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ChaptdmtIroducti on

Sincethe beginning of the 20th century, prescriptive codes have been used ig-specif
ing fire praection systems in building4], while the concepts of perfmancebasel
regulations anéngineered approaches to building fire safetywede¢ i nt r oduced

the 197042].

When a building is to be designed for fire safety today,abrilee main design tools
utilized around the world is the application of prescriptive building codes. Bhe pr
scriptive codes prescribe sets of measures to reach fire safety in enclosures and are
commonly ref erTella tti(BtsagplutiGnBvehiempeodide a nmi-

imum acceptable level of fire safefjhe implication is that the correct application of

prescriptive codes implicitly delivers the minimum acceptable level of safety.

The first step when designing a building using the prescriptiveoappris to dete

mine the occupancy classification(s) of the building. The codes will then identify the
requirements for the given occupancy classification, which can be directly itterpre
ed, allowing for a fast design process. Furthermore, the ongoingemfent of the
codes is eased in that most building in the same occupancy classifigéitivewve the

same featuref3].

However prescriptive codes have evolvedeo many decades, which have resulted in
them becoming more complex and often difficult to use for new technologies and
change in practiceghibiting innovation[1]. Also, although the prescriptive codes
specify detailed requirements for the achievement of fire safety, they do not explain

exactly how to reach this level of safety as no clear guidanbewro develop and

1



assure it is provided. Consequently, the costs of fire designs based on prescriptive

codes tend to be high, and the life safety of the occupants cannot beegpdrdn

In recent decades, many building codes, regulations and stahdasdbeen gom

through a transition from prescripthoased to performandesedl]. Performance

Based Design (PBD) has become more common as buildings have increasad in co

plexity. The SFPE Engineering Guide to PenfianceBased Fire Protectiof®] de-

fines performancd ased desi gn as fAan engineering apeg
based on agreed upon fire safety goals and objectives, deterministic and/or mobabili

tic analysis of fire scenarios and quantitative assessment ghdsgrnatives against

the fire safety goals and objectives using accepted engineering tools, methodologies

and perfor mance cr-basee design.approdctnaiowptberefigo r ma n c e
neer to describe the desired level of fire safety in the buildintige event of a fire as

well as to define the preferred design basis. The engineer will then have to perform an
engineering analysis in order to demonstrate that the proposed design strategies pr

vide the intended level of safety fidre building.

The adwantages of PBD and germancebased codeare potentially significart].
These include the casffectiveness and flexibility in design atite capability to use
innovativesolutions and new technologies and knowledge as it becomes available,
while also promoting better understanding of a buil@rgerformance in the event of
a fire. Among the disadvantages that foll@the high level of expertise required by
the designer, and the fact that a PBiDcessequires more time to conduct ared r

view than a prescriptivbased desigprocedureAlso, a performancdased designed



building is sesitive to change in design ascén leado unacceptable performance

[6].

The definition of the performance criteria is highbgardedas one of thenainchd-
lenges in a PBD proce§l]. The current PBD framework as wellgerformance

based codes lead to significant variability in the design fire scenarios and perfo
mance critda [7]. While one designer might evaluate tenability criteria at 1.8 m
above the floor, another designer may choose to calculate them at 2.0 m above the
floor. These irregularities arise from the lack of a clear process froreghéators for
performance criteria, designdicharacteristics and scenanadsen using a PBDm
proach. In order to avoid arbitrariness and variation in quality when determining the
level of fire safety for performandeased designt has been arguetidata regulatory

process is needed.

Suchregulatory process can be provided by a verification test method. A verification
method is intenelda tool to verify thathe performance has been met of a building

that is aleady designed as an acceptabla peformance solution. The proposed

design is taken through the process of verification, on a systems and more detailed
level, to ensure thdhe criteria for acceptance haveen mef8]. A series of verifia-

tion tasks, with each one addressing one or more requirements, must be completed
and passed. The typical methods to conduct these verification tasks include analysis

techniques, mathematicalodeling and laboratongsts.

I n 2016, Veri fication Methods were introdu

Code (NCC) for structural engineering, ahd Australian Building Codes Board



(ABCB) has produced a Handbook for Structural Robusti®sghich provides sp-

port in understanding theserification Method and the structural robustness r
guirements of the NCCOhehandbook defines a VMaas AA t es
tion or oher method that determines whether a Performance Solution complies with

the rel evant Per f bhe NGCVeriécatiBreMgthads peoposenat s . 0

way to demonstrate compliance with some of the structural performance requirements

defined in the NCC, heever, without quantifying them. These VMs are merely tests

to be carried out after a performance solution has been developed, without interfering

with the PBD process itself. The VM is thus a layer being applied after a performance

solution already has ba completed as a means to verify that the performance design

solution complies with the performance requirements of the NCC.

1.1 Verification Method 2 in New Zealand

Performancéased bildings codes in New Zealand weargroduced in 199110],

but in 2013 New Zealand introduced a new method to demonstrate compliance with

the New Zealand Building Code: Verification Method 2: FrameworlEior Safety

Design (C/VM2)[11] [13]. This method suggested a different appro&eln the -

isting PBD practice, as visualized &igurel-1. The C/VM2 undertook the challenge

of specifying the performance criteria, design fires scgharios, which in the exis

ing framework was the fire enginpeeroés job.
peared to be a design method that worked as a compromise between prescriptive

methods and performant@ased design, substituting the role of thagies in certain

areas of the design process.



Fire Engineer Bullding Code
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performance criteria performance criteria
*Vcs : *Veﬂ
Design accepted Design accepted
by local authority by local authority

Figure 1-1: The fire design process as presented by C. Wade[&} aExisting prac-
tice (left) and suggested approach (right).

The quantification of the performance criteria sets the C/VM2 apart from the VMs
available in the NCC for structural robustness. While the NCC VMs are merely
methodologies intended to verifydae s i cgmpbasce with performance regexr
ments established in the prescriptive codes, the C/VM2 transforms into a design
methodology as it interferes with the PBD process by specifying the performance
criteria for the designer. As a result, the C/VM3ignificantly longer and more

comprehensive than the NCC VMs.

The C/VM2 lists ten prescriptive design scenarios to be considered and modeled,
while alsodefiningparameters such as design fire inputs, human characteristies, rad
ation limits etc. The degner must decide the locaiis of the design fires and which
design scenarios that are relevant to the given building. Moreover, the Verification
Method prescribes performance critghatare universal to all buildings complying
with the C/VM2. Altenation of some ofthe prescribed values is allowed, but requires

technical argumentation by the designer.



The C/VM2 method provides a much more consistent framework for analyzing pe

formance of buildings, thereby reducing the uncertainty in the design prBcesso

the introduction of the C/VM2, a large amount of time was spent on definingrthe pe

formance criteria and design inputs, but as this time was significantly reduced, more

time could be spendiahe design process itsg¢lf4]. On the other hand, the C/VM2

stifles creativity and can lead to over and under degigexemplified by M. James,

there is no option to reduce the few available prescribed fued kradidesign fires

sizes, although these large fires cannot be supported in some spaces such as small
rooms[l4.Fur t her mor e, it doesonsideranybtherdgssigh e t he
scenarios than those listed in the C/VM2, despite the probability that more complex

buildings may require design scenarios that address uncommon fire safety concerns.

The C/VM26s | ack of gui danmokemovemener t ai n ar
within abuilding must also be notgii4]. Moreover, Meacham (2017) points out that

there is a perceived shortage of adequately qualified and carhfisteengineers in

New Zealand, while at the same time it is expedhat the C/VM2 is only to hesed

by qualified and competent engineérhose absence was the original motivation)

The issue is that there is a clear lack of enforced, minimum congyeded qualifie-

tions criteria for use in determining which engineers have the appropriate knowledge,
expertise and skill set to carry out fire solutitimst are not prescriptive. This applies

to both the performaneeased design and methalsch as th€/VM2 [12].



1.2 Fire Safety Approaches in Australia, USA and UK

1.2.1 Australia

Fire safety design in Australia was largely based on compliance with the prescriptive
or Deemd-To-Satisfy requirements of the Building Code ofstalia (BCA) up until
1997[15], when the prescriptive regulatory structure was replaced with aperfo
mancebasd format. The performandemsed BCA still provides prescriptive gui

ance while allowing for a performantased approach to fire safety. The BCA sets

out objectives and functional statements that in general terms express guidance on
how to interpret theantent and intent of the Performance Requésts and the DtS

provisions[21].

A building design must meet all the relevant Performance Requirements in order to
receive regulatory approval. In order to comply with the Performance Requirements,
a building solution may be:

1 A design that complies with the DeemdSatisfy Provisions;

1 An alternative solution;

1 A combination of both.
In Australia, the intention of the gscriptive building regulations is to mitigate risks
to a level tolerated by the community. The performance requirements reflect a
benchmark with respect to the risk of fatality, injury and loss of adjacent structures
through fire, butitis not intendedbea fizer o ri sko benchmar k.
the expectation of and cost to the community. The alternative solution is rest a pr
scribed DtS solution, but does instead oppfor the opportunity to show comnipl

ance with the performance requirements through analysis. An issue of the alternative



soluion is the lack of quantification of the Performance Requirements in the BCA,
and that the level of safety provided by the BCA is not explicitly stated. This leads to
uncertainties when interpreting the performance requirements as the interpretation of
these depends on engineering judgment, which can vary between individual pract

tioners[21].

The ABCBwishes to adopt a modified version of the Verification Method developed
by New Zealand. The Verification Meth@dM) is to be implemented in the National
Construction Code (NCC) 2019. For this purpose, the Fire Protection Associati
Australia (FPA Australia) has been awarded the task of completing a calibration study
for the proposed ABCB Verification Method. In the calibration study, six buildings

t hat are compl i anto-Satisty requireeneni Gavéhbeen Assaessacd d

acainst the proposed Verification Method.

1.2.2 USA

The United States does not have a single natioe building code. The fire recad

tions iNUSA is drafted and enforced by private organizations and not the US Federal
Government. These organizations includelthiernational Code Council (ICC) and

the National Fire Protection Association (NFPA). Both organizations have heth pe
formancebased and prescriptive codes available, but while the ICC has published a
standalone performanecb ased code t i folmarte GodelioeBu CCC Per
ings and Facilities, 0 t he -bhsEddAsigmaptson i ncor po
within NFPA 5000. However, both approaches mainly support the use of prescriptive

documents as th@imary available solution®2].



1.2.3 United Kingdom

In 1985, the UK moved from a largely prescriptive and rather restrictive approach to

more flexible and intelligent systems in the building regulations. This refoeant

that the building regulations were reduced from 307 pages to only 23 pages. A

ceptance criteria and methods were not included in the new building regulations,

which meant that the engineers had the opportunity to choose their own performance

criterig, safety factors, engineering methods and verification rdsttmdemonstrate
compliancg23]. However, because of the complexity in gaining acceptance for

methodghat not everybody agrees on, many designers and engineers choose to rely

on the prescriptive guidance provided in t

British Standards (BS 5588 series), issued as De¢oa8dtisfy solutions.

The Approved Document Bffersguidance on fire safety requirements, which are

only meant as recommended guidelines. If full compliance with the Approvad Doc

ments i sndt possible, an alternative appro
used to develop alternative waysaghieving compliance with the intent of thes r

guirements.

1.3 Obijective of Research

As the Verification Methodpproacthecome more widespread asdesign tool p-

tion, there is a need for a critique of the consdp@hindhe method. This critique

will highlight advantages and weaknesses of the method by using examples from a
case study which will be conducted in order to scrutinize the design process of the

Verification Methodas well as its defined parameters. Examples will covers



sumptions for modeig, chosen methodologies, flexibility, decision making and level
of expertise rquired ofthe designer. In conclusion, a final assessment of the concept

of the Verification Method as a design tool will be established.

The case study that will be exploreddepth is a highise building, consisting of

mixed occupancies, hamely office spaces, retail areas and a car parking basement.
The choice of a small highse building was made on the basis that it is a simple
enough problemnso itshould be an easy tasigfor the Verification Method approach,
but it also incorporates some of the complexities that highlight the potential value of
the methodologyarious design examples of the higee building will be devie

oped based upon a performataesed design math, prescriptive codes from Au

tralia, USA and the United Kingdom, and finally using the proposed Verification
Method. The performandeased desigwill not be based on any performartased
codes anaill serve as an example of the ideal design solutfidhecase building,
while the prescriptive designs will serve as benchmarks for an acceptable solution.
The final building design outcomes and the methods utilized in the different design
approaches will then be assessed against each other. The maiof fireusafety in

this project is life safety of occupants.

1.4 Report overview

Following the introduction, chapter 2 describes and explainexiséngVerification
Methodfrom Australiain details. Chapter 3 contains the performabased design of
the bulding, which will also include an elaborate description of the structure and its
occupancies. In chapter 4, three prescriptive codes will be applied to the building.
These codes are the BCA from Australia, NFPA 101 from USA and Approved Do

10



ument B from tle UK. A comparison of the three outcomes and the PBD will follow

the application of the codeEhe applicatiorof the Verification Method design is

provided in chapter Results and examples from thecesses in tharevious chp-

ters will be used tonakeup dapter 6 whichrepresents theutcomes othe various

designs and the critique of the \fazation Method. The examples will be used to
illustrate perceived advantages and observed weaknesses of the VM as a design tool,

before the paper is terminatedth a conclusion.
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Chapter 2 Summary of tEixamt i
Met hod

2.1 Introduction

In Australia, he Verification MethodVM) is one way to demonstrate compliance

with the performance requirements of the BCA. A building must be setegjainst

12 design scenarios that are specified by the VM. The design scenarios are developed
in such a way that they cover tperformance requirements of the BCA, therethy a
dressing elements that are currently regulated by the BCA. Some of theazenari
require simge solutions, such as simgheat flux calculations, while others entalil

detailed analysis. For these scenarios, design fires must be applied, which the VM

alsoprescribes for the designer.

The design process for the BCA Fire Safety VerifmaMethod is shown ifrigure

2-1. Firstly, a PerformaneBased Design Brief (PBDB) must be completed. This
PBDB must include the scope of the projeelevant performance requirements, and
the determination of relevant design scenarios, their rules and parametersi-All dec
sions and assumptions must be included in the PBDB. Secondly, analysisef the d
fined design scenarios in the PBDB must be caroied When the analysis has been
conductedthe results must be evaluated. If the trial designs meet the acceptance cr

teria set by the PBDB, a final report can be prepared.

Prepare a Carry out
Performance » analysis, » Cg\l/lgitﬁa?gd » Prepare a fingl
Based Desigr modeling or results report
Brief (PBDB) testing

Figure 2-1: Design pocessoverview for the Verification Method
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The VM prescribes design fire inputs (fire growth rate, HRR etc.) and humar-chara
teristics (velocity, prenovement time etc.), but it does not presume any particular
methodologies for calculating the Available SEfgress time (fire modeling) and the
Required Safe Egress Time (evacuation modeling). The choice of fire as3$ egr
model is up to the engineaho must defend the methodologiggized in the ana}-

Sis.

In the subsequent sections, the occupant charaigridésign fires and designesc

narios will be summarized.

2.2 Occupant Characteristics

This section of the VM deals with occupant types and numbers and calculating the
RSET (Required Safe Egress Time) vs. ASET (Available Safe Egress Time). It is not
the intention of the VM to provide a comprehensive guide to egress analysis-but r
ther to describe the minimum level of thoroughness expected in the egress-calcul

tions. This is in line with the general purpose of the VM outlined in its introduction.

2.2.1 Occupant Number and Design Occupant
The occupant densities are provided in BCA Table D1.13 (showakle2-1) unless

a more appropriate means is available.
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Type of use m? per person
Art gallery, exhibition area, museum 4
Bar - Bar standing 0.5

- Other 1
Board room 2
Boarding house 15
Café, church, dining room 1
Car park 30
Computer room 25
Court room - Judicial area 10

- Public seating 1
Dance floor 0.5
Dormitory 5
Early childhood center 4
Factory (a) Machine shop, fitting shop or like plag 5

for cutting, for cutting, grading, finishing

or fitting of metals or glass, except in the

fabrication of structural steelwork or ma

ufacture ofvehicles or bulky products

(b) Areas used for fabrication andpr 50

cessing other than those in (a)

(c) A space in which the layout and natul Area per persor

use of fixed plant or equipment determin| determined by

the number of persons who will occupy t| the use of the

space duringvorking hourse plant or equp-

ment

Gymnasium 3
Hostel, hotel, motel, guest house 15
Indoor sports stadiurarena 10
Kiosk 1
Kitchen, laboratory, laundry 10
Library - Reading space 2

- Storage space 30
Office, including one for typewriting or document copying 10
Patient care areas 10
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Type of use m? per person
Plant room - Ventilation, electrical or other service 30

units

- Boilers or power plant 50
Reading room 2
Restaurant 1
School - General classroom 2

- Multi-purpose hall 1

- Staff room 10

- Trade and practical area (primary) 4

- Trade and practical area (secondary) As for work-

shop

Shop - Space for sale of goods at a level enter 3

direct from the open air or any lower leve

- Space for sale ajoods at all other levels 5
Showroom - Display area, covered mall or arcade 5
Skating rink, based on rink area 15
Spectator standya - Standing viewing area 0.3
dience viewing area:

- Removable seating 1

- Fixed seating Number of seats

- Benchseating 450 mm/person
Storage space 30
Swimming pool, based on pool area 15
Switch room, transformer room 30
Telephone exchange (private) 30
Theatre and public hall 1
Theatre dressing room
Transport terminal 2
Workshop - For maintenance staff 30

- For manufacturing processes As for factory

Table2-1: Occupant Densities used in the VM, taken from BCA Table D1.13.

The occupants are divided into three different occupant type categories: Type A, B

and C. The occupant type depends on potential activity limitations of the occupant,
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such as hearing impairment, vision impairment and mobility impairment, and-the s
verity of this limitation. The type also depends on whether the occupant is awake or
sleeping and familiar or unfamiliar with the building. The final occupant type-is d

termined fromTable2-2.

Mobility Hearing Vision
Critical state N S/P N S/P N S/P
Awakeand familiar
with the building A = A B A B
Awake but unfamiliar B C A B B C
Likely to be asleep B C B C B C

Table2-2: Occupant types, N = No impairment, S/P = Severe, profcupdirment.

For type C occupants, the occupant characteristics listeahie2-3 will be used.

Characteristic Mobility Hearing Vision
Vertical travel 0 Refer to sectio2.2.2 | 0.71
speed using stair
(m/s)
Horizontal travel | 0.69 1.2 0.86
speed (m/s)
Occupant density:| Stationary: 0.8925Mm | Refer to sectio®.2.2 | Refer to se-
(1216 x 813mm) tion2.2.2
180 degree turn
3.18nf (1540 mm x
2070 mm).
Notification time | Refer b section Appropriate to avadl- | Refer to se-
(recognition) 2.2.2 ble cue. i.eReferto | tion2.2.2
section2.2.2
Pretravel time 900 s* (when slg | Assume occupantis | 900 s* (when
(subject to ing and unfamiliar) | remote from cm- sleeping and
2.2.2.3: partment of origin. unfamiliar)
FED: 0.1 0.1 0.1

Table2-3: Type C occupant characteristics.

Note:* where the occupants are considered sleeping and under the care of trained

staff (e.g. hospitals and rest homes), use vatussction2.2.2
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For type A and B occupants, the occupant characteristics are determined from a wider

range of assumptions which will be covered in the subsequent sections.

2.2.2 RSET
In the VM, the RSET can bmalculated using special purpose egress computer models

or simple hand calculations. The general RSET according to the VM is defined as:

RSETty#t,+t, ¢f L %1 ow (2.0
Where:

o Detectiontime determined from deterministic modeling
o Time from detection to notification of occupants

o] Time from notification until evacuation begins

0 Time spent moving toward a place of safety

0 Time spent in congestion doalled by flow characteristics

As a simplification, the occupants are assumed to be evenly distributed in the given

space.

2.2.2.1 Detection Time
The calculation of the detection time depends on whether the occupant waming sy
tem is manually or automaticallytaated. In the VM, manual activation of a war
ing system is only permitted in a space if:
(a) The arerage ceiling height is equal tolmgher than 5 m;
(b) The occupants are awake and familiar with their surroundings;
(c) The occupnt density calculations resuttan occupant load of fewer than 50

persons.
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In any other case, automatic detection must be considered. For a manually activated
occupant warning system, the detection time is equal to the time it takes foil-the cei
ing jet to completely traverse the entieagth of the space from the fire at the opp

site end of the space. Therefdiee detection time must be calculated as indicated in

Table2-4.

Storage height Dimension rates Detection time

Storage height 5 m L 14w tg=16G2. 4L
(Ultrafast fire growth) 14w <L 4w Q p T X
Storage height > 5 m L 14w Q@ cu P 8X

(rack growth) l4w<L 4w Q cquv x

Table2-4: Detection times for manually activated detection systems.
Notes: w = width of space in meters (shortest dimension), L = length of spaee in m
ters (longest dimension)
For automatic detection systertise detection time shall be established frommdete
mi ni stic modeling. The VM doesnodot speci fy
(a) An appropriate algorithm that might include a ceiling jet correlation;
(b) A CFD model code that solves for the velocity and temperéinck
smoke/soot concentration) directly;
(c) A simplified approach based on the depth of the hot gas layer where the occ

pants are assumed to be aware of the fire in the same room when the smoke Is

below 5% of the ceiling height.

Al t hough t he &a¥pedifac ensthodto caldulate theadetection time, it
does provide explicit values for the detector criteria that may be used in the analysis.

These values are givenTiable2-5.
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Heat detectors

RTI= 30 ni%s”
Tact: 57°C
Radial distance =4.2 m

Distance below ceiling not less than 25
mm

Extended coverage (sprinkler)

RTI= 50 ni’s™

C = 0.65 nfs”

Tact= 68°C

Radialdistance = 4.3 m (maximum)

Distance below ceiling not less thas
mm

Standard response (sprinkler)

RTI= 135 ni’s”

C =0.85nts”

Tact= 68°C

Radial distance = 3.25 m

Distance below ceiling not less than 25
mm

Quick response (sprinkler)

RTI=50 ni*s”

C =0.65nts”

Tact= 68°C

Radial distance = 3.25 m

Distance below ceiling not less thas
mm

Spot/point smoke detectors

Optical density at alarm = 0.14'm
Radial distance = m

Distance below ceiling not less than 25
mm

Projected beam smoke detectors

Optical density at alarm to be determing
based on beam path length and the deg
setting for the total obscuration for alarn

Table2-5: Detector criteriadefined by the VM.

2.2.2.2 Notification Time

According to the VM, the notification time may be assumed a#42€econds for type

A occupants. If vibro/tactile and 1ISO 8201 T3 520 Hz alarm ssgaral used, the niet

fication time may also be assumed asiPOseconds for type C hearimgpaired @-

cupants who are asleep and unfamiliar with the building. However, no notification

time is specified in the VM for type B occupants, the remaining type C occupants and
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buildings without suitable alarm systems. Instead, it is stated that exteotfesh-

tion time is required.

2.2.2.3 Pre-movementActivity Time

Thevalues for premovemengctivity time areclearly stated in the VM, although it is
pointed out that the lack of consideration of the incipient phase of the fire growth in
the design fire should be made up for annown safety factor for the praovement

activity time. The prenovementctivity times are provided iffable2-6 below.

