer Conductivity Specific Heat Density Thickness Emissivity Material
(kW/(m C)) (kJ/(m C)) (kg/m~3) (m)

Walls 1 1.60 800. 2.300E+03 0.100 0.800 MM 1
Walls 1 1.60 800. 2_.300E+03 0.100 0.800 M 1

3 Comp 1 - 11-0 Ceiling 1 1.60 800. 2.300E+03 0.280 0.800 NM 2
Floor 1 1.50 800. 2.300E+03 S.000E-02 0.800 NM 3
Walls 1 1.60 800. 2_.300E+03 0.250 0.800 M 1

4 Comp 2 - 11-0 Ceiling 1 1.60 800. 2.300E+03 0.280 0.800 NM 2
Floor 1 1.50 800. 2.300E+03 S.000E-02 0.800 MM 3
Walls 1 1.60 800. 2.300E+03 0.250 0.800 NM 1

5 Comp 3 - 11-0 Ceiling 1 1.60 800. 2.300E+03 0.280 0.800 NM 2
Floor 1 1.50 800. 2_300E+03 S _000E-02 0.800 NM 3
Walls 1 1.60 800. 2.300E+03 0.250 0.800 NM 1

5] Comp 4 - 11-0 Ceiling 1 1.60 800. 2.300E+03 0.280 0.800 NM 2
Floor 1 1.50 800. 2_.300E+03 9_000E-02 0.800 M 3
Walls 1 1.60 800. 2.300E+03 0.250 0.800 NM 1

7 Comp & — 11-0 Ceiling 1 1.60 800. 2.300E+03 0.280 0.800 MM 2
Floor 1 1.50 800. 2.300E+03 9.000E-02 0.800 NM 3
Walls 1 1.60 800. 2.300E+03 0.250 0.800 NM 1

8 Comp 8 — 11-0 Ceiling 1 1.60 800. 2.300E+03 0.280 0.800 NM 2
Floor 1 1.50 800. 2.300E+03 $.000E-02 0.800 NM 3
Walls 1 1.60 800. 2.300E+03 0.250 0.800 MM 1

9 Comp 9 - gang Ceiling 1 1.60 800. 2_300E+03 0.280 0.800 NM 2
Floor 1 1.50 800. 2.300E+03 9.000E-02 0.800 NM 3
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