Description of building use Pre-travel activity time(s)

Buildings where the occupants are awake, alert and familiar with thelding (e.qg.
offices, warehouses not open to the public)

Enclosure of origin 30

Remote from the enclosure of origin 60

Buildings where the occupants are awake, alert and unfamiliar with the buildin
(e.qg. retail shops, exhibition spaces, restaurants)

Enclosure of origin (standard alarm signal) 60

Remote from the enclosure of origin (standa 120
alarm signal)

Enclosure of origin (voice alarm signal) 30

Remote from the enclosure of origin (voice 60
alarm signal)

Buildings where the occupants aigeeping and familiar with the building (e.g.
apartments)

Enclosure of origin (standard alarm signal) 60

Remote from the enclosure of origin (standa 300
alarm signal)
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Description of building use Pre-travel activity time(s)

Buildings where the occupants are sleeping and unfamiliar with the buildiegy(
hotels and motels)

Enclosure of origin (standard alarm signal) 60

Remote from the enclosure of origin (standa 600
alarm signal)

Remote from the enclosure of origin (voice 300
alarm signal)

Buildings where the occupants are awake and under the cargaihed staff (e.g.
day care, dental office, clinic)

Enclosure of origin (independent of alarrg-si 60
nal)

Remote from the enclosure of origin (exd 120
pendent of alarm signal)

Buildings where the occupants are sleeping and under the care of trastaff (e.g.
hospitals and rest homes)

Enclosure of origin (assume staff will respon 60 s for staff to respond to alarm
to room of origin first) then

120 s (per patient per 2 staff)

Remote from the enclosure of origin (exd 1800
pendent of alarm signal)

Remote from the enclosure of origin (exd 1800 or as per specific requiremen
pendent of alarm signal) where occupants a whichever is the greater

unable to be moved due to the procedure or

other factor

Spaces within buildings which have only focusadtivities (e.g. cinemas, theatres
and stadiums)

Space of origin (occupants assumed to start 0
evacuation travel immediately after detectior
and notification time or when fire in their
space reaches 500 kW, whichever occurs fit
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Description of building use Pre-travel activity time(s)

NOTE:

1. This allows 120 s to move each patient from their room to the next adjace
compartment. This includes time for staff to prepare the patient and trans
them to the adjacent fire compartment, and then to return to evacuate anc
patient.

Table2-6: Preemovemenactivity timesas defined in the VM.

2.2.2.4 Travel time
The evacuation time within a space is equal to the greatest of:
(a) The time taken to travel to an exitat
(b) The flow time, #ow, Which is tle time taken for all occupants in the space to
flow through a restriction such aslaorway or a narrowing corridevhen

gueuing is necessary.

The travel speed for type A and B occupants is calculated by using equation:

S=zk-a k D (2.2
Where:
= Travel speed (m/s)
= Occupant density of the space (persofs/m
= 0.266
= Constant dependingn horizontal/vertical travel. S8able2-7.

Exit route elements k Speed m/s

Corridor, aisle, ramp, doorway 1.40 1.19
Stair riser Stair tread

(mm) (mm)

191 254 1.00 0.85

178 279 1.08 0.95

165 305 1.16 1.00

165 330 1.23 1.05

Table2-7: Maximumspeeddor vertical travel for type A and B occupants.
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For typeC occupants, the travel spesdjiven inTable2-3.

The travel time is calculated by using equation:

b g thSr a (2.3)
Where

tirav = Travel time (s)

Ltrav = Travel distance (m)

TheVMdoesnodét address how to measure the
for horizontal travel the maximum travel distance is specified as:
(a) The measured length around furniture if this is known;

(b) Adding together the length and width measurements abtira.

2.2.2.5 Flow time
Both hand calculations and computational techniques can be used to determine the

flow time. If hand calculations are used, the flow rate must be calculated usaxg equ

tion:

F.= 1-a Dk DV, (2.4)

Where:

Fe= Calculated flow (persons/sec).

D= Occupant density near flow constriction (i.e. for doors use 1:9 pe
sons/Mi SeeTable2-3 for type C occupants).

We = Effective width of component being traversed in meters.

The effective width is equal to the measunedth minus the boundary layésr

which the thickness is given rable2-8.
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Exit route element Boundary layer on each sidgm)
Stairwayi walls or side treac 0.15
Railing orhandralil 0.09
Theatre chairs, stadium ben 0.00
Corridor wall and ramp wall 0.20
Obstacle 0.10
Wide concourse, passagew: 0.46
Door, archway 0.15

Table2-8: Boundary layer width of exit components
If a door leaf is fitted with a selflosing device (not including automatic sliding
doors), the maximum flow ratertbugh that door leaf is maximus® persons/min.
This maximum flow rate corresponds to a 0.95 m wide door for type A and type B
occupants. If th door is not fitted with a setflosing device, there is no upper limit

on the flow rate, thus making equati@# limitless.

2.2.2.6 Direction of Opening
Doors on all escape routes must comply with B&lsuseD2.20 about swinging
doors, which states thatsainging door:

(a) Must not encroach at any part of its swing by more than 500 mm oe-the r
quired width, including any landings, of a required stairway, ramp®r pa
sageway if it is likey to obstruct the path of travel of theople already using
the exit;

(b) Must not encroach when fully open, by more than 100 mm on the required
width of the required exit (Measurement of encroachment includes door ha
dles or other furniire or attachments to the door);

(c) Must swing in the direction of egress unless:
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o The door servea space of not more than 208 from where it is the
only required exit and it is fitted with a device for holding it in the
open position.

0 The door serves a sanitary compartment of airlock.

(d) Must not otherwise impede the path or direction of egress.

2.2.3 Requirements for Delayed Evacuation 8ategies
When a delayed evacuation (phased evacuation) strategy is used within any part of a
building so that occupants are to stay infa géace inside the building, sushfe

space appropriate to the occupant density must be contained within the building.

2.2.4 Fire Modeling to determine ASET

For some of the design scenaribs required that the designer must demonstrate that
the occupants have sufficient time to evacuagebthilding before being overcome by

the effects of the fire. In fire safety engineering terms, the designer must demonstrate

that the ASET is greater than the RSET.

The VM defines the ASET as the time between ignition of the design fire and the
time when he first tenability criterion is exceeded in a specified room in the building.
These tenability criteria are identified by the VM as the following parameters being
measured at a height of 2.0 m above floor level:
(a) A fractional effective dose (FED) of thertredfects greater than 0.3;
(b) Conditions where, due to smoke obscuration, visibility is less than 18%-m, e
cept in rooms of less than 103 or where the distance to an exit is 5 m or

less, where visibility may fall to 5 m.
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Exposure to radiation along egreestes is also briefly addressed in the VM as it is

stated that occupants must not be exposed to a level of radiation that will cause pain

while egressing past a window opening or a glazed panel. The criterion is that the

time to onset of painftmust ke longer than the exposure timggt however, no

calculation proceduresaper ovi ded in the VM, which inste:
Engineering Guidé Predicting ' and 29 Degree Skin Burns from Thermal Radli

tiono for guidance.

The ASET must be calcutd by modeling the design fire specified in secB@in a
number of locations in the building in order to find the low&SET for a given &

cape route.

2.3 Design Fires

Design fires are essential when analyzing a number of the design scenarios. The VM
is concerned with three different types of design fires:

(a)Preflashover design fire;

(b)Postflashover design fire;

(c) Full burnout design fire.

The individwal design scenario will specify where to use which design fire, as the

choice of design fire will depend on tlesuebeing addressed in the given design

scenario. For instance, if the designer wants to determine the appropriage fire r

sistance rating, thgrowth phase (pré | as h o v er ) FiglreZz2showstan mat t er .
idealizeddesign fire curvand indicates the three different stages of the design fire.

The fire growth rate in the design fire is estimated ascuared fire growth rate,
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which has four categories: Ultiast, fast, medium and slow. The incipient phase,
which is just before the growth phase, is considered too unpredictable to be included

in design.

Flashover

Pre-flashover Fully developed Burnout

4

Heat release rate

Time

Figure 2-2: Idealized heat release rate history highlighting the four phases of conve
tional fire development and flashover

The intention of the design fires is that they represent a credible worst case scenario
thatchallenges the fire safety design of the buidil6]. A desiq fire is defined by
the following parameters:

(a) Fire growth rate;

(b) Peak HRR;

(c) Fire load energy density;

(d) Species production (water, soot);
(e) Heat flux;

(H Time.
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2.3.1 Theory behind the IdealizedDesign Fire Qurve

The design fire curve is a description of the heat release rate of a fire as a function of
time and can be divided into four phases: Ignition, growth, stbadyng and decay.

No single framework for &veloping the entire design fire curve exists, so instead

each step is typically developed separately and then brought together as a single curve

[17].

The growth pase is described by &quared fire in the Verification Method. The t
squared fire growth can be thought of in terms of a burning object with a constant
heat release rate per unit area, in which the fire is spreading in a circular pattern with
a constantadial flame speefl8]. The HRR is given as the product of the mass loss

rate and the heat of combustid®], which means that the HRR in the growth phase

is given as:

0 Geeddl “0 (2.5)
Where

0 = Heat release rate

O e = Mass loss rate per unit area

30 = Heat of combustion

0 = Flame speed

The HRR for a4squared is described by:

0 |06 (2.6)

As a result of equation2.5) and (26), it follows that:
| daed® L “ (2.7
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Thus, the fire growth rate simplifies the description of the HRR by boiling down the
mass loss rate, heat of combustion and flame spessirigle constant. Many factors
influence the mass loss rate of the fuel, suclhasét heat flux received at thesu
face and the evaporative or decomposition relationships for thEL8]eAlso, fuel

geometries that are not circular may aynmot produce agquared fire growth.

In other words, it is an assumption that the simplification of the HRR evolution in the
shape of the-squared approximation is close enough to make reasonable fire design

decisionq16].

2.3.2 Pre-flashover Design Fires
Thepreflash oveffire is assumed to grow as a fastjuaredire with the charactest
tics detailed inTable2-9. Other fire growth rates and peak HRR values can be used,

provided that they are technically justified and agreed upon in the design process.

The preflashover design fire characteristicsliable2-9 were chosen after extensive
review of literature and detailed sensitivity study applying the range of poteritial va

ues to case study buildisglesigned according to building codi&s].

The VM offers little guidance on when to use which values in the provided ranges for
the preflashover design fire chacteristics, solely stating that the peak HRR depends
on the specific fire scenario. Examples are, however, given for when to use the lower,

upper or average value of the radiative fractions.
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Building Use

Fire Growth
(kw)

Species

Radiative
fraction

PeakHRR

All buildings
including
storage with a
stack height
of less than
3.0m

0.012- 0.047 t

Carparks (no
stacking)

0.012 ¢

Storage with
a stack height
of between
3.0 mand

5.0 m above
the floor

0.188 £

Storage with
a stack height
of more than
5.0 m above
the floor and
car parks with
stacking sg-
tems

0.00068 iH

Y soo= 0.07 kg/kg

YHc= 20 MJ/kg

YHZO: 0.8 kg/kg

0.27 0.65

5-20 MW

0.27 0.65

5-20 MW

0.27 0.65

Up to 50 MW

0.27 0.65

Up to 50 MW

Table2-9: Pre-flashover design fire characteristics

NOTE:
t =
H=
Y =

time in seconds
height of storage in m
yield kg/kg

YHc = heat of combustion

2.3.3 PostFlashover Design Fires

The VM deems that life safetalculations for sprinklered buildings are unlikely to

be required, as the fire is expected to be controlled after activation of the firessuppre
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sion system, preventing flashover from occurring. For buildings without sprinklers, a

postflashover soot yields set to %oot= 0.14 kg/kgiel-

2.3.4 Full Burnout Design Fires

The full burnout design fire scenario is mainly used for assessing the fire resistance of
separating elements. According to ¥, design fire loads for use whemodeling

full burnout design fies are to be taken from the International Fire Engineering
Guidelines(IFEG) 2005, section 3.4.1. The fire loads should be taken for the 80
percent fractile, which represent the current consensus values for use in Australia.
The VM has listed some keyluas, which are shown ifiable2-10. As for the pre
flashover design fire characteristics, other design fire loads camobkert, presuming

that thefire engineer justifies it.

Occupancy Design fire load
(MJ/m?)
Dwelling 870
Hospital 350
Hospital storage 3000
Hotel bedroom 400
Offices 570
Shops 900
Manufacturing 470
Manufacturing and storage not exceeding 150 kg 1800
Libraries 2250
Schools 360

Table2-10: Design fire loads for use in modeling fires
The VM posits three ways to model the full burnout design fire:
(a) Use a modified DtS approach with a theguivalence formula to calculate the

equivalent fire severity, specifying building elements with an FRL not less
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than the calculated fire severity. A minimum value of 20 minutes is required,
and for sprinklered occancies the maximum FRL is 240/240/240.

(b) Use a parametric time versus gas temperature formula or information from a
relevant full scale fire test series to calculate the thermal boundary conditions
for input to a structural response model or for use int@a@rtemperature
evaluation;

(c) Use the approach specified in the SFPE Standard on Calculating Fae Exp

sures to Structurexl11.

The time equivalence formutaiggested for method (s)provided in the VM and is
taken from Eurocode 1 Method (CEN 2002 Ewae 1: General actiorisActions on
structures exposed to fire, Brussels: European Committee to Standardisatiam). A se

sitivity analysis is required for the percage of windows that will break.

2.3.5 Fire Modeling Assumptions and Procedures

(a) Occupant warningystems shall be installed and assumed to be maintained
and function as designed.

(b) Fire and smoke control doors with selbsers are assumed latched and
closed, unless when being used by occupants. All other doors are assumed to
be fully open or closedlepending on what produces the most conservative r
sults.

(c) Smoke separations are assumed to remain in place up to the temperature at
which is it exposed corresponding to the temperature at the rated time of i

tegrity failure or until flashover occurs. Ifeglsmoke separation is rtested|t
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Is assumed to remain in place until the average smoke temperature reaches
200xC.

(d) Windows that are not fire resisting are assumed to break at temperatures between
30xC and 508C, or when the fire becomes limited by v&tion. A sensitivity
analysis is required to evaluate the impact of partial glazing failure.

(e) The fire shall be located away from walls and corners to maximize entrainment of
air into the fire plume. The base of the fire shall be located at a maximght hei
of 0.5 m above floor level.

() Fractional Effective Dose (FED) for thermal effects shall be calculated using the
procedures described in ISO 13571. It shall include radiative and convdetive e
fects.

(g) For design scenario Fl (secti@m.g only, if CFD modeling is used, the layer
height shall be defined from the temperature results arranged over a number of
points throughout the space.

(h) Leakage can be modeled asheita tall narrow slot from floor to ceiling or a as
two vents, one at floor level and one at ceiling level, or by using a leakage alg
rithm. If there is a permanent opening at least five times the leakage area, the
leakage may be ignored. For CFD modelitng leakage may be increased to fit
within the computation grid.

(i) Leakage through non fireated wéls shall be modeled as foll@wv
a. Smoke doors and smoke separations are assumed to have zero leakage area, e

cept for a 10 mm gap under the doors, unlesa@ke seal is specified for this

gap.
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b. Fire doors that are not smoke doors are assumed to have a 10 mm gap over
and under the door, unless smoke seals are specified for these gaps.

c. Construction having a fire resistance rating (excluding doors) is corgittere
have no leakage.

d. Non firerated internal and external walls are assumed to have leakage areas
that are proportional tthe surface area of the walls. Tleakage area is equal
to the wall area multiplied by 0.001%m? for lined internal walls and et

nal walls and 0.005 ffim? for unlined external walls.

2.4 Design Scenarios

A design scenario is defined inehe VM as

guence of events is quantified and a fire safety engineering analysis is conducted
a g ai n sAustralianVM aperates with 12 different fire scenarios, which is two
scenams more than &M 2 in New Zealand. The scenarios are partly based on the 8
design scenarios listed in NFPA 5006] [20]. The scenarios in NFPA 5000 are as
follows:

1 Design fire scenario 1:0ccupancyspecific fire scenario, representing aityp
calfire for the given occupancy

1 Design fire scenario 2Ultra-fast developing fire in the primary means of
egress with interior doors open at the start of the fire

1 Design fire scenario 3Fire in an unoccupied room adjacent to a high
occupancy space

1 Designfire scenario 4:Fire in a concealed space adjacent to a-high
occupancy space

1 Design fire scenario 5A slow developing fire, shielded from fire protection

systems, adjacent to a higlscupancy space
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1 Design fire scenario 6The most severe fire resulgjrirom the greatest ge

sible fuel load.

1 Design fire scenario 70utside exposure fire, starting at a location remote

from the area/building of concern

1 Design fire scenario 8Ordinary fire in a room where a passive or active fire

protection system is reeded ineffective

These scenarios have been modified and expanded so that they also cover fire spread

to neighboring property, external vertical fire spread, interior surface linings and fir

fighting facilities. The intention of the scenarios is that thélyprovide a diverse

range of fire events, which together will challenge the design and fire safety systems

in the building. This section of the VM describes the 12 design scenariosgtheir r

guired outcomes, applications, assumptions, applicable fird and expected niet

ods.

Design Scenario

Comments

BE 1 Fire blocks exit

A fire that blocks a primary means of esca

UT - Fire in unoccupied room

A fire in a normally unoccupied room, whic
could potentially spread and endanger a la
number ofoccupants in an adjacent room

CS- Fire in concealed space

A fire that starts in a concealed space, wh
could potentially spread and endanger a la
number of occupants in an adjacent roon

SF- Smoldering fire

A smoldering fire in vicinity to aleeping
area.

HS - Horizontal fire spread

A fire that can spread to a neighboring Qui
ing due to high levels of radiation heat exp
sure.

VS - Vertical fire spread

A fire source exposes the externallor
openings in the buildingvhich can lead to
significant vertical fire spread
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Design Scenario

Comments

IS - Rapid fire spread

A fire that can potentially ignite interior su
faces, which can lead to a rapid fire spred
via the internal surface linings.

FI - Fire brigade intervention

Ensures the safe operation of firefighters
the event of a fire in the building, and to
make sure that fire brigade intervention is

possible.

UF - Unexpected catastrophic failut

Preventing catastrophic structural failure ¢
any component in the building in the event
a fire.

CF- Challengingdfire

The credible worst case fire scenario in g
normallyoccupied space in the building
which will challenge the design and fire asal
ty systems of the building

RC - Robustness check

The robustness of the desigrntested by s
suming that a key componeuoitthe fire saé-
ty system fails.

SS- Structural stability

A building must not posa risk to other pno-
erty in the event of a fire that could potehti
ly impact the structure of the building.

Table2-11: All design scenarios defined by the VM.

2.4.1 BE: Fire Blocks Exit

In this scenario, a fire starts in an escape route which causes an exit to be blocked.

Several analyses may have to be carried out for this scenario as tble@kitg fire

in the building can & placed at different locations that block different exits.

Required outcome:Provide a viable escape route (or multiple routes wheresnece

sary) for the building occupants.

Application: Escape routes that serve more than 50 people.
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Assumptions: Active and passive fire systems in the building perform as intended

by the design. The occupant tenability criteria cannot be met where fire plumes and
flames block an exit.

Fire event: The fire is assumed to be located near the primary escape route or e
Thefire can be deliberately lit accidental. Fire characteristics, such as the HRR,

and analysis does not need to be considered as the fire is assumed to physically block
the exit. If an RSET/ASET analysis is to be performed, the fire event wildbgame

fire event as described for the CF scenario, setbiQ

Method: An analysis that checks whether or not a second exit is required.

Likely performance requirements: The BCA, section€P1, CP2, CP3, CP8, DP4,

DP5, DP6, DP7, EP1.4, EP2.1, EP2.2, EP4.1, EP4.2, EP4.3.

2.4.2 UT: Fire in Normally Unoccupied Room

When a fire starts in a normally unoccupied room, it can potentially migrate into an
adjacet room and thereby endangep@ssibly large nenber of occupants in that

room.

Required outcome:Either demonstratthatASET > RSET or use either separating
elements or fire suppression in order to confine the fire to the room of origin.
Application: Any rooms/spaces that can hold more than 50 occupants, or
rooms/spaces with less than 50 occupants but requiring extended evacuatioif times,
the roomcould be threatened by a fire occurring in another normally unoccupied
space. The rooms/spaces in@ud

- Rooms/spaces that are physically adjacent to the unoccupie¢g room
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- Rooms/spaces that are not fire separated from the unoccupied room
- Rooms/spaces from which over 50 occupants or slower evacuees have to
pass through a potentially threatened room/spaeeeaat to the unoce
pied room.
Assumptions: The target space containing people is filled to capacity under normal
use or otherwise contains occupants with longer evacuation times. Active and passive
fire safety systems in the building perform as intendethb design.
Fire event: A design fire as described in sect@:13.2shall be selected for the appl
cable occupancy.
Method: There are twexpecte methods for this scenario:
(a) Carry out an ASET/RSET analysis that demonstrates that thie occ
pants within the target spaces are not exposed to untenable conditions
(b) Include separating elements or fire suppression in order to confine the
fire to the room obrigin. The design criteria of the separating-el
ments shall be based on the following:

a. No automatic fie detection systems in building so that tge-s
arating elements shall be designed to withstand a full burnout
fire.

b. Automatic fire detection sgems arénstalled in building so
that the sparating elements shall be shown to be effective for
the period from ignition to the time when the occupied space
(target space) is evacuated. An FRL-@0/60 is assumed to be

effective for this purpose.
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Likely perfor mance requirements:The BCA, sections CP1, CP2, CP3, CP8, DP4,

DP5, EP1.4, EP2, EP2.2, EP4.1, EP4.2, EP4.3.

2.4.3 CS: Fire in Concealed $ace
This scenario deals with the same concern as the previous design scenario for a fire in
a normally unoccupied room: @ha fire in a concealed space gaow undetected
and spread, endangeriadarge number of occupants in another room. It is also a
concern that the ability of firefighters to assess the threat to themselves white unde
taking rescue and firefighting operations might be compromised by the fire spreading
in concealed spaces.
Required outcome:Demonstrate that fire spread via concealed spaces wilhnot e
danger occupants located in other rooms/spaces.
Application: Buildingswith rooms/spaces holding more than 50 occupants, or
rooms/spaces with less than 50 occupants but requiring extended evacuation times,
that could be threatened by a fire occurring in a concealed space. The rooms/spaces
include:

- Rooms/spaces that are plogly adjacent to the unoccupied room

- Rooms/spaces that are not fire separated from the unoccupiegd room

- Rooms/spaces from which over 50 occupants or slower evacuees have to

pass through a potentially threatened room/space adjacent to the-unocc
pied room.

The scenario does not apply if the concealed space has no combustibles other than
timber framing and no more than two dimensions (length, width or depth) greater

than 0.8 m.

39



Assumptions: Active and passive fire safety systems perform as intended bgthe d
sign.
Fire event: None prescribed.
Method: There are three methods for this design scenario when using the VM:
(a) Use of separating elementsfime suppression in order to confine
the fire to the concealed spaces
(b) Install automatic detection systems of heatdke in order to pr
vide early warning of fire within a concealed space.
(c) A combination of (1) and (2).
Likely performance requirements: The BCA, sections CP1, CP2, CP3, CP6, CP8,

DP4, DP5, DP6, EP1.4, EP2.1, EP2.2, EP4.1, EP4.3.

2.4.4 SF: Smoldering Fre
A smddering fire causes a threat to sleeping occupants.
Required outcome:Provide a safe sleeping area
Application: Buildings where people are sleeping.
Assumptions: Active and passive fire safety systems perform as intended bgthe d
sign.
Fire event: Noneprescribed.
Method: There are two methods for this scenario:
(a) Use of separating elements in order to confine the fire to the space
of origin, assuming it is a separate space from the sleeping area. The

separating elements will need to prevent all smokeesggmwhich
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very often requires a sufficient pressure differential between the two
spaces in addition to a physical barrier.
(b) Install automatic detection systems of smoke in order to provide ea
ly warning of fire within an adjoining space. If this methodhe-
sen, then automatic smoke detection and alarm systems shall be i
stalled throughout thgleeping and adjoining spaces.
Likely performance requirements: The BCA, sections CP2, CP3, CP8, DP4, DP5,

DP6, EP1.1, EP1.2, EP1.3, EP1.4, HRPEP2.2, EP4.1, EP2l EP4.3.

2.4.5 HS: Horizontal Fire Spread
A fully developed fire within a building can spread to a neighboring building or fire
compartment due to high levels of radiation heat exposure. This can lead to ignition
of the external walls of the neighboring buildior other property, and therefore this
scenario is created as a means to prevent horizontal fire spread to and from adjacent
buildings.
Required outcome:Demonstrate that the building satisfies the heat flux requir
ments for spread of fire.
Application: All buildings.
Assumptions:None listed.
Fire event: The fire event will either occur in an adjacent property, sidethe
building close an opening.
Method: Use the following two methods (possibly both) where appropriate.

1 CV1: This method verifies e¢opliance to avoid the spread of fire between

buildings onadjoiningallotments. The external walls of the building shall not
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cause a heat flux higher than those set out in columTahte2-12 at the
distances set out in column 1. The external walls shall also themselves be able

to withstand the heat flux limits at the same distances set dable2-12.

Column 1 Column 2
Location Heat flux (KW/m?)
On boundary 80
1 m from boundary 40
3 m from boundary 20
6 m from boundary 10

Table2-12: Horizontal fire spread Building on adjacent allotments.

1 CV2: This method verifies compliance wBCA, CP2(a)(iii) to avoid the
spread of fire between buildings on gameallotment. The external walls of
the building shall not cause a heat flux higthem those set out in column 2 in
Table2-13 at the distances set out in column 1. The external walls shall also
themselves be able to withstand the heat flux limits asdahge distances set

out inTable2-13.

Column 1 Column 2
Distance between buildings Heat flux (KW/m?)
Om 80

2m 40

6m 20

12m 10

Table2-13: Horizontal fire spread Buildings on the same allotment.

Likely performance requirements: The BCA,sectionCP2 (particularly

CP2(a)(iii)).
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2.4.6 VS: Vertical Fire Spread

A fire source exposes the external walkhe openings in the building/hich can
lead to significant vertical fire spread. This scenario only deals with vertical fire
spread within the same building and not buildiagpuilding fire spread as this is
addressed in the previous design scenario HS.
Required outcome:Demonstra e t hat the buil dingds extern;
not contribute to excessive vertical fire spread.
Application: All buildings where there is a risk of vertical fire spread.
Fire event: None prescribed.
Method: Compliance to avoid the spread of fuia the external facade of a building
can be verified if the facade material is:

(a) Tested in accordance with AS 5113;

(b) Exhibits behavior in AS 5113 which meets the performance requir

ment;
(c) Clearly labeled to display its test report classification;
(d) Installedusing the same method as the test specimen,;

(e) Installed only in locations describedTiable2-14 andTable2-15.
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Combustible option

AS5113 L External wall | Additional building
Application . .
Class fire spread requirements
requirement
A100 TypeA construction, greater No combis- | None
plus than 100m effective height tible option
A100 TypeA construction, greater EW None

than 25m but less than or equa
to 100m effective height

A25 TypeA construction, less than ¢ EW None
equal to effective height of 25
B TypeB construction EW None

Table2-14: Classification of exterravalls i Vertical fire spread.

Minimum Distance from Combustible option
boundary or adjacent build- | Facade firee- Additional building
ing guirement requirements
On boundary or no distance | BB80 Nil
between buildings
1m from boundary or 2meh BB40 Nil
tween buildings
3m from boundary or 6mea BB20 Nil
tween buildings
6m from boundary or 12meb | BB10 Nil
tween buildings

Table2-15: Classification of external wallsBuilding to building spread.

Likely performance requirements: The BCA, section€P2 (particularly

CP2(a)(iv)), CP4, CP7, CP8, EP2.2.

2.4.7 1S: Rapid Fire Spread involving Internal Surface Linings

When interior surfaces are exposed to a growing fire, they can potentially ignite,
which can lead to a rapid fire spread via the internal surface lirpptegtiallyen-
dangeing occupants. Thereforthis design scenario is concerned with prewverthe

rapid fire spread involving internal surface linings.
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Required outcome:Incorporation of appropriate lining materials to prevent rapid fire
spread.

Application: Class 2 to 9 buildings as defined by the BCA part A3.

Fire event: None prescribed.

Method: Thelinings, materials and assemblies in the building must comply with the
requirements listed in EN13501 or as describebrible2-16 which is equal to table

1 in BCA specification C1.10.

Linings, material or assembly Requirement

Floor linings and floor coverings NCC Volume One Specif&:
tion C1.10 Clause 3

Wall linings and ceiling linings NCC Volume One Specife:
tion C1.10 Clause 4

Air-handling ductwork NCC Volume Onepecifia-
tion C1.10 Clause 5

Lift cars NCC Volume One

Specification C1.10 Clause 6

In fire control rooms subject to BCA Specificatio
E1.8 and fire isolated exits

In Class 9b buildings used as a thegttdylic hall
or the like

(a) fixed seating in the audience area or auditorii NCC Volume One Specife
and tion C1.10

(b) a proscenium curtain required by BCA Spiecij Clause 7

cation H1.3

Escalators, moving walkways and R@quired
nonfire-isolated stairways or pedestrian ramps
subject to BCA Secification D1.12.

Sarkingtype material.

Attachments to internal floors, walls and ceilings

Other materials including Insulation.

Table2-16: Internal surface lining requirements.
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Likely performance requirements: The BCA, sections CP2, CP4, DP4, DP5, DP6,

EP1.4, EP2.1, EP2.2, EP4.1, EP4.2.

2.4.8 FI: Fire Brigade | ntervention

The purpose of this design scenario is to test the safe operation of firefighters in the
event of a fire in the blding and to make sure that fire brigade intervention isiposs

ble. The available firefighting facilities and the ability for the fire brigade to complete
search and rescue activities must be described. The expectations of the fire event that
the fire brigade will face at the estimated time of armaabt alsdbe desribed.

Required outcome:Demonstrate that the fire brigade can undertake fire brigade i
tervention until completion of search and rescue activities.

Application: Buildings located within 50 km road travel of a fire station.
Assumptions: This scenario aloe does not demonstrate that the facilities for fire
brigade intervention is appropriately incorporated as it is intended to be used in co
junction with the UF scenario (secti@.9.

Fire event: None prescribed.

Method: The fire brigade intervention has to be facilitated to the necessary degree as

shown inTable2-17.
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Facilities for Fire Brigade in- Building with spri n- Building without
tervention Kler protection sprinkler protection
Fire Brigade External Access | Yes Yes
Tenability to enable identifica- | Yes Yes
tion and access to seat of fire
Fire Hydrants T Internal r e- Yes if > than 100 mto | Yes if > than 70 m to
quired all points, and / or > 3 | all points, and / or > 3
levels. levels.
Fire Hydrants i External re- Yes Yes
quired
Command and Control provi- | Yes if > 3 levels Yes
sions
Access to normally occupied | Yes if more than 50 | Yes
areas forsearch and rescue persons occupy buait
ing

Table2-17: Facilities forfire brigade intervention.
Likely performance requirements: The BCA, sections CP1, CP2, CP5, CP7, CP9,

DP5, EP1.3EP1.6, EP2.2, EP3.2.

2.4.9 UF: Unexpected Catastrophic Rilure

The purpose of the UF scenario is to prevent catastrophic structural failure of any

component in the building in the event of a fire. Therefore the robustness of the buil

ing is one of the main conees of this scenari@nsuring hat t he buwWi |l ding w
denly collapse during a fire event.

Required outcome:Demonstrate that structural failure does not occur for the extent

of the fire event in order to prevent catastrophic structural failure.

Application: All buildings.

Assumptions: The scenario is to be used in conjunction with the FI (Fire Brigade

Intervention) scenario in order to ensure that facilities for Fire Brigade Intervention

are incorporated properly.
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Fire event: None prescribed.

Method: The scenario requires an assessment of the building structure and its critical
component and a systematic risk assessment of the building. In the assessment of the
building structure, it must be demonstrated that it is unlikely that unexpecéed cat
stropht failure of an isolated element due to a fire event will occur. If a building
component carries a significant portion of the structure, a systematic risk assessment
must be undertaken and critical high risk components must be identified and designed
appr@riately.

Likely performance requirements: The BCA, sections CP1, CP2, CP9.

2.4.10CF: Challenging Fre
The fire in this scenario will represent the credible worst case fire scenariorn a no
mally occupied space in the building, which will challenge the design and fire safety
systems of the building, making this the most challenging fire of all the fire scenarios.
Required outcome:Demonstrate that ASET > RSET for design fires in different
locations in the building.
Application: All buildings. The ASET does not need to be determined in enclosures
of fire origin for the following fire locations:

(a) Any room with a floor area less than 2.6.m

(b) Sanitary facilities adjoining the path of travel fareguired exit

(c) Any room/space of fire origin, other than sleeping areas, where care or dete

tion is provided, and where the space has a total floor area (including-mezz

nine) of less than 500%rmore than one direction of travel or a singledire
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tion of travel that is less than 20 m and an occupant load of less thand50 pe
ple for the room or less than 100 people for any intermediate floor.
For (c) thetenability for occupants within the enclosure of origin does not have to be
maintained, while it must bdemonstrated that the challenging fire does not threaten
the occupants in the rest of the building.
Assumptions: The overall robustness of the building is examined separately in the
RC design fire scenario. There is only one fire source for each afdhidns of the
design fire. The active and passive fire safety systems in the building will perform as
intended.
Fire event: The design fire shall be characterized with a steady state or a power law
HRR, peak HRR an#ire Load Densityas specified in séion 2.3.2 The design fire
may have to be placed in various locations, challenging the design of the buildings in
any way necessary.
Method: An ASET/RSET analysis of the various design fires. The enuient in
the escape routes must be assessed based on the FED and visibility of the occupants.
The fire calculation model can be chosen so that it is appropriate to the complexity
and size of the building/space when determining the FED and the visibility.
Likely performance requirements: The BCA, sections CP1, CP2, CP3, CP8, DP4,

DP5, DP6, EP1.1, EP1.2, EP1.3, EP1.4, EPRP2.2, EP4.1, EP4.2, EP4.3.

2.4.11RC: Robustness Geck
The building structure must be robust enough to prevent disproportionate spread of

fire in case a key component of the fire safety system fails.
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Required outcome:Demonstrate that if a single fire safety system fails, the tobus
ness of the building will preventsproportionate spread of fire.(E by showing that
ASET/RSET for the remaing fire compartments is satisfied)

Application: Areas where failure of a key fire safety system could potentially expose
the following groups to untenable conditions:

(a) More than 150 people;

(b) More than 50 people in a sleeping occupancy fire compartmerddba

not contain people that are detainediodergoing treatment or care;

(c) People that are detained or undergoing treatment or care.
Assumptions: The failure of each key fire safety system separately is assumed in this
scenario.

Fire event: Identical to the fire everttescribed for the CF scenario, secti4.10
Method: Demonstrate that ASET > RSET for each of the failures of thdileesak-

ty systems. The building must be altered until ASET>RSET for the building, apart
from the room of fire origin.

Likely performance requirements: The BCA, sections CP1, CP2, CP3, CP8, DP4,

DP5, DP6, DP7, EP1.1, EP1.2, EP1.3, EP1.4,EFEP2.2, P4.1, EP4.2, EP4.3.

2.4.12SS: Structural Stability and Other Property

A fundamental requirement of BCA 2019 is th&tuglding must not present a risk to

other property in the event of a fire. Therefore this scenario has been designed so that
it can be demonstiad that a builohg will not posea risk to other property in the

event of a fire that could potentially impact the structure of the building.
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Required outcome:Demonstrate that the building does not present a risk to other
property in a full burnout scena.

Application: All buildings.

Assumptions: There is only one fire source for each of the locations of the design
fire. As occupant egress has already been assessed in the CF scenario, it isnot a co
cern in this scenario.

Fire event: The full burnoutdesign fire described in secti@B.4 The worst credible
fire case shall be located within any space of the building and not just withinan occ
pied space. Several different fire design locations may be required to be tested in 0
der to find the worst credible fire.

Method: Undertaking an analysis of the building structure that demonstratepthat a
propriate features have been incorporated intdothieing which either prevents the
building structure from collapsing within the burnout scenario, or ensures thalt, if fai
ure does occur within the burnout scenario, the building will collapse inwards. The
burnout design fire must take place in the dvkxdworst case location for the stru

tural stability of the building.

Likely performance requirements: The BCA, sections CP1, CP5.
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Chapt &axeX uti on o B aPseerdf oD ensai ngcne

In this chapter, a performanbased design (PBD) of the building wiké completed.

The PBD is considered to represent the ideal design of the building, as it allows for
optimization without overor underdesign of the building. Nonetheless, it must be
emphasized that the final result of the PBD application is not exhawsttdy merely
serves as an example of an ideal design. In other words, additional ideal designs are
possible as not all conceivable outcomes for the building have been examined in this
project. E.g. an alteration of the performance criteria could easilit ie alternate
building designsGenerally, there is no universal benchmark for an ideal fire safety

design of a building.

The process of the PBD is partly general for the entire building, but was mainly a
plied to the three different occupancy categeseparately. These three categories
are:

1 Thecarpark basement;
1 The retail ground floor;

1 The upper office/library floors.
3.1 Building Characteristics
The building is a nevight-rise building of eight storiegbove grounénd two bas-
ment levels. The base tife building is 788 fand the height from the ground to the
roof is 31.4 m, while the height to the highest floor is 24.9 m. The paigiabe
building is mixed use, so that the basement lemedscar parking areas, the ground
floor is used for retaihnd the seven upper floors will be used for ofipacewith a
library on half of the first floor. The building is located 3 km away from the nearest

fire brigade.
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The loadbearing structure, the floors and the roof are made of concrete, whie the e
ternd walls are doublaglazed curtain walls, and the internal walls are timber studs at
600 mm centers lined with 10 mm standard plasterboard on each side. The ceiling is
standard 10 mm plasterboard, and the internal wall lining to common areas (corridors,

starways, lift lobby) is made of pine.

3.1.1 Basement Level§ Car Park

|

Figure 3-1: Floor plan of car park basement levels, B1 & B2.

The two basement levelB1 and B2consist of 750 car parking area each with 14
parking spaces on each level. The height from the floor to the ceiling is 2.75 m, while
it is 3.25 m from floor to floor. Vehicles have access through a ramp that leads from
the floors to terrain level. The end of the ramppen to the outside. There are two

exits meant for occupants, the elevator and the central staircase in the building. The

staircase and the elevator also connect to the upper floors.
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The two basement stories make up one compartment together, as timegeedully
separated due to the vehicle ramp cutting through the ceiling/floor. The parking area
and the staircase are separated by a small companrhietit will be referred to as a

safety compartment

3.1.2 Ground Floor i Retail Story

%
e
BN

LA LA

Figure 3-2: Floor plan of the ground floor

The ground floor of the building is intended for retail space, which consists of two
stores and a storage area in the back of the building. The smaller of the two stores is
170 m2, thdarger one is 320 frand the storage area in the back is 168The

height from floorto-floor is 3.9 m, while the helg from floorto-ceiling is3.0 m.

Other than the two stores and the storage area, there is a corridor, an elevator shaft

and two stairases on the ground floor.

The stores are not connected to the rest of the building, nor each other, while exits
from these areas lead directly to the outside terrain. The storage area is connected to

the outside by a long corridor that runs in the middige building. This corridor is
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also connected to the elevator shaft. The two staircases are not connected to-any spa

es on the ground floor either.

All of these separated areas are divided by compartment walls in order to keep fire
and smoke from movingetween the areas. Therefore the following areasmare e
closed by compartment walls:

Each of the two stores;
The storage area in the back;
The corridor;

The elevator shaft;

= =2 4 A -

Each of the two staircases.

The only compartments that are connected on this 8mothe storage area and the

corridor, and the corridor and the elevator shaft.

3.1.3 Upper Floorsi Office & Library
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Figure 3-3: Floor plan of office floors, LA.2. Half of the first floor consists af |

brary, while the 6th and 7th floor are connected by an open internal staircase in the
lower left corner.
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The upper floors all consist of 62C wifice space on each floor, except for the first
floor, where half of the area is a library. Theicdfspace mainly ctgains desks,

chairs office furniture meeting rooms and two restrooms. The floors are all connec

ed to the ground level through two staircases which act as the main exits. The central
staircase goes all the way to the basement floors, while the stair¢hsaipper right

corner stops at terrain level.

Each of the stories makes up their own compartment, separated by compartment
floors, except for the two top floors. As the two top floors are linked by an open
stairway in thdower leftcorner, these wlilact as one compartment together. Other
thanentirestories, the only compartments on the upper floors are the two staircases

and the elevator compartment.

3.2 Occupant Characteristics
The occupant density has been determined as the heaviest occupant load between the
standards from USAJK and Australia. This lead to the followimgcupantoads:
1 Basement levels: 28 occupants/floor (UK Standard)
1 Ground floor:
0 Retail area: 2.0 ffperson(UK Standard)
o Storage area: 27.9%person (USA Standard)
1 Upper floors:
o Office area: 6 rfiperson (UK Standard)

o Library: 7 nf/person (UK Standard)

56



The average speed of the occupants is set to 1.17 m/s weathdasl deviation of

0.22 m/q24]. The occupantare also assumed to be aware and wake while they are

in any part of the building. The occupants in the retail area and in the car park are
assumed to be unfanalt with the building, except for the statho will be trained in
appropriate actions during an emergency. The occupants in the remaining parts of the

building are assumed to be familiar with the space.

3.3 Fire Strategy

The typical components tie fire séety strategy of a high rise building are the@va
uation strategy, containing the fire, containing the smoke, preventing the building

from collapsng and firefighting acceq&5)].

This building is divided into three different hazards: The two basement floors; the
retail ground floor and; the seven upper office floors. These three hazards will have

different levels of redundancy.

The evacuation process in a high tgglding relies on the stairways as the occupants
cannot be rescued from the outside. There will be two protected stairways in the
building as one stairway is added as a redundancy in order to provide the occupants
with an alternative escape route on eagperstory in case one of the stairwaysl

be compromised. The elevators will not be used for evacuation. The stairways are
protected by compartment walls in order to keep the fire and the smoke out and also
by pressurization in order to keep the smole making the overall system more
robust. The stairway doors will be fire resistant-s&king doors to help keep the fire

and smoke out of the stairways.

57



The building will be divided into fire compartmensorder to contaithe fire and

the smokeso that occupants on all floors will not be required to evacuate siraultan
ously. All floors (except the floor between the two basement floors) will be compar
ment floors in order to prevent vertical fire spread between stories. This means that
each storys its own compartment from the ground floor and up, while the twe- bas
ment floors constitute one compartment together. Only the occupants on theofiye fl
the floor below and the floarght above the fire floor will be evacuated initially.
However, if tie fire is detected on the ground floor, both basement floors wiluevac
ate. The occupants on the three stated floors will be notified of the fire by an alarm
system, which will be activated by an automatic detection system. The alarm system
can also be @iwated by a manual detection system, if the fire is observed by an occ
pant before being detected by the automatic detection syBheralarm system is not
dependent on further verification other than the automatic detection system itself in

order to ste notifying the occupants on the three evacuating floors.

Upon arrival, the firefighters will have control of the building, its fire safety systems
and its occupants. The occupants from the three (or four) evacuating floors will a
ready have left the buiing, when the firefighters arrive, so that cross flow in the
stairways will not be an issue. The time expectations of how long it will take the
evacuees to leave the building and how long it will take the firefighters to arrive are
consistent with the fe strategy of the building. The firefighters will attend to the fire
event and will be responsible of notifying the remaining occupants in the building if it

is deemed necessary to evacuate the remaining parts of the building. The remaining
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occupants wilupon notification from the firefighters begin evacuating simultaseou

ly.
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Figure 3-4: Examples of evacuating floors according to the fire strategy, when a fire

is detected in the building.

Each of theshops on the ground floor will have access to two exits as one of the exits

are added as a redundancy in order to provide the occupants with an altegaative e

cape route in case one of the exits will be compromised. The back of the house has

access to a codor, which will be protected asfie compartmenas it acts as the

only exit. The entire floor will be notified and evacuate if a fire is detected anywhere
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on the ground floor or in the basement. The occupants in the basement wilthave a
cess to two afs, one of the stairways and the ramp. In this case, the ramp will act as

the redundant exit.

The loadbearing structures and compartment assemblies in the building vaH be d
signed so that they do not affect or endanger any building occupants for as ibng

will take the fuel load in the building to burn out.

The elevator will be used as a firefighting shaft and will therefore be protected by
compartment walls and pressurization. It will provide access for the firefighttrs t
stories in the buildig. On the basement floors, the safety comparttienteads

from the parking aret the elevator and the stairway wi# protected bgompat-

ment walk as a redundancy.

3.4 Design Goals, Objectives and Performance Criteria

3.4.1 Objectives
The objectives have beeleveloped based upon the fire strategy and the overall main
protection goal that is the life safety of the occuparite. objectives are:
1. Allow enough evacuation time for the people on the fire floor, the floor below
and the flooabove to evacuate theilding;
2. Maintain safe and tenable egress conditions for the evacuating occupants
without exposure to smoke or heat;
3. Ensure that occupants are able to find exitd thitly have evacuated the

space;
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4. Preserve the structural integrity of the building by preserving the loadbearing

capacity of the concrete for long enough for burnout to be reached.

3.4.2 Performance Criteria

As the defined objectives are not detailed enough for evaluation of trial designs, the
objectives will have to be quantified into performance criteria. Performance criteria

are numerical values that can be predicted with engineering tools such as models, and
establishing them is considered one of the most challenging aspects of conducting a

performancebased design of a buildifg6].

Design . L .
Design Objectives Performance Criteria
Goal
1. Allow enough evacuation time
for thepeople on the fire floor, the| RSET < ASETas a function of th
floor below and the floor above to| risk being analyzed.
evacuate the building.
Limit average height of smoke
2. Maintain safe and tenable egre|l@yer above floorto 2.1 m
conditions for the evacuating acc | Maintain an average ambientre
. pants without exposure to smoke | perature below 4%.
Life safety h ——
eat. Maintain a smoke layer temer
of oca-
ture below 200C.
pants

3. Ensure that occupants are able
find exits until they have evacuate
the space.

Limit average height of smoke
layer above floor to 2.2 m

4. Preserve the structural integrity| Preserve structural integrity of th
of the building by preserving the |basementground floor and %
loadbearing capacity of the concré¢ floor for at least 380 minutes ang
for long enough for burnout to be | 170 minutes for the remainingu
reached. per floors.

Table3-1: Goals, objectives and performance criteria.
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For the first objective, the perimance requiremems that the Required Safe Egress
Time (REET) has to be shorter than theaableSafe Egressiime (ASET). Thee-

fore, an ASET vs. RSET analysis must be performed.

The performance criteria for the second objective are based on threshold ealues d
fined inthe Fire Engineering Design Guid@27] and theSFPE Handbook of Fire
Protection Engineering28]. High levels of convective heat can lead to skin pain or
burns, while inhaling the hot gases can lead to strokes. Humans can withstand being
exposed to convective heat ofi @for 30 minutes before it leads to incapacitation.
Howe\er, threshold pain is already felt by humans when the average temperature of
the pain receptors located at an approximate skin depth of 0.1 mm is increased to ca.
45 C, leading to the performance criterion of an ambient temperature of maximum

45 C. The ratant heat from the smoke layer above the occupants can cause erythema
and skin burns. The radiant heat flux from the upper layer should therefore not exceed
2.5 kwinf at head height, which corresponds to an upper layer temperatyre of a

proximately 200C.

The 2.1 m is chosen to ensure that the smoke layer is above head height far-all occ
pants. This criterion is, however, overridden by the other smoke layer height criterion:
That the smoke layer interface height must be at least above 2.2 m. The lagseof th

two criteria is based on the expected height of the exit signs in the space.

The performance criterion for objective 4 has been developed based on a tinae equiv

lence calculation for the fire severity in the building (see Appendix A).
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3.5 Design FireScenarics
Fire scenans consist of three elemen:

9 Fire characteristics:
First item ignited
Fire growth
Flashover

Full development

o O O O o

Decay

o Extinction
1 Building characteristics:

0 Physical features

o Contents of room/building

o0 Ambient environment wvihin the building
1 Occupant characteristics:

o Ability of occupants to respond and evacuate during a fire emergency

Her Maj est y 0 Bire éafety Risk dsassmetGaide for Offices and
Shops[29] lists potential sourcesf fuel that are common in office buildings and
shops. For the building in question, the relevant potesdiaices of fuel in the bui
ing listed in the guide are:

Flammableliquid-based prodets (paints, varnishes, thinners and adhesives);
Flammable liquids and solvents (white spirit, methylated spirit, cooking oils
and disposable cigarette lighters);

1 Flammable chemicals (certain cleaning products, photocopier chemicals and
dry cleaning that ses hydrocarbon solvents);
Packaging materials, stationery, advertising material and decorations;
Plastics and rubber (video tapes, polyurethane fioéad furniture and po}-
styrenebased display materials);

1 Textiles and soft furnishings (hanging curtaamsl clothing displays);
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1 Waste products, particularly finely divided items such as shredded paper and
wood shavings, off cuts, and dust; and

1 Flammable gases (liquefied petroleum gas (LPG)).

There are other potential sources of fuel than those listed abtiie furniture and
equipment such as desks and computery also pose as potential fuel sources. Also,
in the car parking areas in the basement, the vehicles and the gasoline within them

also pose as a potential source of fuel.

While it isimportantto be aware of the potential ignition sources in the space of the
building, it is not necessary to describe the specific source of ignition for a design fire
scenario when designing for fire safety. When designing a building for fire safety, it
shall alwayse assumed that ignition will happen without regards to the number of
potential ignition sources in the space. It is therefore rssentiato identify the

fuel loads in the building, and based on them determine a severe fire scenario which

will challenge the design of the building.

Statistics

The NFPA creates its own reports and statistics on fire incidents which can be used to
identify the fire scenarios that are most likely to occur in a certain type of building.

The fire incident data is sorted by pesty types, such as business, mercantile and

high-rise buildingqd30][31][32].

According to the data, the leading causes for fires in both office spaces and stores are
cooking equipment, electrical distribution and lightning equipment and heating
equipment. The first item ignited is typically cooking materials, electrical wire or

cable insulation or rubbish/trash/waste, again for both offices spaces and sheps. Ho
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ever, the lading areas of origin differ from one another, as a fire in an office building
is most likely to originate in a cooking area or in the office space, while the most
common areas for mercantile spaces are kitchens, laundry rooms, unclassified ou

sides areaand sales/showrooms.

3.5.1 Car Park
The main fuel loaslin the campark basement consist vehicles. As théoor plan of
the basement shows, one level of the car park basement can contain addtgrsp

10 cars are placed right next to each other.

Figure3-5: The floor plan shows 14 car park spaces. Up to 10 of these car parking
spaces are located side by side.

The fire characteristics of the vehicles depend on the type and size of ¢nerdiff

cars. Tke research papéfultiple Vehicle Design Fire Scenarios in Car Rerg
Buildings[33] arranges some of the different vehicle types into eight different groups:
Passenger cars, which are subdivided into mini, light, compact, medium and heavy,
sportutility vehicles, multipurpcse vehicles and unclassified vehicles. The medium
passenger car possesses the most severe fire characteristics measured, which are

shown in tablérable3-2. These fire characteristics will represent the characteristics
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of any car in the car park basement. The characteristics are based on thehd®R

in Figure3-6.

Peak HRR [kW]

Time to peak [min]

Total energy released [MJ]

Mean | Standard | Max. | Min. | Mean | Standard | Max. | Min. | Mean | Standard | Max. Min.
deviation | value | value deviation | value | value deviation | value | value
6843 2797 9854 | 3650 | 37.2 7.4 46.9 | 26.0 | 6386 695 7000 | 5960

Table3-2: Statistical data for the peak HRR, the time to peak and the total energy

released for a medm sized car according@t
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Figure 3-6: Measured HRRs for five different burning medium sized (E&&po-

Other than these fireharacteristics, the HRR evolutiofts the medium passenger

duced fronmM . Z .

M rese@rctjB3j)r 0

cars shows that it takes between 65 and 100 minutes before the vedisektn-

TMBhi rds resear

guished. The paper also states that after one vehicle was ignited, it took 20 minutes

before the vehicle next to it ignited as well. A third vehicle was placed next to the two

other vehicles, however with one space in betweenHgeee3-7), and this vehicle

was ignited after 225 minutes after the ignition of the first car.
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Figure 3-7: Placement of cars in experiment for fspread between vehicles (Repr
ducedfron M. Z. M. T[B3h. rds research

Based on this information, a medium sized passenger car would in average have a

peak retase HRR of 6843 kW and a total energy release of 6386 MJ. Therefore all 14

vehicles on one level in the basement would release 95,802 MJ of energy together.

This is in agreement with a suggested design fire load energy density of 260 MJ/m

[34] where the area value assumed is 2fparking space, resulting in a total energy

release of 91,000 MJ.

A vehicle burns slowly, as it can take up to 100 minutes before the firens exti
guished however, it can spread to several cars simultaneously af#s gnutes

after ignition. This means that, in theory, flashover could happen within 25 minutes
on a basement level. The maximum peaek growth measured out of the five fire

tests of mediuncars was measured to 0.00358 k¥{&ow fire).

In another case study, an actual fire in a car park in Rotterdam was inveq48&ated
The incident involved sewecars where six of them ignited. Two scenarios were
modeledand scenario 1 showed the highest peak HRR. The individual HRRs for
each of the cars shown igure3-6 match the HRR per car used in the Rotterdam
study fairly, as it is set to ca. 8300 kW as sedrignre3-8. Figure3-9 shows the

total HRR from the Rotterdam car park, and the sudden rise in HRR indicates that
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flashover happens 25 minutes after initial ignition, which is in gooeesgent with

the research paper.
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Figure 3-8: Theoretical HRRs from Rotterdam Car Park investigation (Reproduced
from Efectis Nederland®port[35]).
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Figure 3-9: Theoretical total HRRs from Rotterdam Car Park investigation (&epr
duced fran Efectis Nederlandseport[35]).
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3.5.2 Office spaces

The office levels (LAL7) typically contain office furniture such as workstationis, fi

ing cabinets, telephones, chairs, computers, office paper, waste baskets etc. Several
surveys have been conducted with the intention of defining design fuel loads for
common occupancy classifications such as office spaces. For this building, the fuel

loaddata inTable3-3 from IFEG 2005will be used as referen¢g6].

International Fire Engineering Guidelines (IFEG 2005) Fuel Load Table
Mean 95% Fractile
[MJ/m?] [MJ/m?] [kg/m?] [Ib/ft?]
420 760 42 9

Table3-3: Design fuel loads for offices areas from IFEG 2005.

It is noted that the mean values shouldb®tised for design firess at least half of
the buildings is expected to exceed the mean value. Therefore the maximum, or in

this case the 95% fractile, should be used for design purposes.

HHR characteristics W be taken for a clerical workstation (including small filing

cabinets, telephones, chairs, computers, and a modest amount of office paper) with

four desk units without partition panels. The &R is 3035 kW, which it takes

508 s to reacf87]. The HRR evolutiom s s hown as tFlgwe3dd est 10

below. A waste basket next to the work station showed a peak HRRGSf K¥/.
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Figure 3-10: HRR evolution for a clerical workstation. Test 1 proposes the raest s
vere HRR (Reproduced fragFPEHandbool{37]).

In a freeburn experimenivhichwas conducted for four desk units (with and without
partitions)thatwere all situated agepicted orFigure3-11, thefire spread between
the four desk was determined. It was measured that it took ca. 7 minutes to spread to a
desk unit that was placed right next to the mgrdesk unit, while it took ca. 14
minutes to spread to the desk unit placed diagonally opposite the first burning unit
[38]. Presumablythe spread to the remaining desk units in the office spaceewill b
come faster as the ambient temperature in the compartment will keep rising after ign
tion. The compartment th#te experiment took place in is also significantly smaller
than the open space that constitutes an actual office level in the building. Therefore
the fire spreads assumed tbe more severe in the experiment than in the actual

building, which is why thexperimental data is conservative when used to model the

building.
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Figure 3-11: Placement of workstations during free burpesiment(Reproduced
from S. Kakef{B8wads research

Data from fire investigations from London FiBer i gade 6s rebden fire | ib
used to analyze fire sizes and fire growth rates for different occup$B@]e&s fires

in office buildings have been analyzed, and the fire growth rate was found to be log

normal distributed with a 95% fractile b§ =0 . O%W(ﬁmedium fire).

There is n@uarantee that the office space in the building will always contain the
same type of furniture as tlearrent floor plan displays. Thusmight be worth co-
sideing additional potential fuel sourcdsis not uncommon to see e.g. a sofa in an

office, which, asFigure3-12 shows, has a peak HRR of ca. 3&0U that is reached
after 200 s. The sofa has a fire growth rat&le®0 . 1 ésg\g(fast fire) The sofa fire

thereforespread faster, possibly reducing the time to flashover significantly.
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Figure 3-12: HHR for a burning 2persons sofa (Test F3@Reproduced from SFPE
HandbooK37]).

3.5.3 Retail Space on Ground Floor

The ground floor of the building consistsretail spacegcontainingtwo shops and a
storageroom in the back of the building. There is given noiinfation as tavhat

types of shops the ground story is meant to host and what types of combustibles they
will contain. The severity of a potential fire on the ground floor is highly dependent

on the content of the shops, which can store anyfnimg textiles and books to
flammable liquids. However, it is considered sufficient for the scope of this project to
consider the space as standaetcantilespace. The fuel load data for a standard

shop is shown iffable3-4 [36].

International Fire Engineering Guidelines (IFEG 2005) Fuel Load Table
Mean 95% Fractile
[MJ/m?] [MJ/m?] [kg/m?] [Ib/ft?]
600 1300 72 16

Table3-4: Design fuel loads for retails areas from IFEG 2005.

Data from fire investigations from London FiBer i gade 6 s

used to analyze fire sizes and fire growthsdte different occupancid89]. 94 fires
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in retail buildings have been analyzed, and the fire growth regdouad to be log

normal distributed with a 95% fractile 6§ =0 . 1559W Ifast fire).

The peak HRR will béhemaximum peak heat release measured in different tests that
were conducted in connection with a survey of 168 different types of stores. The
measured HRRs and the different kinds of shops that were tested are sikogumen

3-13. Out of all these tests, the highest HRR was measured to 2700 kW (Fast food

outlet), which will therefore act as the peak HRR for the standardantilespace.
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Figure 3-13: HRRs for differenttypes ofstores(Reproduced from G. Hadjisoph
cl eouso6f4bdl)esear ch

3.5.4 Library

On the seconfloor, half of the area (310 7his categorized as a library, which has
different fire characteristics from the rest of the office space. The fuel load ciaracte
istics for libraries are shown ifable3-5 [36]. Thefuel load for the library area is

higher than that of one story of office space.
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Inter national Fire Engineering Guidelines (IFEG 2005) Fuel Load Table
Mean 95% Fractile
[MJ/m?] [MJ/m?] [kg/m?] [Ib/ft?]
1500 2750 153 34

Table3-5: Design fuel loads for libraries from IFEG 2005.

A study involving two freeburn experiments of open shelves has been conducted

[41]. The shelving units used in the experiments were 1.8 m tall by 0.91 m wide by
0.46 m deep with a weight of 9.98 kg, and a total of four of these units were used in
each test. The units were placed in two parallel sets of back to back units with an aisle
in between. The units were loaded with paper products (120 kg per unit), ntaking t

units able to represent the library units of the building.

— 201
—-- 202

= —=-= FAST
— = MEDIUM
= — — SLOW

Heat Release Rate (MW)

i I

s

1 1 1 L L L L L
o 200 400 BOO BOO 1000 1200 1400 1600 1800 2000

Time (s)
Figure 8. Office Storage, Heat Release Rate Tests 201 and 202 (free burn)

Figure 3-14: HRRs for free burning of open shelves (Reproduced from W. B. Wa
tonds [4Hsearch

For the two experiments (201 and 202Fegure3-14), the initial growth ratg terd-

ed to follow the rate of a medium squared fldeQ . O%WZWhile after 200 sec it

tended to follow the slope of a fast squared e Q . d%zﬁv.ﬂNhile the fast fire

growth rate curve can be used for modeling the fire in the library, the peak HRR
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measured in the experiments while most likely differ from the peak HRR in a-pote

tial fire in the actual library. The maximum total heat released from thexper-

ments was only 560 MJ, while the design fire load used in library will be 2750

MJ/n. It is therefore estimated that the peak HRR will have to be higher than 1.60
MW. As an g@proximation, the peak HRR for ti®okstore shown ifigure3-13

will be used, which is 2375 kY¥0]. This HRR value is considered a conservative
assumption as tHire load for the given bookstore is higher (5305 M)/than the

fuel load chosen for the library. Also, for this peak HRR value for a bookstore, the
initial growth rate is expected to be small/medium instead of medium/fast, however, a
medium/fast growthate will still be used for modeling as it is a conservative agsum

tion.

3.6 Trial Designs

3.6.1 Retail Space
For the ground floor, several trial designs will be evaluated. These trial designs will
include:

Manual detection systems;
Automatic detection systems;

1
1
1 Fire suppression systems;
1

Egress provisions.

Smoke control by the use of nfemical ventilation systems walso looked into
when examining trial designs for the building. However, when exhausting air out of a
room by the use of mechanical ventilation, iaimum smoke layer depth is required

in order to avoid plugholing. Plugholing is when air from below the smoke layer is

75



pulled through the smoke layer and into the exhaust. This phenomenon can cause
system failure as the exhaust from the smoke layer ixeepossiblyresuling in a
lower smoke layer than intended, leading to the occupants becoming exposed to the

smoke.

Plugholing can occur if the smoke layer is too shallow. Therefore the minirmum d

sign smoke layer depth as a rule needs to be 20 peicinat floorto-ceiling height.

The 20 percent is determined by both the depth required to prevent plugholing and the
thickness of the ceiling jet that will be formed after a smoke plume reacheslthe cei

ing. When the ceiling jet meets a wall, the smoke/flall turn down and travels

back underneath the ceiling pgshown onFigure3-15. The estimated thickness of

this ceiling jet is 10 percent of tlleor-to-ceiling height, and the smoke flow umee

neath the ceiling jet is also 10 percent of the fimeceiling height. Combinedhe

ceiling jet and flow underneath it lead toemuired20 percent of the floeto-ceiling

height thick sroke layef42][43].

. Minimum Smoke
Ceiling Jet Layer Depth is 20% of
Floor-to-Ceiling Height

N\

Flow Under
Ceiling Jet

Figure 3-15: lllustrationof@ si gn smoke | ayer depth (Repr o
research43]).
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The highest flooto-ceiling height in the building is on the ground floor, where it is

3.0 m, resulting in a minimum design smoke layer depth of 0.6 m. As the-perfo
mance criterion for themoke layer interface height is 2.2 m, this requirement of a
design smoke | ayer depth doesnoétr-all ow
mance criterion is exceeded. Relying on a smoke control system to achieve e-satisfa
tory level of safety would thefere create a risk that occupants could be exposed to

smoke.

3.6.1.1 Manual detection

When it comes to determining the manual detection time, there are no explieit guid
lines. The manual detection time is based solely on judgment from the designer, who
will haveto perform a qualitative evaluation of several factors such as room oecupa
cy, frequency of routine entry into a room, general room accessibility and fire severity

[44].

In the design scenarios, the building is fully occupied by people that are awake and
aware of their surroundings, and the fire will be very severe. Therefore the manual
detection time (including notification time) will be estimated as the timetttekes

the smoke layer depth to reagbo of the ceiling height.

3.6.1.2 Automatic detection

Providing the space with an automatic detection system will reduce the RSET as the
detection time will be lowered. The automatic detection time will be determined by
CFAST simulations, where smoke detectors willimplemented irthe model. The

smoke detectors will activate when an obscuration level of 14%/m is reached. This
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value poses as a reasonable estimate of when a majority of smoke detectors will alarm
accordingo research conducted by Geiman and Gd#bk The smoke alarms will
not have a delay between detection the fire and notifying occupants, thus making the

notification time equal to O s.

3.6.1.3 Fire Suppression System

One of the trial designs will include a fire suppression system in the shape af-a spri
kler system, so that the impact of sprinklers on the ASET can be tested and the need
for fire suppression when the objiee is life safety of occupants can be determined.
Sprinklers will beincorporated irthe CFAST model, and upon activation of the

sprinkler system, thelRR will remain constanfThe fire suppression system will

consist of standard response sprinklers @ittRTI of 80 nfs” and an advation

temperature equal to %CZ.

As the sprinklers will have a spacing of maximum 4.6 m (circa value), the sprinkler

5%_'_ 4. 5m

heads will be placed maximum 47' > a 3 . n3away from the fire. The

sprinkler head is pladeas far from the fire as possible in order to achieve the highest
activation time possible for the fire suppression system, constituting the worst case

scenario.

3.6.1.4 Egress Provisions
As described in sectid® 1, the ground floor is compartmentalized so that none of the
two stores and the storage area in the back are connected to one another through

doors. Therefore each of these areas will be prowdgdtheir own separate exits.
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The storage area will have one exit only, while the two stores will be tried with two

exits with varying widths.

3.6.2 Car Park & Offices
The basement levels and the upper floors will not be tried to the same extent as the
retail space. The trial designs for the car park and office floors will be:

1 Automatic detection systems;
1 Fire suppression systems;

1 Egress provisions.

The automatic detection system and fire suppression systems will have the same
characteristics as described3i.1.2and3.6.1.3 For the egress praions, it will

only be the widths of the doors and stairways that will be varied, while the number of
exits will remain 1 for the car park levels and 2 for the office levels. The vehicle ramp
in the basement will not be included in the calculations focust#on time, and rie

ther will the open stairway connecting L6 and L7.

3.7 Methodology

The evaluation analysis of the building has been carried out based on the suggested
trial designs and the use of multiple computer programs and equations presented in

this section.
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3.7.1 RSET and Pathfinder

The RSET (Required Safe Egress Time) is calculated as:

RSE=Ty+th+tthrdtevac (3.1)

Where:

0 Time from ignition to detection of fire

o] Time from detectionf fire to notification of occupants (Notification
time)

o Time from notification to evacuation begins (fPfnevement time)

o] Time spent moving and queuing toward a place of safety (Evacuation
time)

The detection and notification time dapls on the type of detection (automatic or
manual detection) and will be determined as described in s&€@dnThe pre
movement time will bestimated baskon the function of the room and the type and

state othe occupants inside it.

In order to determine the evacuation time, Pathfinder software was applied to the
building. Pathfinder is an agent based egress and human movement simulator, whi
provides graphical user interface for simulation design and execution as well as 2D
and 3Dvisualization tools for resufinalysig46]. It is able to simulaténe evacuation
movement of many occupants from large, complex building structures. Two different
movement simulation modes are available in Pathfinder: Steering mode and SFPE

mode.

Steering mode offers the most realistic looking movement, as it is depemdenii-

sion avoidance and occupant interaction for the final result. Therefore Steering mode
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will also provide outcomes that are more similar to experimenta| @esalting in

faster evacuation timaéhanthose of the SFPE mode.

For the simulations beg made in this study, the evacuation simulations will lbe pe
formed in SFPE mode. SFPE mode utilizesdassumptions presented in 8i€PE
EngineeringGuide to Human Behavior in Fifd7], meaning thasimulation moe-

mentis controlled bydoor queus mainly, leading toutcomes that are similar to

hand calculBons. As forhand calculations based on the same set of SFPE gssum
tions, a boundary layer will be subtradfrom the egress componenkait in Palt-

finder this boundary layer only applies to the door width as the door queue is the main
controlling factor in the simulation. In hand calculations, boundary layers will also be
subtracted from stairways and cornidaidths provided that these actthe contrd

ling components in the given situation.

Pathfinder allows the designer to assign velocities anthpreement times to agents

in the model as either constants, uniform distributions, normal distributiong-or lo
normal distributions. It is also possible to assign different velocityfpreement

time profiles to different groups of occupants as well as appointing specific exits for

specific occupants to leave from.

The results of the simulation are presentedainous reports (Summary report, door
history, room history, occupants summary, occupant history) and in a 3D window, in
which the evacuation process is shown graphically. Pathfinder enables the designer to
get a complete view of the building and the pifaf the design of the buildirgpn-

cerning the evacuation movement of occupants.
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3.7.2 ASET and CFAST

TheAvailable Safe Egress Time (ASEW)II primarily be evaluated in a zone fire
model calledCFAST7.2.0.CFASTst ands for fAThe Consolidatec
Smoke Tr ans p ozotedire madel that grediats thewthermal environment
caused by a fire within a compartmented strucf4®g A fire compartment in a two
zone model consists of an upperake layer and a lower nonsmdkger, and a fire

will drive combustion products from the lower layer to the upper layer. The fwo la
ers have different characteristics,il@lthe characteristics within one layer aré-un

form, their evolutions being described by a set of ordinary differential equations also
known as the governing equations. These equations are derived from fundamental
laws of mass and energy conservatiom @s they are relatively simpl€FAST only
requires a few tens of seconds of CPU time on a typical computer, unlike Gemput
tional Fluid Dynamics models. Twoone models will predict temperature, species
concentration, layer interface height, visibility esgfinkler/detector actuation among

other characteristics.

In CFAST, several compartments can be built and connected to each other through
horizontal and vertical vents. Various fires can be placed in different compartments
with the main fire inputs beintipe heat release rate evolution, heat of combustion,
chemical formula for the fuel, fire area and soot and CO yields. The compartments
can be equipped with sprinklers, heat detectors, smoke detectors and mechanical ve

tilation.

Naturally, there are a nurabof limitations to zone fire models as they are comprised
of relatively large, horizontal zones with uniform characteristics, wexgerimental
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measurements in fire compartments show deviations from. Also, entrainment into the
plume, mixing at the soffiand any mixing between hot and cold layers must b& mo
eled by formulas incorporated into the zone model, and these formulas mag-be ina

curate[49].

The ASET itsdishall be determined based on the performance criteria developed in
section3.4, which dictate that the design of the building must meefoifeving ten-
ability criteria

a) A minimum smoke layer interface height of 2.2 m;
b) A maximum temperature of the lower layer of @5

c) A maximum temperature of the upper layer ofiZDO

Thus, when any of these criteria have been exceedeASET limit has been

reached.

3.7.3 Fire Dynamics Simulator (FDS)

Fire Dynamics Simulator (FDS) is a computational fluid dynamics (CFjet also
termed Afi el d more sbphistcaied thdnizandmodels.eWhile zone
models such a€FAST divide thevolume under consideration into a liedt number
zones, CFD models usevery large number of sumlumes known as cells. For each

of these cells, the basic laws of mass, momentum and energy conservatmn are a
plied. FDS is the most widely used CFD modlfire engineering, and it solvesn
merically a form of the NavieBtokes equations appropriate for lspeed, thermally
driven flow with an emphasis on smoke and heat transport fron]50g4DS po-

duces timevarying predictions of temperature, gas velocities, species concentrations

etc. on each subolume, yielding spatially distributed results.
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Input for anFDS model is moreamplicated to define than farzone modednd the
simulation is more timeonsuming. The output is alseoredifficult to treat, as it is
more comprehensive thaimat ofzone models. However, it can be used to solve more
complex fire problems of turbulefitow, combustion chemistry, radiation, and mass,

momentum and heat transfer at solid bound4&i¢k

For this research, FDS was employed for two purposes: Aasop studyor one

of the design firesn the ground floor, which is documented in Appendix B, and for
the modeling of the staircase shafts for the design fires on the upper floGFAES
appeared to yield incorrect results for the layer height femtfatter. The smallest

grid size applied was 100 mnvhile the largest was 400 mm.

FDS does not provide lumped values for zonesQkAST, meaning that the smoke
layer and temperatures are spatially distributed. Therefore, the FDS outcomes require
moretreatment than th€FAST outcomes, leading to mean values and standaiie dev

ations for FD30 beexamined.

3.8 System Performance Evaluation

The performancéased design processvery flexible and iterative. Albugh the
objectives and performance criteriavie already been determined in previous se

tions, they can be revaluated if it is deemed that a higher level of safety is necessary
after the first evaluation of design fires and trial designs. The framework for-perfo
mancebased design identified lllge SFPE Engineering Guide to Performance

Based Fire Protection (200T7%] allows for these iterations when the selected design

doesndét meet the performance criteria.
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3.8.1 ASET/RSET Analysis for Retail Space

3.8.1.1 CFAST Model

An example ofcalculation of theASET in CFAST s provided in Appendix B. The
entire ground story has been modele@FAST with all compartments as shown on
Figure3-16. Both stores are made up of their own compartments with no connections
to any other compartments. The back of the building is also one compartment that is

connected to the corridor commpment.

Figure 3-16: CFASTmodel of ground floor and smoke layer heights for differ@nt |
cations of the design fire at unspecified times.

The walls, floors and ceilings of tlrempartments are assigned to have charaeteri

tics equal to concrete. The characteristics are list@adle 3-6.

The simulations were executed with one of the doors open in each shop. The door

leading from the storage area to the corridor was modeled as open.
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Material Concrete
Specific heat [kJ/kg<] 1.04
Conductivity [W/mK] 1.8
Density [Kg/nT] 2280
Emissivity 0.9
Thickness [m] 0.1

Table3-6: Material characteristic§or the compartment boundaries.
In order to ensure the safety level of the ergheund floor, the design fire was
placed in different locations in separate simulations: In the smaller store, the larger

store and the storage area in the back of the building.
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Figure 3-17: Locatiors of design fires

3.8.1.1.1 Design Fire Inputs

As described in sectioBi4.1, the design fire shall have a fast fire growth rate
U=o0 . lksgwland a peak HRRf 2700 kW. As the main goal of this performance

based design is life safety of the occupants, the decay phase of the HRR evolution is
not considered to be of importance when evaluating the performanceaciitesi

simulation will run for DO s, resultig in the HRR plot shown iRigure3-18.
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Figure 3-18: HRRevolution forthedesign fire in the retagpace The constant peak
HRR contimes througbutthe 00 s long simulation.
The types of stores on the ground floor are not specified, making it difficult te dete
mine the expected type of fuel in the space. Therefore four different types af mater
als,which can all be found in common stores, have been tested in order to find the
most severe fuel type. Data from table A.39 and Andbe SFPE Handbodk?2] for

the four fuel types are listed irable3-7 below:

Material Polypropylene | Polystyrene| PMMA Wood
Chemical formula C3H6 C8H8 C5HB802 | C6H1206
Heat of combustion

43.3 39.7 25.2 13
[MJ/kg]
Soot yield [g/g] 0.058 0.166 0.022 0.015
CO yield [g/g] 0.024 0.06 0.010 0.005

Table3-7: Characteristics for dferent fuel types that will be tested in BEAST
model to determine the most conservative type of fuel for the design fire.

The evolution of the fire area (sBgyure3-19) was chosen conservatively and was

maintained for all four types of fuel. The maximum fire area i< 5which will be

reached when the peak HRR is reached.
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Figure 3-19: Evolution offire areafor the design fire. The peak area is & m

The CFAST simulations showed that the four fuel types yielded very similar results
concerning layer temperatures and smoke layer depths. However, as potystyren
showed slightly higher peak temperatures than the remaining fuels, polystyrene was

chosen as the main fuel typae the ground floor.
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Figure 3-20: Severity of fuel types.

88



3.8.1.2 Detection & PreemovementTime

The detectn (including notification) time depends the type of detectio(automé&

ic or manugdl and will be determined as described in secBidhl.1land3.6.1.2

Manual detection is assumed to happen once the smoke layer height falls below 5%
of the floorto-ceiling height, which on the ground floor is equal to Zr185According

to CFAST, the smoke layer height in the small shop reaches this height after 40 s,
resulting in a manual detection time of 40 s. The notification time is included in the
40s. The automatic detegah time is also calculated @FAST as smoke etectors

have beemmplemented irthe model. The smoke detector<dRAST will actuate

when an obscuration level of 14%/m is reached, as described in s26tibi2 This
obscuration level leads to an automatic detection time (notification ticheded) of

18s for the small shop.

The premovement time will be based @énStudy of Evaation from Large Retail
Storesby Shields and Boyc®3]. The mean prenovement time for the two stores

shall be 29 sec, which is the mean of the all the meampwement times measured

in the study. The standardwiation (SD) shall be 16 sec for each of the stores, which

is the mean standard deviation for the four stores examined in the study. The storage
room in the back of the building will mainly be occupied by staff. Therefore the
standard deviation will be reded by half to 8 sec, while the mean-prevement

time of 29 sec will be maintained.

Manual detection + notification time [s] 40
Automatic detection + notification time [s] 18
Pre-movement time [s] Mean = 29, SD = 22 (8 for storag

Table3-8: Detection and prenovement times for the small shop
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3.8.1.3 Evacuation Time

The evacuation time is found by human movement simulations in Pathfinder. All
rooms on the ground floor have been modeled alongexits and occupants. The
occupant density is set to 2.@/personand the average walking velocity is set to

1.17 m/s with a standard deviation of 0.22 m/s as defined in s&#ohhe pre
movement time of the occupants is incorporated into the Pathfinder model as normal
distributions rather than constant mean values. Therefore threquement time will

be included in the evacuation time.

Figure 3-21: Screenshot dPathfinder Evacuation Model

In order to optimize the widths of the exits, several simulations with varying door

widths have been executed. In these simulations, thmpvement tine was kept at

0 sec so that the effect of the increasing door widths could be seen as the exits became
wider. There are two exits in each store and both exits were incraabedsame

rate The results are shown lfigure3-22. As the exits become wider, the graphs fla

ten, which means that the queuing time by the exits is shortened. Thereforecthe eva
uation time is controlled by the distance thatdabeupants have to walk to the exit

rather than the time it will take to flow through the exit. When the doors in the small

90



shop are 200 cm wide and the doors in large shop are 240 cm wide, the queuing time

will be reduced significantly.

140
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Figure 3-22: Evacuation tims for the retail shops as dependent on exit widths.

The evacuation time will therefore depend more strongly on the velocity of the occ
pants. The evacuation process has been evaluatedaniting velocities. The velec

ties shown inTable3-9 are equal to the average velocity, and the average veloeity +/
two standard deviations. The evacuation timegemormal distributed pr@movement

times included.

Velocity [m/s] 0.73 1.17 1.61
Evacuation time [sec]
74 67 63
Small shop
Evacuation time [sec]
89 82 78
Large shop

Table3-9: Evacuation time for various constant velocities.

3.8.1.4 Evaluation of Trial Designs for Small Shop
The evaluation of trial designill initially be conducted for the small shaplely,

before the final design will be tried on both stores and the storage Tbemesults
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from sectior3.8.1.2and3.8.1.3for the upper and lower velocity values will berco

bined to the ttal RSETSs for the small store.

. Detection + .
Fire SE- Trial design Notification Premovem_ent pme ! RSET ASET AEIED
nario i Evacuation time RSET?
Manual detection, neprinklers 40 114 88 NO
Left store | Automatic detection system, no sprinkle 18 74 92 88 NO
Automatic detection, sprinklers 18 92 88 NO

Table3-10: RSETs and ASETs when the lower velocity fractile is used.

Detection +

Fire s@- . . e Premovement time 4 ASET >
o Trial design Notglniztlon Evacuation time RSET ASET RSET?
Manual detection, no sprinklers 40 89 88 NO
Left store | Automatic detection system, no sprinkle 18 63 70 88 YES
Automatic detectionsprinklers 18 70 88 YES

Table3-11: RSETs and ASETs when the uppocity fractile is used.

The first evaluation of the trial designs shows that a manual detection system would

not be adequate for aRSET. Therefore an automatic detection system is a necessity

for the design bthe story. It also showed thaffire suppression system in the form of
sprinklers wonét affect the ASET ii-n any si

vate before after 78ec.

3.8.1.5 Evaluation of Performance Criteria

The robustness of the performance criteria will have to be evaluated. If the smoke
layer depth or the temperature increases rapidly, the criterion will not be fully robust
as the environment will go from being completely safe to completely untenable in

only a matter of seconds. Therefore the time evolution of the smoke layer interface
height, the temperature of the upper layer and the temperature of the lower layer must

be examined.
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Figure 3-23: Time ewlutions of smoke layer height and temperatuféedashed
lines indicateperformance critga limits.

As Figure3-23 shows the performance criteria are not considered adequately robust:
The smoke layer interface height, the upper layer temperature and the lower layer
temperature all have a very steep geatlinat the time that the ASET is exceeded

Therefore the criteria will have to be-egaluated.

In order to assess the robustness of the smoke layer interface height and temperature
criteria, the ASET as dependent on the criterion value will be exdrfonelifferent

values of the fire growthateU, namely the initial growth rate +10%.0n the same

figure, the upper and lower values for the RSET (for the upper and flagglesof

the occupant velocity) will be plotted.
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Figure 3-24: ASETs vs. RSETSs for the small shop for each performance criterion.

RSET_upper and RSET _lower indicate the RSETSs for the upper and lower velocity
fractiles, while the ASETs represent various growth rates

Firstly, Figure3-24 shows that the controlling criterion is the smoke layer interface

height as the RSEIis well below any ASET for the temperatueriteria. Secondly,

the plots show that

the smoke |

ayer cr
RSETs iersect with the ASETSs for tremoke layer heights.

iter

To solve the robustness issue, either the ASET must be raised or the RSET lowered.

A method to do this is to further refine the inputs used when computing the
ASET/RSET such as the fire growth rate. Therefore the choice of a fire growth rate

value of 0.101 kW/swas further investigated by researching other papers defining
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fire growthratesfor retail spaces. D. Waret al.[54] define the design fire faetail

area as having a medium fire growth rate and little casuathile M. Nilsson et al.

[55] utilize an| -value ranked between a medium and a fast fire growth rate.arFhe p
per that was originally used ientify the fire growth ratg39] refers to a study eo-
pleted by Wright and Archer, which categorized occupancies in accordance with a
linear fire growth rate, also placing retail occupancies in the medium fire growth rate
category. Based upon these studies and the fact thatdivabpaper characterized

the fast fire growth rate as the 95%actile, making it a conservative value, a fire
growth rate of 0.101 kW#swill be considered a sufficient deterministic valuewHo

ever, afigure3-25shows, further refinement of the inputstsl needed in order to

achieve a satisfactory level of robustness fomgttoeind story design.
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Figure 3-25: ASETvs. RSETSs for the small shop for the layer height criterion.
RSET upper and RSET _lower indicate the RSETs for the upper and lower velocity
fractiles. The shown ASET is determined by the initial fire growth rate @f RVY/<.
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The premovement time should also beeealuated. Initially, the prenovement time
was incorporated into the Pathfinder model as a normal distribution and the RSET
was only varied for different occupant velocities. Instead the effects gélbeity

and premovement time distributions will be examined in separate plots. For this pu
pose Figure3-26 andFigure3-27 have been createxs they illustrate the RSET

generated from the mean velocity and-prevement time and how it varies with their

standardleviatiors.
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Figure 3-26: RSEE vs.ASETfor varied occupant velocity and mean m®vement
time.Alpha = fire growth rateSD = Standard Deviation.
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Figure 3-27: RSETs vs. ASH®r varied premovement time and mean occupasit v
locity. Alpha = fire growth rateSD = Standard Deviation.

Figure3-26 andFigure3-27 show that the main controlling factor is thepre

movement time as its range is much broader than the one of thiyel

3.8.1.6 Re-evaluating Trial Designs
The analysis performed show that the
level of robustness. Therefore new suggestions to the design of the building-are ne
essary. There are two variables that can be adjuste

a) The ceiling height;

b) The premovement time.

Increasing the Ceiling Height

Because the controlling performance criterion is the smoke layer interface height,
increasing the floeto-ceiling height is an effective means to meet the performance
criteria. When the ceiling height is increased, the ASET will also be incre&spade

3-28features the ASET for ceiling heights of 3.00, 3.25 and 3.50 m as dependent on
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the smoke layer criteria. The RS&for the various prenovement times are also-i

cluded.

The analysis indicates that the ceiling will hawdoe increased from 3.0 m to 3rbin
order to provide a sufficiently robust system. A 3.5 m high ceiling will allow 95 % of
the occupants to evacuate before the smoke layer falls below 2.4 m, providing the

remaining occupants with a time buffer to escape within from all compartments.

Realucing the Pranovement Time

In retail areas, the critical praovement times originate from activities such &s co
tumers putting clothes on in dressing rooms or finding a safe space for items that they

collected, so that they can go back &nd them laéer.

Therefore another option is to train the staff in the stores in fire sagtagement
enabling them to instruct other occupants in the stores to evacuate immediately upon
detection of the fire. This would significantly reduce the m@/ement timeincreas-

ing the distance between the ASET and the RSET plot lines. The actual effect on the
premovement time when occupants are being prompted by staff to evacuate cannot
be deérmined deterministically as researchhis area is very limited. Insteadst
estimated that the achieved level of fire safety and robustness of the building is equal

to the one that is attained when increasing théngdhileight to 3.5m.
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Figure 3-28: RSETs vs. ASETs for thiéferentdesign fires in the office aredhe
RSETgblack lines)are based on various piaovement times, while the ASKdol-
ored lines)depend on the ceiling height. The occupants move with mean velocity.

3.8.2 ASET/RSET Analysis for Office Floors (L1-L7)
3.8.2.1 CFAST Model

One regular office level was modeledGRAST. Reduced versions of the staircases
were modeled as well. The fire is located centrally by the front of the office space,

from where the smoke will spread throughout the space before exiting thihmugh
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open stairway doors. This will eventually lead to the staircases becoming untenable,
which will be examined in FDS. IBFAST, an ASET for the office space will be

determined.

The doors leading to the meeting rooms are also assumed open.
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Figure 3-29: CFASTmodel fora regular office floor. The smoldistributionat an
unspecified time is shown to the right. Doors are assumed open.

The walls, floors and ceilings of the elevator and staircasgartments are assigned
to have characteristics equal to concrete. The outer walls are defined as glass. The

characteristics are listed Trable3-12.

Material Concrete Glass
Specific heat [kJ/ke<] 1.04 0.84
Conductivity [W/mK] 1.8 1.05
Density [Kg/nT] 2280 2500
Emissivity 0.9 0.9

Thickness [m] 0.1 0.02

Table3-12. CFASTmaterial characteristics for the compartment boundaries on the
office floors.
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3.8.2.1.1 Design Fire Inputs

Three different fire scenarios will be executed for the upper floors. These scenarios
include severe fires originating:

1 Regular office furniture (desks, papers etc.);
1 A sofa;

1 Library content (shelves, books, etc).

The characteristics for the design fires are described in s&&d&for the office
design fires and sectidh5.4for design fires in the library. These characteristics are

listed inTable3-13.

Despn Fire Office furniture Sofa Library content
Fire growth rate [kW/3 0.016 (medium)|  0.1055 (fast) 0.047 (fast)
Peak HRR [kW] 3000 3000 2375
Material Wood/paper Polyurethane Wood/paper
Chemical formula CesH100s CosH4oN>06 CeH100s
Heat of Combustion

(M3/kg] 18.0 23.0 18.0
Soot yield [g/g] 0.015 0.200 0.015

CO yield [g/d] 0.005 0.050 0.005

Table3-13: Design fire characteristicfor the different fuel types on of office floors.

As the main goal of thiperformance based design is life safety of the occupants, the
decay phase of the HRR evolution is not considered to be of importance when eval

ating the performance criteria. The HRR plot is showikrigare 3-30.
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Figure 3-30: HRR evolutions for the different fuel types on the office floors.

The maximum fire area was chosen to be?3anall three fires. The fire area curves
will have the same shape as the HRR plots, reaching tieBthe same time as the

peak HRRis reachedremaining constant from that point.

3.8.2.2 FDS Model- Staircases

An FDS model has been created in order to calculate the ASET for the staircases on
the upper floors. In FDS, only the sofa fire scenario was examined as this would lead
to the most severe ASET. The tenability conditions in the staircase will have to be

below the performance criteria limits for as long as the occupants are evacuating the

office floor, for only in this period will the doors be assumed open.

Characteristics for materials are listedlamble3-14. The model consists of:
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1 All floor/ceiling surfaces: Concrete;

1 Walls surrounding the staircases and elevator: Concrete;

1 Outer walls: Glass;

1 Walls surrounding meeting rooms: Plasterboard
Material Concrete Glass Plasterboard
Specific heat [kJ/ke<] 1.04 0.84 0.84
Conductivity [W/mK] 1.8 1.05 0.48
Density [Kg/nT] 2280 2500 1440
Emissivity 0.9 0.9 0.9
Thickness [m] 0.1 0.02 0.02

Table3-14: FDSmaterial characteristics for the compartment boundaries on the o
fice floors.

The base of the fire is made of polyurethane with characteristicsTable3-13 for

the sofa fire. There is a space of 1.0 m between the outer walls and the boundaries of
the mesh. The mesh boundaries outside the building as well as the door openings at
the bottom of thetaircases have been designed as open surfaces. There are-no ope

ings in the outer walls of the building.

The pressurization of the staircases is matlblefour vents that release a mtsg
of 8 kg/s of air each. To account for all effects of the pressure, the FDS model co
tains three stories, as the fire strategy calls for three floors to evacuate when a fire is

detected.

There are three different grid sizes in the model:

1 10 x 10 x 1G&m: Aroundthe fire and in the staircases on the fire floor;
1 20 x 20 x 20 cm: The remaining volume of the fire floor;

1 40 x 40 x 40 cm: The two lower floors and the lower parts of the staircases.
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Figure 3-31: Screenshot of FDS model.

The layer heights and upper and lower temperatures will be measured with 40 layer
zoning devices in each of the staircases. The devices have been evenly distributed
with heights equal to floeto-ceiling heights of the top ftr. The values will thex-

fore be spatially distributed throughout the top of the staircase compartment.

The HRRPUA is set to 1000 kWfmwhich for a maximum fire area of 3mesults in
a peak HRR of 3000 kW. The flame spread rate is set to 5.7 mm/sintongroduce
a similar HRR shape as thomgpliedin theCFASTmodel. The HRR produced by
the FDS simulation is shown Figure3-32. The evolution of the smoke layer isvi

ualized inFigure3-33 andFigure3-34.
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Figure 3-322 HRR output produced by FDS.
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Figure 3-33: Smoke evolutiom the FDS office modeteen from the top
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Figure 3-34: Smokeevolution in the FDS office modeken form the side
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3.8.2.3 Detection & Pre-movementTime
The detection times were calculateddRAST. The maximum detection timéor the
three scenarios were as follows:

1 Office furniture: 67 s

1 Sofa:26s

91 Library: 45s
For the premovement time, the studgvacuation Time and Movement in Office
Buildingsby Proulx et al. was used as foundafi5@]. Based on this study, it isa

sumed that:

After 15 s, 15 % of occupants will have initiated evacuation;
After 30 s, % % of occupants will have initiated evacuation;

1
1
1 After 45 s, 75 % of occupants will have initiated evacuation;
1

After 60 s, 90 % of occupants will have initiated evacuation.

These premovement times are valid for the occupants on the fire flooro€@rpants

in adjacent compartmest30 s will be added to the listed pr@vement times.

3.8.2.4 Evacuation Time

Because the fire strategy requires that occupants on the fire floor plus the floor above
and below all evacuate when a fire is detected, all threesfleve been modeled in
Pathfinder. The 30 s extra pmeovement time for the occupant on the upper and lo

er floor are included in the evacuation time, meaning that the agents will stardevacu

tion 30 s later than the agents on the fire floor.
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The occupandlensity is set to 6.0 rand the average walking velocity is set to 1.17
m/s with a standard deviation of 0.22 m/s as defined in se&t®ithenormal disti-

bution of the velocity is therefore included in the total evacuation time.

Figure 3-35: Screenshots of Pathfinder Evacuation Model, office floors.
Figure3-36 shows the evacuation time as a function of the exit width, both doors and

stairways.
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Figure 3-36. Evacuation time as dependaott the exitvidths for the office area

Based on the data visualized ligure3-36, a door and stairway width of 1.60 m will

bemaintained. Thevacuation timédisted inTable3-15 does not include pre

movement timdor occupants on the fire floofhe velocities were normal distributed

in Pathfinder.

Velodty [m/s] 0.57 1.7
Evacuation time [sec] 37
Office area

Table3-15; Evacuation timdor the office floor for exit widths = 160 cm.

3.8.2.5 Evaluation of Trial Designs

Lzt + e Evacuation ASET >
Fire scenario Trial design Notification | movement] . RSET ASET
. . time RSET?
time time
] Automatic detection system, no sprinklg 185 YES
i : y 105p 67 60 37 164
furniture Automatic detection, sprinklers 185 YES
Automatic detection system, no sprinklg 115 NO
Sofa - - - 26 60 37 123
Automatic detection, sprinklers 115 NO
i Automatic detection system, no sprinklg 140 NO
Ly : y 10 5P 45 60 37 142
content Automatic detection, sprinklers 140 NO

Table3-16: ASETs andRSETs for the various design fire scenarios. The pre
movement time is the 90 percentage fraclilee velocity is normal distributed.
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The first evaluation of the trial designs shows that the desigreadffice floors is
inadequatas the RSET exceed the ASETsmme cases. It also showed tadire
suppression system in the form of sprinklers does not affect the ASET as the spri
klers do not actuate urntil

1 187 s for the sofa design fire;

1 239 s for the library design fire;

1 315 s fo office design fire.
The criterion to be exceeded first in the staircases was the layer height criterion in the
corner staircase. The mean smoke layer height fell below 2.2 m after 170 s for the

sofa design fire, which is above the RSET for the offica,aand therefore the fire

doors will have closed before the ASET in the staircase is reached.

3.8.2.6 Evaluation of Performance Criteria

The performance criteria have been evaluated for the sofa design fire as this is the
most severe scenario. The criteriontfog upper layer temperature is considered r
bust due to the flat rate of increase after thex2d® exceeded. The lower layemnte
perature and layer height criteria are less robust because of the rapid nates of i
crease/decrease. Since the layer heigiieicontrolling element in all the cases, only

this criterion will be reevaluated.
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Figure 3-37: Time evolutions of smoke layer height and temperatures for the sofa fire
scenario. Thelashed linesndicate performance criteria limits.

Because the temperatures measured in the staircases were notosdyére,spatik
ly distributed values for the layer heights in the staircase must be examined as well.

This will be dondoy mean®f standard deviatits

3.8.2.7 Re-evaluating Trial Designs

It has been determined that the design of the office floors in the building is net suff
ciently fire safe. It has al so beén determ
fect theASET and that optimization of the cleaidths of the exits has already been

achieved. As an alternative solution to decrease the ASET, the ceiling height of the

upper floors has been increased. The results have been compared with RSETSs for
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Time [s] (ASET & RSET)

different levels of pranovement time (the times for wdi 90%, 75% and 45% have

initiated evacuation). The outcomes are showrigure3-38.
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Figure 3-38: RSETs vs. ASETSs for the different design fire scenarios. The RSETs
(black lines)are based on various pmaovement times, while the ASKdslored
lines)depend on the ceiling height.

Based on the outcomes, an adequate level of fire safety can be achieved by either:

1 Increasing the ceiling height from 2.7 mto 3.1 m;

1 Increasing the dkng height from 2.7 m to 2.9 m and providing appropriate

staff with fire safety training, thus decreasing thep@/ement time.

When the ceiling height is raised to 3.1 m, 90% of occupants will most likely have

evacuated the building, while a safetyfeuis still available for the remaining 10%.
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Also, instructing appropriate staff, such as supervisors, with fire safety training,
teading them how to orchestrate evacuation of employees, a reduction of the pre
movement time can be assumed. This way9@% limit can be pushed down to the

75% limit, allowing for a smaller ceiling height increase to only 2.9 m.

3.8.2.7.1 Layer Height in Staircases

The layer height evolution in the cases of 3.1 m and 2.9 mtiteceiling heights are
depicted inFigure3-39 andFigure3-40 respectively. The plots include the meay la

er height in the staircase and the mean layer height plus two standard deviations. The
figures indicate that for a ceiling height of 3.1 m andr@, ®5 % of the layer zoning
devices measure a layer height above 2.2 m until 170 s and 141 s respectively. The

maximum RSET for a 60 s praovement time was 135, which both ASETSs in the

staircase exceed.

Mean
Mean + 2xSD
- -=22m

Layer height [m]

0 T T T T T 1
0 50 100 150 200 250 300
Time [s]

Figure 3-39: Layer height evolutioin the staircase, when the ceilihgightis 3.1 m
The FDS outcomes are sfaly distributed, so the medayer height and the na@
layer height plus two standard deviations are specified.
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Figure 3-40: Layer height evolution in the staircase, when the ceiling height is 2.9 m.

The FDS outcomes are spatially distributed, so the mean layer height and the mean
layer height plus two standard deviations are specified.

3.8.3 ASET/RSET Analysis for Basement Floors (BB2)
3.8.3.1 CFAST Model
One of the car park levels was modele@€PAST. The openings between the parking
area and the staircase are all open, meaning that the smoke will move fronkthe par
ing area through the smalhfeyy compartment located before the staircase, before
ending up in the staircase itself. Therefore three different ASETs must be determined:
1 An ASET for the parking area;
1 An ASET for thesafetycompartment between the parking area and the stai
case;

1 An ASET for the staircase.

The vehicle ramp has been modeled as a large opening to the outside. The design fire

is located centrally in the parking space.
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Figure 3-41: CFASTmodel & one basement level. Théhide ramp is modeled as an
opening. All doors between the parking area and the staircase are assumed open.

3.8.3.1.1 Design Fire Inputs

As described in sectio®l5.1, the design fire shall have:

T Aslow fire growth rate U=0 . 0 0°3'5 8

1 A peak HRR of 9854 kW.
As the main goal of this performance based design is life safety of the occupants, the
decay phse of the HRR evolution is not considered to be of importance wham eval

ating the performance criteria. The HRR plot is showirigare3-42.

10000

HRR [kW]
:

0 I 1 1
0 500 1000 1500 2000

Time [s]
Figure 3-42. HRRevolution for a vehicle design fire.
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A vehicle consists mainly of the polymers polypropylene, polyurethane and nylon.
Their respective heat of combustion values ranga 24.7 MJ/kg to 44.0 MJ/kg

[33]. The three polymers have all been testeRAST, and it was determined that
nylon produced the most severe conditions in the model. The relevant promerties f

nylon are listed iMable3-17 below.

Material Nylon
Chemical formula CosH4oNoOg
Heat of combustion [MJ/kg] 24.7
Soot yield [g/g] 0.03
CO vyield [g/g] 0.08

Table3-17: Properties for the fuel used in the vehicle design fire.

The maximum fire area (s€ggure 3-43) was chosen to fit the floor area that a car
fills out. The maximum fire area is 6°nwhich will be reached more quickly than the

peak HRR. The fire is located 0.5 m above the floor.

Basement fire: Area (m*®)
T T

(%)

(=]
1

1 1 |
0 500 1000 1500

Figure 3-43: Evolution of fire area for the vehicle design fire. The peak area i 6 m
and is reached faster than the peak HRR.
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3.8.3.2 Detection & Preemovement Time

The automatic detection time is calculate@CiFASTto 22 s.

Because the basement is connected to the office floors, the sameyement times
as assumed for the office floors in sectionill be applied. However, only the 60 s
during which 90% of occupants will initiate evacuation will be used in the RSET

analysis, resulting in a constant pr®vement time.

3.8.3.3 Evacuation Time
The entire basement compartment has been built in Pathfinder with Z&atcon
each level. This way, the effect of the queuing time in the staircase is accounted for,

as the fire strategy for the building posits that both floors evacuate.

The evacuation time is found by human movement simulations in Pathfinder. All
rooms orthe ground floor have been modeled along with exits and occupants. The
average walking velocity is set to 1.17 m/s with a standard deviation of 0.22 m/s as
defined in sectio®.2 Evacuation times based on the mean velocity and the mean

velocity ++ 2 standard deviatiawill be examined.

Figure 3-44: Screenshot dPathfinderBasemenmModel
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Figure3-45 shows the evacuation time as a function of the exit width, foothoors

and stairways.

120
@ 100 T~
. \
£ g B1 parking area
c
o -—B1 safety comp.
§ 60 \\ ——B2 parking area
S —B2 safety com
3 40 \ . Yy p.
- —Staircase
20 T T T 1
80 90 100 110 120
Door width [m]

Figure 3-45; Evacuation time as dependent on ewtdths.The sfety compartment
is the compartment between the parking area and the staircase.

Based on the data visualized leigure3-45, door and stairway widgof 1.10 m will
be maintained. The evacuation process has been evaluated with varyoigegelo
The velocities shown iffable3-18 are equal to the average velocity, and the average
velocity ++ two standard deviations for exit widths equal to 1.10 m. The evacuation

timesin Table3-18 does not include presnovement times.

Velocity [m/s] 0.73 1.17 1.61
Evacuation time [sec]
. 34 30 29
Parking area
Evacuation time [sec]
58 48 40
Safety compartment
Evacuation time [sec]
. 135 87 74
Staircase

Table3-18: Evacuation time based on the mean velocity and the velocities two
standard deviations away.
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3.8.3.4 Evaluation of Trial Designs

The results from sectioband3.8.2.4for the upper and lower velocity values will be

combined to the tal RSETs for the small store.

DEIEBIT = Pre Evacuation ASET >
Fire scenario| Trial design Notn_‘lcatlon moyement e RSET ASET RSET?
time time
) Automatic detection system, no sprinklg 150 YES
Parking aread - - - 22 60 34 116
Automatic detection, sprinklers 150 YES
Automatic detection system, no sprinklg 210 YES
Safety comp/| - - - 22 60 58 140
Automatic detection, sprinklers 210 YES
Automatic detection system, no sprinklg 345 YES
- - - 22 60 135 217
Automatic detection, sprinklers 345 YES
ble3-19: RSETs and ASETs when the lower velocity fractile is used.
Detection + Pre '
. . . . e Evacuation ASET >
Fire scenario Trial design Notn_‘lcatlon moyement e RSET ASET RSET?
time time
i Automatic detection system, no sprinklg 150 YES
Parking ared| - - - 22 60 29 111
Automatic detection, sprinklers 150 YES
Automaticdetection system, no sprinkle 210 YES
Safety comp/| - - - 22 60 40 122
Automatic detection, sprinklers 210 YES
Automatic detection system, no sprinklg 345 YES
- - - 22 60 74 156
Automatic detection, sprinklers 345 YES

Table3-20: RSETs and ASETs when the upper velocity fractile is used.

The first evaluation of the trial designs shows that the design of the basement is ad

guate when the floeto-ceiling height is 2.75 m. It also showed than aguppre-

sion system in the form of sprinklers does not affect the ASET as the sprinklers do

not actuate before after 262 sec.

3.8.3.5 Evaluation of Performance Criteria

Figure3-46 shows the time evolution of the temperature and smoke layer height in

the basement. As the plots show, the temperature criteria are far from the benc
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marks, while the layer height falls rapidly below its tenability limit. Consequehi

layer height criteria will need to be examined further.
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Figure 3-46. Time evolutions of smoke layer height and temperaturesddstesd
lines indicate performance criteria limits.

3.8.3.6 Re-evaluating Trial Designs

In order to verify the robustness of the basement, the design was exposed to a fire
with a fire growth rate twice as high as the initial one (from 0.00358%//s

0.00716 kW/9). The outcome is two different ASETs which will be held agatmest

RSETs depending on the velocity of the occupants.

The plots inFigure3-47 indicate that the design of the basement allows for occupants

to evacuge in adequate time, while still providing an extra safety buffer before the
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layer heightperformance criterion is exceeded. This is the case for both the expected

severe design fire and for the design firedwatdoubled fire growth rate.
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Figure 3-47: RSETs vs. ASTs for the different areas on in the basem&he RSETs
(Black lines)are based on variousccupant velocitiesyhile the ASETE&olored
lines)depend oriire growth rate Alpha = Fire granth rate. SD = Standard deviation.

3.8.4 Structural Integrity

The performance criteria for the structural integrity of the building is that it must be
preserved in the basement, ground floor ahtlabr for at least 380 minutes and 170

minutes for the remaining upper flooiihese numbers are based on the time it takes
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for the fire to burn out, which is calculated using a time equivalence formula. The

calculations are conducted in Appendix A.

Fireresistance ratingypically rangefrom 30 min. to 4 hours. The 380 min are equal

to more than 6 hours, which is thus outside the spectrum of fire resistance ratings.
Instead, the maximum value available is chosen. Subsequently a fire resistance rating
of 4 hours (240 min.) for the basement levels, the ground floor and' fleodis re-

quired. For the remaining upper floors-LZ, the fire resistance rating provided must

be 3 hours (180 min.).

3.9 Final Design

A PerformanceBased Design process has been eteztfor the highrise office

building, resulting ira final design of the building. Firstly, the building and occupant
characteristics were described before the goals, objectives and performance criteria
for the building were established. The only goaltfas PBD was life safety, which

the building has thus been designed for. The most severe design fires for the different
occupancies in the building were identifiédllowed by an evaluation of trial designs

for each type of occupancy: The car park bas#nthe retail ground floor and the

upper office floors.

The PBD execution was an iterative process. After the first round of trial designs, the
performance criteria were thenvisited and reevaluated in order to ensure the r
bustness of the design.tke trial design passed the initial performance criteria, but
failed the reevaluated ones, then the trial designs also had to be rethoughtdsefore b

ing assessed by the new performance crit€éha.initial trial designs involved egress
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provisions, adjustents of cleaexit widths and implementation of fire safety features
such as automatic detection and fire suppressibile the second trial designs could

also include enhancement of ceiling heights and reductions-tfgwed activity.

For the basemeffibors, one solution was developed, while two different solutions

were generated for the ground and upper floors.

3.9.1 Basement Levels (BiB2)
The final design of the basement levels consists of:

1 One exit leading to one exit staircase as visualizegigure3-48. Both exit
doors have a clear width of 1.10 m, which is equal to an actual door width of
1.40 m.

The stairways have a clear width of 1.10 m.

A fire compartment between the parking area and the staircase is required.

|

H

Figure 3-48: Floor plan of lkasement

Exit signs must be placed at a height of maximum 2.20 m.
Automatic detection system with O sec notification delay is required.
Structures must have a fire resistance rating of least 4 hours.

No fire suppression or smoke control systems are required.

= =/ =4 4 -

A minimum floorto-ceiling height of 2.75 m is required.

123



Thisfinal design of the basements yields the following safety factors for a mean

walking velocity and the 90% fractile of the prevement time:

RSET | ASET Safety
[s] [s] factor
Parking area 113.5 150 1.32
Safety Comp. 131 210 1.60
Staircase 217 345 1.40

Table3-21: Safety factors of the basement floor.

3.9.2 Ground Floor
The final design of the ground floor consists of:

1 EXxits as visualized oRigure3-49. Doors heights are 2.00 m.

1 All walls that are visible on the floor plan &igure3-49 must be compa#r

ment walls.
ya
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\202 cm Exit '/ 240 cm Exit

LA LA

Figure 3-49: Floor plan of ground floor. Exit widths are shown.

Exit signs must be placed at a height of maximum 2.20 m.
Automatic detection system with O sec notification delay is required.
Structures must have a fire resistance rating of at least 4 hours.

No fire suppression system is required.

= =2 4 A

Stairwell pressurization shall be provided.
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1 One of the following options arequired:
0 Increasing theeiling height from 3.0 m to 3.5.
o Provide the retail staff with fire safety trainittgatwill enable them to

instruct occupants to evacuate immediately upon notification.

This final design of thground flooryields the followingsafety factorsn Figure3-21

for a mean walihg velocity and the 9% fractile of the pranovementime:

RSET | ASET Safety

[S] [s] factor

Small store 66 104 1.58
Large store 92 134 1.46
Storage room 47 87 1.85

Table3-22: Safety factors of the ground floor.

3.9.3 Upper floors (L1-L7)
The final design of the upper floofis1-L7) consists of:

1 EXxits as visualized oRigure3-50, with clear widths of doors and stairways
equal to 1.60 m (Actual widths = 1.90 m). Doors heights are all 2.0 m.
1 No partial compartmentation on any floor, except foraleator and sted

ca® shafts.
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Figure 3-50: Floor plan of regular office area.

Biidie

1 Exit signs must be placed at a height of maximum 2.20 m.
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Automatic detection system with O sec notification delay is required.
Structures must hava fire resistance rating of at least 4 hours on Htilodr,
and 3 hours on the remaining upper floors.
No fire suppression system is required.
Stairwell pressurization shall be provided. Bmeoke control system must be
sized based ondpen doors.
1 One of the following options are required:
o0 Increasing the ceiling height from 2.7 m to 3.1 m.
o Increasing the ceiling height from 2.7 m to 2.9 m, while providjmg a
propriate gaff with fire safety training thawill enable them to instruct

other occupants tevacuate immediately upon notification.

This final design of thepper floorsyields the following safety factors for a normal

distributed walking speed, and the 90% fractile of thenpogement time:

RSET | ASET Safety
[S] [s] factor

Office area 123 140 1.14

Table3-23: Safety factors of office floors.
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Chapt&xedLuti on of Prescriptive

The purpose of this chapter is the application of prescriptive codes to the building.
Prescriptive codesom three different countries will act as the foundation for the
applications, resulting ithree diverse buildign designs thawill serveas benchmarks

for an adequate level of fire safefyhree benchmarks are examined as there is no
universal adequatevel of safetyThe countries and respective main life safety codes
in question are:

1 Australia (AU): TheBuilding Code of Australia (BC57]

1 USA: NFPA 101 LifeSafety Cod¢58]

1 England (UK): Approved Document B/ol. 2,Buildings other than
Dwellinghouse$ADB) [60]

The various national codes are used in order to obtain a fuller picture of thelmetho
ologies utilized and provisions set by prescriptive codes. Examining three different
codes rather than just one will enhancedbmprehension of prescriptive methods
and what an adequate level of fire safety is. Me¢hods may include determination

of minimum number of exits and clear widths, allowed maximum distance of travel,

fire safety systems requirements, defining occupansities etc.

Firstly, the three codes will be applied, starting with the Australian codes, followed
by the American codes and terminating with the English codes. Afterwards, a brief
comparison of the structures and methodologies of the codes will becteddfd-

lowed by a comparison with the Performaiidased Desigiprocess and solution
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4.1 AU

4.1.1 Principal Building and Occupant Characteristics

4.1.1.1 Principal Building Characteristics

Building characteristics

Occupancy Class 74 car park (B1 and B2)
Class 6 Retail (Ground)
Class 5 Office (L1to L7)
Minimum Type A

construction
type

(not a large isolated building)

Floor plan

BUILDING 6 BASEMENT CARPARK

<,|:, vehicle ramp

] —

vehicle ramp
rj i
fm

max 20 m travel distance

<5

™

Umow Lai M.ABC-0102 10-02-2017 WP
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BUILDING 6 GROUND

N
Back of House
~
== =
; ¥ RETAIL
L e
26 m (max 30 m)
RETAIL travel to exit
Carpark
e A ES
Umow Lai M.ABC-0102 10-02-2017 WP
BUILDING 6 Levels 1 to 7 (typical)
|- |- - |- ) (- )
P19 21 2% 20 g
< g1 Jf B
u
Loo] R = -~
Z o e
% : /ZOmmaEavel :bl_‘ﬁd:jQ
distance to exit :gl—uq:j@
ﬁ Fo T
o oo
1=  I—
i [S]a]s[=] ﬂ j ﬁ

Umow Lai M.ABC-0102 10-02-2017 WP

NB:
Level 1 also contains a library (half the floor area)

Levels 6 and 7 are interconnected by an internal open stairway

Height

Rise in Storiei 8
Effective Heighti 24.9 m
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Floor-to-floor height
1 Basement 3.0 m
1 Groundi 3.9 m
1 Levelslto8 3.5m
Floor-to-ceiling height
1 Basement (floor to soffi) 2.5 m
1 Groundi 3.0 m
1 Levelslto8 2.7m
All doorwaysi 2.0 m

Width i
Stairways,
doors

Stairway width = 1.2 m
Clear width of stairway (minus handrails) = 1.0 m

Clear width of all doors = 750 mm

Construction
materials

Car park level:
1 Concrete walls
1 Concrete floors
Ground, Levels 1 to 8:
1 Reinforced concrete frame construction.
1 External walls Doubleglazed curtain wall construction
1 Internal walki Timber studs at 600 mm cergdmed with
10 mm standard plasterboard on each side
Floors and roof 200 mm reinfoced concrete slabs
Ceilingi Standard 10 mm plasterboard
Internal wall lining to common areas (cdars, stairway,
lift lobby) T Pine

Openings in
external walls

Curtail walls
1 Double glazed aluminum framed 6 safety glass
1 Located at 3 m distance away from side and rear bound:
1 Spandréprotection to all external openings with 9@@n

upstand and 600 mm downstand.
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Shop front

1 Single glazedluminumframed 10 mm safety glass

Location

Building located in a CBD area.

Closest fire brigade station located 3 km away.

Table4-1: Building characteristics.

4.1.1.2 Occupant characteristics

Characteristic

Number and
distribution

Basement (Cgpark):
1 1 person per 30 m2, (BCA Table D1.13)
1 25 persongloor

Ground (Retail):
1 1 person per 3 m?, (BCA Table D1.13)
1 169 persons/floor

Levels 1 to 8 (Offices):
1 1 person per 10 m?, (BCA Table D1.13)
1 total 62persons/floor

State

Assume aware and awake while they are in the building.

Level of asss-
tance required

Mobility and disability is representative of the general papul

tion.

Emergency
training

Assume thaoffice and retail stafis trained in appropriateca
tions during an emergency, such that they are aware obexit
cations and appropriate responses to alarm systems. It s a
priate to establisan Emergency Management Orgaatian
within the tenancy and provide staff trainingaiccordance with
AS3745 to facilitate evacuation.

Familiarity

Expect that occupants the office areas to be familiar with the
location of all exits and procedures to be taken during a fire

event.

Table4-2: Occupant characteristics.
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4.1.2 Fire Safety System

4.1.2.1 Introduction
The building design is compliant with respect to the DtS fire safety provisfons

Parts C, D and E of the BOA7].

4.1.2.2 Fire Resisting Construction and Compartmentation
1 The building has a rise in stes of 8 and is of Type A construction.
1 The building structure is constructed of fire resistance walls,dlamumns
and beams having the minimum Fire Resistance Levels (FRL) asecky
the BCA. (Specification C1.1, provisid@l, table 3).

o Car park (basement)
A Loadbearing elements 120/120/120

0 Retail (Ground):
A Loadbearing elements 180/180/180

o Office(Levels 1 and 8):

A External walls
1 Loadbearing part 120/60/30
1 Nonloadbearing par/-/-

A External columns
1 Loadbearing 126/-
1 Nonloadbearing/-/-

A Floors, other internal loadbearing elements:
1 120/120/120

A Shaft wall
1 Loadbearing 120/90/90
1 Nonloadbeaing -/90/90

A Roof 120/60/30
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1 The openings (curtain walls) in the external walls the building are located 3 m
from side or rear boundaries (section C3.2a).

1 Spandrels or horizaal projections are constructeaseparate the openings in
the external walland have an FRL of 60/60/60 (section C2.6a).

1 All stair doors are seitlosing firerated doors having an FRL g60/30 (se-
tion C3.4a, C3.8a).

1 Penetrations through fire rated elements are protected in accordance with
Specifiation C3.15 using an approvegited system, e.g. penetrations fpr h
draulic service pipes, mechanical, ducts electrical conduits etc.

1 Materials used in the building comply with Clause C1.10, C1.12 and/or-Spec

fication C1.10 as applicable.

4.1.2.3 Access and Egress

1 Each ground level retail @a has its separate exit that discharges directly to
the outside (section D1.2b).

1 The upper levels are served by one fire isolated stairway located centrally in
the building (section D1.2b, D1.3b).

1 The camark levels are served by two exits: the stairaag the vehicle ramp
(gradient 1:8) (section D1.2c, D1.10c).

1 The ascending and descending star flights are separated (section D2.4).

1 The clear width of the stairway is 1.0 m (section D1.6).

1 The maximum distance of travel in the office letel the singleexit is 20 m

(section D1.4c).
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I The maximum total travel distance to exit is 30 m for the retail area and 20 m
in the car park level (section D1.4c).

1 The maximum distance between alternative exits in the car park is less than 60
m (section D1.5c)

1 The lift isnot used for evacuation during fire emergencies.

1 The open stairway connecting Levels 6 and 7 is not used for egressgsurpos

4.1.2.4 Fire Services & Equipment
1 Smde detection and alarm systemc@pant Warning System) is installed
throughout building (sectionZ2, table E2.2& buildings not more than 25 m
in effective height).
1 Heat detectors are installed in the car park level.
1 A cause and effects matrix trmtmmarizeshe main alarm inputs and thefr e

fects on building services is providedliable4-3.

Alarm activation Evacuation Fire brigade call | Lift homing
device out

Smoke or thermal | Sound alarm No No
detector throughout building

Table4-3: Occupant warning system, fire brigade call out and lift homing matrix.

1 Fire hydrant coverage is provided in accordance with BCA Clause E1.3 and

AS24192005.
1 Fire extinguishers are providéaroughout (section E1.6).
1 Fire hose reels are provided throughout (4 m from stair door) (section E1.4).

1 EXxit signs must be installed above each door providing direct egress (section

E4.5).
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4.1.2.5 Maintenance and Management in Use

1 Exits, fire hose resland fire extinguisher cabinets acelte kept free from
any storage or obstructions. This shall be checked every 6 months and records
shall bekept on site.

1 Thestaff will have a level of fire and evacuation training. Therefore, an
Emergency Manageme@rganizationmust be established in@rdance with
AS37452010

1 Management procedures will be implemented to ensure that the exits are
available and that the exit paths are free (i.e. no object impeding/blocking
egress). If locks are required at exits for patient safety, the locking meohanis
will need to comply with clause D2.21 of the BCA. A mechanism is also to be
provided that allows nursing staff to access bedrooms from outside @hen r

quired.
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4.2 USA

4.2.1 Principal Building and Occupant Characteristics

4.2.1.1 Principal Building Characteristics

Buildi ng characteristics

Occupancy Storage NNFPA 101Chapter 42) Car park (B1 & B2)
Mercantile, subclass BNFPA 101Chapter 36) Ground floor
BusinessIFPA 101Chapter 38) L1to L7

Minimum con- New building
struction type | High-rise building NFPA 101Chapter 11.8)
Construction Type Il (222)

Separated occupancies

Floor plan
BASEMENT CAR PARK

<=

% i

>

“_ Max 20 m travel distance

\\\\ to exit
AN
AN
N

\\
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GROUND
I
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15 m travel distance
to exit
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|
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M{TV I .
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18 m travel distance
to exit

L1tL7

11.5 m between exits

ﬁ

[T

b

JANAI

2 ot o

Level 1 also contains a library (half of the floor area)

Levels 6 and 7 are interconnected by an internal open stairw

Height Rise in storie- 8
Height to topfloor - 24.9 m
Height of buildingi 28.4 m
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Floor-to-floor height:
1 Bl1&B2-3.0m
! Ground-3.9m
f L1toL7-3.5m
Floor-to-ceiling height:
1 B1 & B2 (floor to soffit)i 2.5 m
! Groundi 3.0 m
1T LltoL77 2.7 m
All doorwaysi 2.0 m

Width 1 Stair-
ways, doors

Stairway width- 1.450 m
Clear width of stairway (minus handrails1.250 m
Clear width of exit discharge doors in stays i 970 mm

Clear width of remaining doois810 mm

Construction
materials

The building is classified as ordinary hazard in acance with
section 6.2.

Car park level:
1 Concrete walls

M Concrete floors

Ground & L1 to L8:
M Reinforced concrete frame construction.

1 External wallsi Doubleglazed curtain wall constructior
1 Internal wallsi Timber studs at 600 mm cers lined
with 10 mmstandard plasterboard on each side
1 Floors and roof 200 mm reinforced concrete slabs
1 Ceilingi Standard 10 mm plasterboard
Internal wall lining to common areas (caors, stairway, lift,
lobby) - Pine

Openings in &-
ternal walls

Curtain walls
1 Doubleglazed aluminum framed 6 safety glass

Shop front:

1 Single glazed aluminum framed 10 mm safety glass
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Location

Building located in a CBD area.

Closest fire brigade station located 3 km away.

Table4-4: Building characteristics.

4.2.1.2 Occupant characteristics

Characteristic

Number and
distribution

Basement (Car park for offices):
1 46.5 nf/iperson (NFPA 101 table 7.3.1.2)
1 17 persons/floor

Ground (Mercantile, sales on street floor)
T 2.8 nf/person (NFPA 101 table 7.3.1.2)
1 182 persons on ground floor

L1 to L7 (Business use)
T 9.3 nf/person (NFPA 101 table 7.3.1.2)

1 67 persons/floor

State

Assumethat the occupants aasvare and awake while they are
the bulding.

Level of asss-
tance required

Mobility and disabilityof the occupantis representative of the

general population.

Emergency We assume that employees and supervisory personnel in thg

training mercantile and business areas are periodically trained in-apf
priate actions during an emergency and the usertdipe extn-
guishers.

Familiarity Theoccupants of the office areasefamiliar with the location of

all exits and procedures to be taken during a fire event.

Table4-5: Occupant characteristics.
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4.2.2 Fire Safety System

4.2.2.1 Introduction

The building design is compliant with respect to the NFPA 101 Life Safety Coele pr

visions of chapters 4, @, 8, 9, 10, 11, 36, 38 and {&B] and NFPA 5000 Building

Construction and Safety Code provisions of chapters 33 af0]1

4.2.2.2 Fire Resisting Construction and Compartmentation

1 The building is aigh-rise structure with 8 stories and is of type Il (222)-co

structon (NFPA 5000 table 7.4.120].

1 Allfloors in the building are constructed as smoke barmeeccordance with

section 8.5 (section 8.6.1).

1 The building structure is constructed of fire resistant walls, floors, columns

and beams having the minimum Fire Resistance Rating as required by NFPA

220[59].

1 Minimum fire resistance ratings for type 1l (222) from NFPA 220 table 4.1.1:

(0]

O O O O o o

Exterior bearing walls: 2 hours

Interior bearing walls: 2 hours

Columns: 2 hours

Beams, girders, trusses and arches: 2 hours
Floor-cdling assemblies: 2 hours
Roof-ceiling assemblies: 1 hours

Nonbearing walls: O hours

1 All openings in fire réed elements (except in the smddeerier separating the

basement and the ground floor) are protected in accordance with section 8.3.4

and table 8.3.4.2 (section 8.3.4.1, 36.1.3.2.2, 38.1.3.2.2).
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4.2.2.3 Access and Egress

T

Each of the ground level mercantile areas are served by two exits asdaequir

by section 36.2.3.2

The basement is served by one exit only. A single means of egress from the
basement is permitted by section 42.2.4.1(2) as the exit can be reached within
30 m (table 42.2.5).

The open stairway connecting L6 and L7 is not used fassgourposes.

Two separate exits from each business floor as required by section 38.2.4.1(2).
The maximum travel distance in the mercantile area is 250 ft (76 o) in a
cordance with section 36.2.6.2.

The maximum travel distance in the business area ist30Q M) in accax-

ance with section 38.2.6.3.

The maximum travel distance in the car park is 200 ft (61 m) (42.8.2.6.1).

The vehicle ramp in the basement serves as a means of egress as permitted by
section 42.8.2.2.6.1(3).

Two means of egress serve thedmsnt as required by section 42.8.2.4.1.

The minimum nominal width of the stairs including the handrails is 1120 mm

in accordance with table 7.2.2.2.1.2(B), while it is 1450 mm due to theicapac

ty of one staircase in accordance with section 7.3.3.2 is:

7elvel s x 67_104e6r+sz‘$41evel
= ] 1

1

—

> 0 2 Y. =Wri 4 .=2 4i50 mm

8

All doors swing inthe direction of egress travas$ required by section

7.2.1.4.2.
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1 The minimum width of exit discharge doors in the stairways is 970 migt in a
cordance with section.2.1.2.3.2(9).

1 The minimum width of the remaining doors is 810 mm as required by section
7.2.1.2.3.2.

1 The minimum distance between two exits, exit accesses or exit discharges is
14 m on the ground floor and 11.5 m in the office areas in accordance with
section 7.5.1.3.3.

1 The lift isnot used for evacuation during fire emergencies (section 9.4.1).

4.2.2.4 Fire Services & Equipment

1 The building is protected throughout by an approved automatic sprinkler sy
tem in accordance with section 9.7.1.1(1). A sprin&tertrol valve and a a+
terflow device are provided for each floor (section 11.8.3.1).

1 Both vertical exit stair enclosures are smokeproof enclosures in accordance
with NFPA 5000 section 11.2.8heaning that the staircases are pressurized
(NFPA 5000 section®3.1).

1 Both stair enclosures include fire doors tested under positive pressare in a
cordance with NFPA 252 (NFPA 5000 section 33.3.3.2).

1 The building is protected throughout by a class | standpipe system im-accor
ance with section 9.7 (section 11.8.3.2).

1 A fire alarm system using an approved emergency voice/alarm comanunic
tion system is installed in accordance with section 9.6 (section 11.8.4.1).

1 A two-way telephone communication service is provided for fire department

use in accordance with section 11.8.4 and 11.8.4.2.2.
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1 Emergency lighting in accordance with section 7.9 is provided (section
11.8.5.1).

1 Marking of means of egress in accordance with section 7.10 is proviaed (se
tion 36.2.10, 38.2.10, 42.8.2.10).

1 Portable fire extinguishers are provideddtighout the building in the me
cantile and office areas (sectigr36.3.5.3 &38.3.5)

1 Emergency actions plans complying with section 4.8 are provided in the

building in the mercantile and office areas (sedi86.7.1 &38.7.1).

4.2.2.5 Maintenance and Managementn Use

1 Employees in the retail area shall be periodically trained in appropriate actions
during an emergendp accordance with section 4.7 and instructed in the use
of portable fire extinguishers (section 36.7.2).

1 Employees and supervisory personnehia business area shall be perioldica
ly trained in appropriate actions during an emergency in accordance w#th se
tion 4.7 (section 38.7.3).

1 Designated employees in the business area shall be periodically instructed in
the use of portable fire extinguishé¢section 38.7.2).

1 When the fire alarm is initiated, it shall activate a genaeaimin the building
in order to notify the occupants and the fire department shall be notified (se

tions 38.3.4.3 &38.3.4.4).
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4.3 UK
4.3.1 Principal Building and Occupant Characteristics

4.3.1.1 Principal Building Characteristics

Building characteristics

Occupancy Group 7(b)i Car park (B1 & B2)
Group 4i Shop and commercial (Ground)
Group 3i Office (L1 & L2)

Minimum con- Refer to sectiod.3.2.2

struction type (Buildings other than dwellinghouses)

Floor plan BASEMENT CAR PARK

| j
| &
Max 22 m travel distance

@ to exit
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NB:
Level 1 also contains a library (half of the floor area)
Levels 6 and 7 are interconnected by an internal open stairw

Height Rise in storie- 8
Height to top floor 24.9 m
Height of buildingi 28.4 m
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Floor-to-floor height:
! B1&B2-3.0m

1 Ground-3.9m
M L1toL7-3.5m

Floor-to-ceiling height:
1 B1 & B2 (floor to soffit)i 2.5 m

M Groundi 3.0m
T L1tolL77 2.7m

All doorwaysi 2.0 m

Width 1 Stair-
ways, doors

Stairway width- 1.2 m

Clear width of stairway (minus handrails1.0 m

Clear width ofdischargedoors in stairways 1850 mm
Clear width of doors on B1, B2 and ground floo#50 mm
Clear width of doors on L1 tb7 i 850 mm

Construction
materials

Car park level:
1 Concrete walls
1 Concrete floors
Ground & L1 to L8:
1 Reinforced concrete frame construction.
1 External wallsi Doubleglazed curtain wall constructior
1 Internal wallsi Timber studs at 600 mm cers lined
with 10 mm standard plasterboard on each.side
1 Floors and roof 200 mm reinforced concrete slabs
1 Ceilingi Standard 10 mm plasterboard
1 Internal wall lining to common areas (corridors, stairw
lift, lobby) i Pine.

Openings in -
ternal walls

Curtainwalls
91 Double glazed aluminum framed 6 safety glass
Shop front:

1 Single glazed aluminum framed 10 mm safety glass
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Location

Building located in a CBD area.

Closest fire brigade station located 3 km away.

Table4-6: Building characteristics.

4.3.1.2 Occupant characteristics

Characteristic
Number and | Bl to B2 (Car park, 14 parking spaces/level):
distribution 1 2 persons/parking space (AD&ble C1)
1 28 persons/level
Ground (Shop sales area):
T 2 nf/person (ADBtable C1)
1 254 persons on ground floor
L1 (Half library/half office)
T 7 nflperson (Library, ADBable C1)
T 6 nf/person (Office, ADBable C1)
1 97 persons/level
L2 to L7 (Offices)
T 6 nf/person (ADBtable C1)
1 104 persons/level
State Assumethat occupants a@vare andwaake while they are in the
building.
Level of asss- | Mobility and disabilityof the occupantis representative of the ge
tance re- eral population.
quired
Emergency | The employers of the shops and the office areas are responsibl
training fire safety duties in accordance with The Regulatory Reform (Fi

Safety) Order 2015. They are assumed to be trained in appropr
actions during an emergency. They are responsible dotding
staff with fire safety managemetraining and that fire safety sy

tems are maintained.
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Familiarity Expectoccupants of the office areas to be familiar with the locat

of all exits and procedures to be taken during a fire event.

Table4-7: Occupant characteristics.

4.3.2 Fire Safety System

4.3.2.1 Introduction

The building design is compliant with respect to The Building Regulations 2010 fire

safety provisions listed in the Approved Document B Volurf@02 and The Regak

tory Reform (Fire Safety) Order 2005 of parts 1 affRRFS) [61]

4.3.2.2 Fire Resisting Construction and Compartmentation

T

Both stairways and the lift are protected within a-fesisting enclosure
(compartment walls) (section 4.32 & 8.7).

The floor above theasement and the floor above the ground floor ame co
partment floors (section 8.11).

The walls surrounding the shopping areas are compartment walls (section
8.18).

The compartment walls are extended up through the roof for a height of 375
mm above the topurface of the adjoining roof covering (section 8.31).

All openings through fire separating elements are protected by sealimg (ope
ings for pipes) or fire dampers (openings for ducts) (section 10.2 & 10.9).
All joints between fireseparating elements aiectstopped (section 10.7)

The building structure is constructed of fire resistant walls, floors, columns
and beams having the minimum Fire Resistance Rating as requirga by A

proved Document B (table A1 & A2).
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1 Minimum fire resistance requirements of elemsen

o Structural frame, beam or column & loadbearing walls,

A Basement: R 90
A Ground floor: R 90
A L1-L8: R 90
o Floors & compartment floors: REI 90/90/90
o Compartmentwalls: REI 60/60/60
0 Protected shafts: REI 90/90/90
o External walls: RE 90/90 & REI 15
0 Roofs: REI 30/30/30
o Firefighting shatfts: REI 120/120/120
o Fireresisting construction (wall between shop and storage): REI
30/30/30
o Cavity barriers: El 30/30
o Ceilings: El 30/30
o Ducts: El 30/30

1 Allfire doors (the doors in the stairways) are fitted vatbelfclosing device
(Appendix B, section 2).

1 Minimum fire resistance of door in terms of integrity: FD 30S

4.3.2.3 Access and Egress
1 Each of the ground level shops have two separate exits that discharge directly
to the outside.
1 The upper levels are served by tiire isolated stairways.
1 The basement is served by one exit only.
1 The minimum number of escape routes/exits in the car parking esed ba

number of occupants is(Table 3)
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The minimum number of escape routes/exits in each of the tws bheed

on rumber of occupants is 1 (Table 3), but there has to be two exits due to the
requirement of maximum travel distan@able 2)

The minimum number of escape routes/exits in the office area baseden nu
ber of occupants is 2. (Table 3)

The maximum travel distece in the shop area for more than one direction is
45 m in accordance with section 3.5.

The maximum travel distance in the office area for more than one direction is
45 m in accordance with section 3.5.

The maximum travel distance in the car parking &weane direction is 25 m

in accordance with section 3.5.

Escape routes in the same room aiiect5more apart in directions where it is
possible (section 3.9).

The minimum width of the escape routes and exits in each of the tworshop a
eas is 750 mm (seoh 3.18, table 4)

The minimum width of the escape routes and exits in the office areas is 850
mm (section 3.18, table 4)

The minimum width of the escape routes and exits in the car parking area is
750 mm (section 3.18, 3.21, table 4)

The minimum clear witth of the corridor on the ground floor is 750 mmc{se
tion 3.18, table 4).

The minimum clear width of the final exits in the stairways is 1803 mro- (se

tion 3.18, table 4).
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1 Refuges are provided on each floor inside the central stairway in accordance
with secion 4.7. An area of 900 mm x 1400 msraccessible to a wheelchair.
The wheelchair space does not reduce the width of the escape route inside the
stairway (section 4.9).

1 The minimum clear width of both the stairways (between the handrails) is
1000 mm fronthe ground floor and up. The minimwlearwidth for the
stairway leading from the basement to the ground floor is 1000 mm (section
4.15).

1 All doors open in the direction of egress (section 5.14).

1 The lifts are not used for evacuation during fire emergsnsection 5.39).

1 The open stairway connecting L6 and L7 is not used for egress purposes.

4.3.2.4 Fire Services & Equipment

1 The building is provided with an electrically operated fire wagripstem
with manual call poinsites adjacent to exit doors (section 1.29). The fire
alarm system complies with BS 5832002 (section 1.30).

1 The meeting rooms in the office areas are defined as inner rooms id-accor
ance with section 3.10. Therefore all of the office area is fittéu avi aub-
matic fire detection and alarm system to warn the occupants in the meeting
rooms of the outbreak of fire (section 3.10 iii).

1 The basema and the storage area the ground floor is provided with ao-a

tomatic fire detection system (section 1.36).
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1 All refuges in the stairway on each floor is identified by a fire safety sign an
a blue signieeped| éRedbugeection 4. 10).
communication system is providedalt refuges (section 4.11).

1 The stairways are protected bgraoke control system designed in accordance
with BS EN 121036:2005 (section 4.20 and 4.21).

1 Both stairways and the car park are provided with escape lightning (section
5.36).

1 All escape routes are marked by emergency exit signs (section 5.37).

1 The basemdrns provided with a system of mechanical ventilation in acor
ance with section 11.6.

1 The lift is designed as a firefighting shaft with a firefighting lift (section 17.2).
The firefighting shaft is provided with fire mains with outlet connections and

valves at every story (section 17.12).

4.3.2.5 Maintenance and Management in Use
1 The responsible persons of the fire safety duties are the employers of the
shops on the ground floor and the employers of the office RRESsection
3). The responsible persons in thelding must ceoperate with each other in
order to comply with the requirements listed bel®RESsection 22).
1 The responsible persons must:
o Ensure that the building is equipped with firefighting equipment, &re d
tectors and alarm&fRFSsection 13).
o Ensure that escape routes and exits are kept clear at all RRES$ec-

tion 14).
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Establish procedures such as safety drills to be followed in the evest of s
rious danger to occupantRRRFSsection 15).

Ensure that any facilities, equipment and devpresided for fire safety

are object to a suitable system of maintenance and are maintainad in eff
cient state, in efficient working order and in good refaRESsection

17).

Appoint one of more competent persons to assist her/him in undertaking
the prevative and protective measures mentioned in this section (section
18).

Provide her/his employees with comprehensible and relevant information
on the risks to them, the preventive and protective measures and-+the pr
cedures following an event of dangRRFSsection 19).

Ensure that her/his employees are provided with adequate safety training

(RRFSsection 21).

4.4 Comparison

The application of the three prescriptive codes from Australia, USA and Ukhas r

sulted inthree very different building desigrdemonstrating that there is no universal

benchmark for an adequate level of fire saf€tye Verification Method can therefore

not be benchmarked against a general prescriptive set of requirements, andewill ther

fore primarily be assessed against one Sptascriptive codes, mainly the Austral

an. It is not only the outcomes of the three codes that vary from one another though,

as the structures of the codes also diffansiderably from each other.
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The most comprehensive of the three codes is by éaftherican code, NFPA 101.

NFPA 101 is very specific in its requirement$fering explicit limits and regulations

For instance, NFPA 101 outlines directions for any occupancy category imaginable in

both existing and new editions, while Approved Docuni(APB) only differs le-

tween dweillinghouses, flats and everything else. This comprehensiveness also means
that NFPA 101 is the one of the three codes that expects the least of the ersgineer u

ing it. Despite its gener sstsofpravigibns@m t nes s,
be puzzling to apply as well, as it can be difficult to assign prescriptive rulemto co

plicated buildingstructures

While NFPA 101 idong andconcrete, the British ADB is more flexible and short.

E.g. when NFPA 101 requires thhetbuilding is fitted with a sprinkler system, ADB
doesndt necessitate sprinkler systems, but
should be installed. This flexibility demands a certain level of skills by the engineer,

but unlike NFPA 101 and the Auatian BCA, ADB provides examples and figures

that are practical as guidance for the engineer.

The BCA is also short, but more explicit than ADB. The BCA commences with a
long list of general performance requirements, before presenting the D&emed
Satigy provisions. In addition tethe DtS provisions, the BCéffers a verification

method for avoiding fire spreas well in case the DtS requirements cannot be met.

4.4.1 Comparison of Outcomes
A distinctive difference between the BCA design and the two oihénge number of

required exits. The BCA only requires one single exit for any area in the building,
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while NFPA 101 and ADB requires tvaxitsfor the all the grounfloor areasand

upper floorsHowever, étermination of the maber of exits i9ased on awpant

load and maximum distance of travel for all three codes. ADB generally specifies the
highest occupant loads, often notably higher than the other two codes, while-the lo
est distance of travel value is found in the BCA. Despite the inferior numbgitef

the BCA also allows the narrowest door with. The BCA and ADB require the same
stairway width, while NFPA entails a slightly wider stairway. All three codes agree

that elevators should not be used for egress purposes.

The floorto-ceiling heightsn the building have been determined by either tie d
signer or the stake holders, but codes in all three countries allow for lower heights,
resulting in a more unsafe environment in the context of fire events. The hesight r

guirements are as follows:

T USA:2032 m (66866) for the car park and
of the building. This is governed by The International Building and Reside
tial Code[62].

1 UK: 2.0 min stairways and for egress rouad otherwise unlimitedrhis is
governed by Approved Document[B3] and Approved Document [B0].

1 AU: 2.0 m for stairways, 2.1 m for car parks, 2.4 m for the remaining parts of

the building.This is governed by the BC|&7].

While Australia requires the highest fletm-ceiling heights, they are still all below

the heights chosen by the designer.
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The UK design of the building has notably lower values for the fire resistance ratings
thanthe AU and USA building designs, which generally agree about thesfire r

sistance ratings for this particular building. Likewise, ADy requires the floors
between occupancy categories to act as compartments (the floor above and below the
ground floor) while all floorsthat separate stories accordind\iBPA 101 must be

smoke compartment3hese points indicate that ADB generally provides the weakest

structural requirements for fire safety.

The three codes have very dissimilar provisions regardingdugment of the bud+

ings. NFPA prescribes sprinklers for the entire building as the only code to do so.
Neither NFPA nor BCA suggest any smoke control systems, while ADB requests
both a mechanical ventilation system in the basement and a smoke catenl By

the staircases. Meanwhile, ADB is the only code to not require automatic fice dete
tion in the retail space. The UK and USA designs resulted in emergency lightning in
the staircase and basement, while the AU and USA design provides portabte fire e
tinguishers and standpipe systems. Despite these differences, all three codes agree
that any staff in the building must receive appropriate fire safety training, but NFPA
101 is the only code to demand that the fire department is directly notified apon d

tection of fire.

4.4.2 Comparison to the Performancebased Design

The Performane8ased Design solution represents another benchmark foean ad
guate level of safety, although it differs fundamentally from the prescriptive design
solutions. Some of the differeres between the thegrescriptive designs ankt

PDB are monumental. The dissimilarities are especially outspoken for the clear
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widths of the exit provisions, the required fldorceiling heights and the firef

sistance ratings. Generally, in order tongdy with the performance criteria for the

PBD, exit widths much greater than those appointed by the prescriptive codes are
necessary. In addition to the wider exits, higher ceiling heights are needed, meaning
that not only will the occupants take moreeito get through the exit components;

they will also have less time available before the space becomes untenable.cFhe stru
ture itself is also weaker for the prescriptive designs, as the fire resistance ratings are
verylow compared to thoder the PBD. hese fundamentdlifferences indicate that

the prescriptive codes fail to provide a sufficigrdafe fire safety design of the kil

ing due to under design.

The undeniable advantages of the prescriptive codes are the fast application process
and the laclof uncertainty of complying with the performance requirements. The
Performancéased Design process requires a high level of skills of the fire safety
engineer, which means that a PBD method can be undertaken by fewer persons than
the prescriptive code ntetd. Nonetheless, the reduced design time period and the
accessibility of the prescriptive codes should not be chosen at the expense-of an a

ceptable fire safety level.
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Chapte&xexution of Verification

In this chapterthe Verification Methd will be applied to the buildingAs a part of a
calibration study by the Fire Protection Association Australia (FPA Aust{é44,)

the company Umow Lai has aldy applied the Verification Method to the building
that was designed using the Australian prescriptive codes in order to verifytthe ou
come. In this report, the design scenarios and assumptions for the bugdend h
ready been proposed and analysigthe ASETs and RSETSs for the design scenarios

have already been carried out.

Firstly, a summary of the original FPA report will be providedthe purpose of the
final critique of the Verification Method. An evaluation of the results of the report
and thebuilding desigrwill follow the summarylf the application of the VM reveals
that the building does not comply with the performance requirements, an alternate
design of the relevant parts of the building will be proposed before an additional

evaluation ly applying the Verification Method will be conducted.

5.1 Summary of Report

In the FPA study, 26 design scenarios were developed. The author described mode
ing assumptions, methodologies and assumed sequences of events before computing
the scenarios and compag the results to the BCA designed building. In the foilo

ing section, a summary of those assumptions and results will be provided.

The RSET and ASET manual calculations, equations, references, formulaenand sa

ple calculations are deribed in detail ilAppendix D and Appendix .E
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5.1.1 General Assumptions

The assumptions listed below for manual calculations and zone modelsmnare
whatequal to those made by FPA in their report. However, some of the assumptions
have been transformed slightly so that they match the assumptions mtwteréor

evaluation othe building design.

5.1.1.1 Manual Calculations (RSET)

No | Assumptions

1 Type A occupants.

2 In the office, storage and car park area, occupants are awake, alert and fan
with the building.

In the retail area, occupants are awake, alert and unfamiliar with the buildin

3 Mobility and disability is representative of the general population

5 | OccupancyCar park (baement): 25 persons per levatail (ground): 169 pe
sons per level;ffice (L1-L7): 62 person per level.

6 Density:Car park (basement): 1 person per 30 netail (ground): 1 person per
m?; office (L1-L7): 1 person per 1607,

7 Estimated enclosure are&@ar park (basement): 500°mmetail (ground): 350 fi
office (L1-L7): 575 nf.

14 | The maximum horizontal travel distance is determined from the building isp¢

cations and drawings.

16 | The dimensions of stair riser anais treadareequal to 178 mm and 279 mm,
respectively (k = 1.086 = 0.95 m/s).

17 | The maximum vertical travel distandg{,) is determined as the sum of the-di
tance to be travelled along the stairs. According to the building specification
drawings, the flight length is assumed to be 3.10 m, the landing length 1.20

Occupants need to cover 2 flights and 2 landings in order to descend 1 leve

18 | The lifts are not used for evacuation during fire emergencies. Only fire isola
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No

Assumptions

stairways are uskfor egress purposes. The open stairway connecting the ofj
level 6 and 7 is not used fegress purposes. The vehiclenpain the car park is

not used for egress purposes.

19

The evacuation time from the space is evaluated as the greater betwaae th

taken to travel to an exit (horizontal travel) and the flow time

Table5-1: Assumptions for manual RSET calculations.

5.1.1.2 Zone Modeling (ASET)

No

Assumptions

1

The geometry of buildings and compartmentsmaogeleled according to the bakl

ing specifications and drawings.

Each compartment is modeled with adiabatic surfaces.

Smoke detection and alarm syssfimccupant warning system) are installed
throughout the building at a distance below the ceilingtomm. Heat detectors
are installed in the car park.

1 Heat detectorsRTI= 30 m’s” Ta= 57°C, Radial distance = 4.2 m

T Smoke detectors: Optical density at alarm = 0.1'4 Radial distance = 7 m

Design fire characteristics:
M Fastts q u ar e d 0.047 kW) up 10 flashover
1 Peak Heat Release Rate (HRR) = 20 MW
1 Soot Yield = 0.07 kg/kg (préashover fire)
1 Heat of Combustion = 20 MJ/kg
9 Radiative Fraction = 0.35

Fire is modeled away from walls and corners.

The surfacarea of the fire isnodeled ainearly increasing up to the peak hea
release rate, from a minimum aréa,f) to a maximum area\ay), defined a-

cordingto the compartment dimensionsxénple inFigure5-1).

The base of the fire is located at 0.5 m from the floor level.

10

All fire and smoke doors fitted with satfosers are latched and closed.
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No

Assumptions

11

No failure of selclosers of stairs dosy except irthe fire scenarios RC1RC5S,

12

No failure of automatic detection and occupant warning systgroept in the fire
scenarios RC® RC10.

13

No smoke leakage through the stairs doors and the staircase represents a |

egress route, exceptihne fire scenarios RC1RCS.

14

The staircases are modeled as independent compartments, connected thro

door openings.

15

As defined by NCC 2019 Fire Safety Verification Method SectionTh6,ASET
tenability parameters measured at a height of 2abaove floor level, are:

a) An FED of thermal effects greater than 0.3.

b) Conditions where, due to smoke obscuration, visibility is less than 10

except in rooms of less than 106 where visibility may fall to 5 m.

16

The FED thermal tenability criteria talculated as the time to experiencing pg

due to convected heat accumulated per minute for fully clothed subjects.

17

The visibility tenability criterion is calculated assuming ligetiecting signs,

which occurs at an aerosol mass concentration (@pmrfoximately 0.3 g/f..

Table5-2: Assumptions for zone modeling calculations for ASET.

Fire Hear Release Rate [MW]

w
o
n
o

——Fire Heat Release (HRR) 45
25 Rate 40
35
20 o
30 &
©
15 25 0
20 g
10 15 iL
5 10
5

o
o
o

200 400 600 800 1000
Time [s]

Figure 5-1: Example of fire heat release rate (HRR) and fire ageawvth implems-

tation intoCFAST(CF 2 fire scenaria Challenging fire in retail area)
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5.1.2 BE17 Fire blocks exit on a typical office floor level

BUILDING 6 Levels 1 to 7 (typical)
A B = -
G | B
/" distance 1o ext T
ESE:
| =

Figure 5-2: Location of design fire in the BE1 scenario.

Thisscenari o hasndét been analyzed as there i

evacuate the building. Therefore no ASET/RSET analysis has been carried out.

5.1.3 UT117 Fire in a storage room in a typical office level

5K o
52 15

A
—

TR

QI_L i
Fire occurs in — '

storeroom
(2.1m x 4.5 m) % ool

: ¥
ENEE

Figure 5-3: Location of design fire in the UT1 scenaride fire occurs in a storage
room.
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Assumed sequence of evemccording to the FPA report:

No. | Event Assumptions Comments

1 Fire starts in a storag Building fully occupied. A sensitivity analysis
room at the center of| Fire starts in storage room | may be required to
a typical office floor | (2.1 m x4.5 m) and the bas( determine whether a
(seeFigure5-3) of the fire is 0.5 m above | fire occurring within a

floor level. lower level is worst or
Fire grows at fasttate. better than oneazur-
Storeroom fire load density| ring at a higher level.
= 1800 MJ/m2

2 Smoke detector a@et | Smoke detector in the sto | Detection time dete
vates and warning | age room is 25 mm below | mined via fire mode
sounds throughout th the ceiling and will activate | ing.
building. at 0.14/m optical density.

3 Smoke spreads to | Storage room door fully Rate and quantity of
office area through | open (no seltloser). smoke spread is dete
open door. mined via fire mode

ing.

4 All occupants in the | 60 sec pranovement actiwv
building prepare to | ty time.
evacuate

5 All occupants cm- Travel speeds and flow ratg Evacuation timeseat
mence movement at | as assumed in evacuation | termined via evaa+
the same time and | modeling. tion analysis.
move into stairway of
out of the building.

6 Evacuation paths in | Conditions of the egress | Conditions are dete
building affected by | oaths monitored at various | mined via fire modee
the fire. locations along the egress | ing and checked

path. against tenability cré-
ria.

7 Stairway doors on all| Stairway doors open during Queuing time dete

floor open while o-
cupants move or
gueue at stairwa
entries.

evacuation

mined via evacuation
analysis.
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No. | Event Assumptions Comments
8 Smoke spread into | Travel speeds and flow rate
stairway and other | as assumed in evacuation
parts of building via | modeling.
open stairway doors
9 Evacuation paths in | Conditions of the egress | Conditions are dete

building affected by
the fire.

paths monitored at various
locations along the egress
paths.

mined via fire modee
ing and checked
against tenability cré-
ria.

Table5-3: Assumed sequence of events according to the FPA report.

5.1.4 UT2 - Fire in a storage room in a retail area

BUILDING &

-

GROUND

™

storerocom

Fire occurs in

S

Carpark
antry
ramp

(2.1m x 4.5 m)

RETAIL

RETAIL

/

4 {max 30 m)
/ fravel to exit

AT LA

Figure 5-4: Location of design firén theUT2 scenario The fire occurs in atorage

room.

Assumed sequence of e¥gaccording to the FPA report:

No. | Event

Assumptions

Comments

1 Fire starts in a storag
room at the back of a
retail area on the
ground floor (see

Figure5-4)

Building fully occupied.

Fire starts in storage room
m x 3 m) and the base of th
fire is 0.5 m above floor
level.

Fire grows at fasttate.
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No. | Event

Assumptions

Comments

2 Smoke detector aet
vates and warning
sounds throughout th
building.

Smoke detector in the sto
age room is 25 mm below
the ceiling and will activate
at 0.14/m optical density.

Detection time dete
mined via fire mode

ing.

3 Smoke spreads to | Storage room door fully Rate and quantity of
retail area through | open (no seitloser). smoke spread is dete
open door. mined via fire modee

ing.

4 All occupants in the | 60 sec pranovement activ
building prepare to | ty time.
evacuate

5 All occupants cm- Travel speeds and flow ratg Evacuation timeset
mence movement at | as assumed in evacuation | termined via evaa+
the same time ah modeling. tion analysis.
move into stairway of
out of the building.

6 Evacuation paths in | Conditions of the egress | Conditions are dete

building affected by
the fire.

oaths monitoreat various
locations along the egress
path.

mined via fire modee
ing and checked
against tenability crét-
ria.

Table5-4: Assumed sequence of events according to the FPA report.

5.1.5 CS1i Fire in ceiling space

BUILDING &

Levels 1 to 7 (typical)

Tl

i
B

o | BER
] Bl
£ il

Fire occurs in
ceiling space

T
e

Figure 5-5: Location of design fire in the CS1 scenaribe fire occurs in the ceiling

space.
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Assumed sequence of etgmccording to the FPA report:

No. | Event Assumptions Comments

1 Fire starts in a ceiling Building fully occupied.
space within a typical Fire grows at fasttate.
office floor (seeFig-
ure5-5)

2 Smoke detectaaci- | Smoke detector within dei | Detection time dete
vates and warning | ing activates at 0.14/m apt | mined via fire mode
sounds throughout th cal density. ing.
building.

3 Occupants in the 60 sec prenovement activ
building prepare to | ty time.
evacuate.

4 All occupants cm- Travel speeds and flow ratg Evacuation timeseat
mence movement at | as assumed in evacuation | termined via evaa+
the same time and | modeling. tion analysis.
move into stairway of
out of the building.

5 Evacuation paths in | Conditions of the egress | Conditions are dete

the building affected
by the fire.

paths monitored at various
locations along the egress
path.

mined via fire modee
ing and checked
against tenability cré-
ria.

Table5-5: Assumedequence of events according to the FPA report.
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5.1.6 CF1i Challenging Fire in Car Park

BUILDING 6

BASEMENT CARPARK

~ .
< vehicle ramp
o —

vehicle ramp

iTa

max 20 m travel distance

Figure 5-6: Location of design fire in the CF1 scenario in the basement.

Assumed sequence of events according to therepét:

No. | Event Assumptions Comments

1 Fire starts in a car Building fully occupied.
near the stairway on | Fire startdn a car and the
the B2level (sed-ig- | base of the fire is 0.5 m
ure5-6). above floor level.

Fire grows at fasttate.

2 Smoke spreads withil Stairway door is closed. Rate and quantity of
B2 and into B1 smoke determined via
through car ramp. fire modeling.

3 Thermal alarm in car| Thermal alarm in car park | Activation determined
park activates and | located 7 m from fire 25 mn via fire modeling.
warning sounds below theceiling and will
throughout building. | activate at 5x%C.

4 Occupants in the car| 30 sec pranovement actiwv

park prepare to eca
uate.

ty time for B2 and 60 sec fo
B1.
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No. | Event

Assumptions

Comments

The occupants evae
ate through the stai
way and fully open
the stairway door
during evacuation.
Stairway door is
closed after occupant
have moved through
them.

Assume thaall of the ocu-
pants use the stairway for
evacuation and not the ram

Duration of the door
being opened is date
mined from evacuatior
analysis.

Quantity of smoke flow
through opa door is
determined vi fire
modeling.

6 Fire in car park co-
tinues to grow.

Car park load density = 90(
MJ/n? (to check).

Max HRR is 20 MW.

No failure of the building
structure occurs.

Fire may grow to
flashover or become
ventilation or fuel In-
ited asdetermined by
the fire modeling.

7 Evacuation paths in
the building affected
by the fire.

Conditions of the egress
paths monitored at various
locations along the egress
path.

Conditions are dete
mined via fire mode
ing and checked
against tenability cré-
ria.

Table5-6: Assumed sequence of events according to the FPA report.

5.1.7 CF2i Challenging Fire in Retail Area

BUILDING &

Back of House

GROUND

™o

Carpark
antry
ramp

RETAIL

s

RETAIL

)

6 m (max 30 m)
vel 1o axit

AT LA

Figure 5-7: Locationof the design firen theCF2 scenarioon the ground floar
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Assumed sequence of etgmccording to the FPA report:

No. | Event Assumptions Comments
1 Fire starts in retail Building fully occupied.
area (se€igure5-7). | Fire grows at fasttate.
Fire load density = 900
MJ/n
2 Smoke detector in | Smoke detector iwcated 7 | Detection time dete
retail area activates | m from the design fire, 25 | mined via fire modee
and warning sounds | mm below the ceiling and | ing.
throughout the buil- | will activate at 0.14/m opt
ing. cal density.
3 Occupants in the 60 sec prenovement activ
building prepare to | ty time.
evacuate.
4 The occupants irhe | Exit doors in retail areas ar¢
retail area evacuate | not fitted with a selclosure.
directly to the outside
throughtheexit in
front of the retail ae-
as.
The exit doors in the
retail area are left
open.
5 Evacuation paths in | Conditions of the egress | Conditions are dete

the building affected
by the fire.

paths monitored at various
locations along the egress
path.

mined via fire mode
ing and checked
against tenability cré-
ria.

Table5-7: Assumed sequenoéevents according to the FPA report.
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5.1.8 CF3, CF4 & CF571 Challenging Fires in office area

BUILDING & Levels 1 to 7 (typical)

SR

Figure 5-8: Location of design fire in the CF3, CF4 & CF5 scenarios on the office
floors.

Assumed sequence of etgmccording to the FPA report:

No. | Event Assumptions Comments

1 Fire starts in an officg Building fully occupied.
area (CF3, CF5) or | Fire grows at fasttate.
library (CF4) (see Fire load density for CF3
Figure5-8). and CF5 = 570 MJ/fn
Fire load density for CF=
2250 MJ/m.

2 Smoke detector in | Smoke detector is located 7 Detection time dete
retail area activates | m from the design fire, 25 | mined via fire modie
andwarning sounds | mm below the ceiling and | ing.

throughout the buil- | will activate at 0.14/m opt
ing. cal density.

3 All occupants in the | 60 sec pranovement activ
building prepare to | ty time.

evacuge.

4 All occupants com- Travel speeds andbiv rates | Evacuation timeselt
mence movement at | asassumed in evacuation | termined via evaat
the same time and | modeling. tion analysis.

move into stairway of
out of the building.
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No. | Event

Assumptions

Comments

5 Staimway doors on all
floors open while
occupants move or
gueue at stairway
entries.

Stairway doors open during
evacuation.

Queuing time dete
mined via evacuation
analysis.

6 Smoke spread into
stairway and other
parts of building via
open stairwayloors
(CF5 smoke also
spread from L6 to L7
via the floor void
containing open
stairway)

Travel speeds and flow rate
as assumed in evacuation

modeling.

(CF5 assumgoccupants do
not use the open stairway f
evacuation purposes)

7 Evacuation paths in
thebuilding affected
by the fire.

Conditions of the egress
paths monitored at various
locations along the egress
path.

Conditions are dete
mined via fire modie
ing and checked
against tenability cré-
ria.

Table5-8: Assumed sequence of events according to the FPA report.

5.1.9 RC1-RC107 Robustness Check

The intention of the robustness check is to make sure that a failure of a critical part of
the fire safety systems will not result in the building design not metttengequired
level of fire safety. Therefore the design fire in this scenario will have the same cha
acteristics and location as the design fire in thes€#narios. In addition to this, a fire
safety system will be assumed to malfunction for each dR@scenarios:

1 RC21-RC5: Failureof selfclosers of stairway doors;

1 RC6 RC10: Failure ofutomatiadetection and occupant warning system.
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5.1.10SSi Structural Stability Check

The structural stability of the building is calculated using the-tiopgvalent formud

for full burnout desigtires proposed by the VM. Then the results were compared
with the fire resistance levels of the structural elements in the area. Therefore the SS

scenario does not require an ASET/RSET analysis.

5.1.11IS27 Fire Spread involving Internal Finishes

The required performance criteria for the lining materials within the building will
depend on their location within the building. The design scenario is passed, when the
provision of linings is in compliance with the BGAtS provisions. An

ASET/RSET analysis is not required for this scenario.

5.1.12HS1 & HS27 Horizontal Fire Spread

HS1 deals with a fully developed fire in the office area near an external wall. This fire
emits a heat flux to and over a boundary located 3 m into an adjacent préperty
emitted heat flux is calculated and kept below heat flux limits set by the VM in order

to prevent fire spread to adjacent properties via radiation.

The HS2 scenario refers to a fully developed fire in an adjacent property, which can
spread to the blding through radiation. The heat flux emitted to the boundary from
an assumed opening located 3 m into the adjacent property is calculated. This heat

flux must be lower than the limits presented in the VM.

An ASET/RSET analysis is not required foetHSscenarios.
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5.1.13VS1 Vertical Fire Spread

It must be demonstrated that the building6

not contribute to excessive vertical fire spread. The expected method to comply with

this scenario is to use suitable materials spetified construction features that are

required to limit vertical fire spread.

5.1.14FI1 7 Fire Brigade Intervention

In order to comply with this scenario, the Australasian Fire and Emergency Service

Aut horities

Counci l

6s

Fi r eapBiedi lgyadditien,d nt er v e

list of facilities for firefightingfacilities must be provided in accordance with the VM.

An ASET/RSET analysis is not required for this scenario.

5.1.15Results

In all, 27 design scenarios in the building were identified and analpjzegnmary

of the results from the FPA report is provided able5-9.

Scenario Results
BE 1 Fire BEL1: Faili This scenario isiot explicitly modeled as the office area contains only
Blocks Exit |exit and the occupants would be trapped in the event of a fire blocking the singlg
BIO'CE'J;;” L [ID |Location A'\gg'T F':"S""I’E(T ASET/RSET| Pass/Fai| Fatalities
Room UT1 |Office 150 177 0.85 F 27
UT2 |Retalil 160 175 0.91 F 70
Overall failure occurs when oggants @ not have sufficient time to move out of flo
or enclosure of fire origin.
;Sa'lego”' ID  |Location ANQET F'Z/';é'T ASET/RSET Pas‘lS/ P8 Fatalities
Space Fire |CS1 |Office 100 182 0.55 F 62

Overall failure occurs when occupants do not have sufficient time to move out o

of fire origin.
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Scenario Results

SFi Smd- |N/AT This scenario is not applicable given that theneo sleeping accommodation

dering Fire |provided in this building.

IS - Internal |1S1: Pass

Finishes IS2: Pass

Fire Based on the provision of linings in compliance with the BCA DtS Provisions.

I(z;g;ir?;?—'li-re o | Location AI\QET R'\/lsaé(T ASET/RSET| Pass/Fai| Fatalities
CF1 |Car park 85 145 0.57 F 118
CF2 |Retal 95 180 0.51 F 120
CF3 |Office (L7) 100 182 0.55 F 114
CFa (OLT;SW) 110 182 0.60 F 61
CF5 |Office (L6) 125 182 0.69 F 66
Overallfailure occurs when occupants dot have sufficient time to move out of flo
or enclosure of fire origin.

;it'nzgé ID | Location A'\QIQT R'VéaEXT ASET/RSET| Pass/Fai| Fatalities

Check RC1 |Car park 270 [215]] 236 0.91 F 21
RC2 |Retail 95 180 0.51 F 120
RC3 | Office (L7) 100 236 0.42 F 62
RC4 | Office

(Library) 280 [255] 236 0.84 F 11
RC5 | Office (L6) 205 236 0.87 F 31
RC6 |Car Park 270 [215]] 361 0.59 F 62
RC7 |Retail 95 180 0.51 F 120
RC8 | Office (L7) 100 231 0.43 F 62
RC9 |Office
(Library) 280 [255]] 366 0.70 F 62

RC10| Office (L6) 205 321 0.64 F 62

Robustness checks were conducted on failure of fire doors associated witimthe

partment of fire origin. Overall failure occurs where occupants do not have suffic
time to move out of floor of fire origin and other floors due to the provision gfesin
fire isolated exit.
Brackets indicate ASETSs for staircases.
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Scenario Results
SS- Struc- Area FRL provided | Time equivalence (min) Pass/Fall
tural Stabil- Car Park 120/120/120 310 F
ity Retalil 180/180/180 112 P
Office 120/120/120 83 P
Office + Library | 120/120/120 101 P
FRLs provided are greater thtretime equivalence for all areas except the car pa
The car park has a relatively small ventilation area and it is outside the range fo
time equivalence equation and the lower limit applicable for the equation was ac
Also, thedesign fire load for cgpark is not given in the proposed VM and ssamed
to equal that for shops (900 MJ/m2). Both these factors resulted in a significantl
time equivalence for the car park.
HS - Hori- |HS1: Heat flux emitted are:
é%?;idﬁre Distance [m] CESN‘;:E%”&‘ Heat flux [KW/nf] Pass/Fail
Boundary 80 52.97 P
1 40 40.88 F
3 20 27.32 F
6 10 17.32 F
HS2: Pass
Heat flux received (HS2) at the glazed openings is calculated to be 15.6 kW/m2
assumed that the glazing could withstand the heat flux without causing fire spre
VSi Verti- |Pasg Based on nortombustible facades being assumed.
cal Fire
Spread
FI - Fire FI1: Fail
Brigade The building is not equipped with an automatic notification of Fire Brigade amd ti
Interven- line for Fire Brigade Intervention is indeterminate.
tion
UF 1 Unex- |No detailed structural design has been carried out, howteeestructure is in acoty
pected Cd- |ance with the DtS Provisions of NCC 2016.
astrophic
Failure

Table5-9: Summary of results from the FPPéport.

175



The results imMable5-9 show that 22 of designs scenarios failed the requirements of
the Verification Method. These scenarios are:

BE1

UT1 & UT2

CS1

CF1, CF2, CF3, CF4 & CF5

RC1, RC2, RC3, RC4, RC5, RC6, RC7, RC89& RC10
SS

HS1

FI1

= =4 4 4 -4 A4 -4 -

The design failed all of the scenarios that required an ASET/RSET analysis, meaning
that in no case was the ASET high enough for the occupants to escape in time. The
only scenarios that passed were the internal finishes and vertical fire spread scenarios

as these are based on the DtS provisions of the BCA.

5.2 Reevaluation of Failed Design Scenarios

The original design of thieuilding camot be verified for compliance andll there-

fore have to be adjusted in order to pass these design scedrarges fortte

buildings will thus be proposed, followdxy newevaluatios of the design scenarios.
The assumptions used fibre newapplication of the Verification Method will berst

ilar to those made in the FPA report with minor changes. The new assumptions are
listed in sectiorb.1.1 The scenarios will be sorted after occupancy category so that
all scenarios related to the car park will be dealt with, faid\wy all scenarios e}

vant to the ground floor and lastly all scenarios relevant to the upper floors. The Fl

scenario is gneral for the entire building.
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Because none of the retail area is connected to the staircase, the RC2 does not need to
be explicity modeled. The RC2 scenario will yield the same results as for the CF2
design scenario. The same goes for the RC3 scenario, as it deals with the failure of
self-closing doors and the impact that it will have on other evacuating floors. As the
RC3 scenaritakes place on the top floor, there is assumed no smoke spillage to the

staircases that will impact lower evacuating floors.

In the original report, the scenarios RC6 through RC10 were meant to ensure the r
bustness of the fire safety design of the bugdmcase of failure of the automatic
detection and occupant warning system. However, failure of thelesihg fire saé-

ty doors was also included in these scenarios, wieshited invery conservative
results. Th&RC6- RC10scenarios in this repowtill therefore be modeled with

closed doors, leading to the same ASETSs calculated in the corresponding CF
scenarios. However, the RSETs will change as the detection will happen manually

instead of automatically.

Thenewcalculations for all scenarios che found in Appendix C. Equations, refe
ences, formulae and sample calculations for the RSET manual calculatioes are d
scribed in detail in Appendi®. Calculations, equations, references, formulae and
sample calculations for the ASET zone modeling arerttes in detail in Appendix

E.

5.3 Results

The reasons that the original design of the building failed the Verification Method

scenarios were identified, before an alternate design solution was proposed. Then the
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Verification Method was applied to the newwd@ns in order to verify their comipl
ance. Thisapplication of the Verification Method resultedtive following newde-

sign solutions for the car park, the retail space and the office floors.

Car Park (B1 & B2)

It was found that for the car park, tA&ET was not sufficient for adequate egress. A
means to enhance the ASET to an adequate level can be done by equipping-the bas
mentwith a voice alarm signalnd enhancinghe free width of theingleexit and the
staiway from 0.75 tdl.10 m fromthe basment to the ground flooAdditionally, the

ceiling height must be increased from 2.5 m to 2.9 m.

The fire resistance ratings were inadequate for the structures in the car park due to the
high time equivalence being calculated to 310 min. The maximurrefistance ta

ing available in Australia of FRL240/240/240 can be provided instead.

Retail Space (Ground Floar)

It was found that for the car park, the ASET was not sufficient for adequate egress. A
means to enhance the ASET to an adequate level cambdy@roviding each of

the two stores with either of the following solutions:

(a) 2 exits with clear widths of 1.50 m, a standard alarm signal, an unchanged
ceiling height of 3.0 m and a smoke control system.

(b) 3 exits with clear widths of 2.30 m, a voice alasignal and an increased keei
ing height of 3.7 m.

Each of the design solutions have been demonstrated for one exit less, but an add

tional exit is needed in order to comply with the BE2 design scenario.
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Office Floors (L1L7):

It was found that for the caiark, the ASET was not sufficient for adequate egress. A
means to enhance the ASET to an adequate level can be done by providing each of
the office floors with either of the following solutions:

(a) 2 exits and staircases with clear widths of 1.20 m, a \@aren signal, and an
increased ceiling height of 3.1 m

(b) 3 exits and staircases with clear widths of 1.40 m, a voice alarm signal and an
unchanged ceiling hght of 2.7 m

Each of the design solutions have been demonstrated for one exit less, but an add

tiond exit is needed in order to comply with the BE1 design scenario.

Results

The Verification Method has been applied to the proposed building design alterations
mentioned above which were expected to enhance the ASETSs suffidiefitible

5-10, a summary of results frothe applicatiorof the design scenari¢s the po-

posed designis provided. The full set of results and calculatiohthe application

can be founan Appendix C.

Scenario Results
BE 1 Fire BE1: Pass
Blocks Exit |BE2: Pass
These scenarios passed because of the addition of a second/third exit to the+e
as and an additional staircase leading from the upper floors to the ground floor
SIO'C(F:'J;;” L /1D |Location A'V;E'T F';A;I;(T ASET/RSET| Pass/Fai| Fatalities
Room UT1 |Office 160 124 1.29 P 0
UT2 |Retall 180 170 1.06 P 0
Overallfailure occurs when occupants dot have sufficient time to move out of
floor or enclosure dfire origin.
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Scenario Results

CSi1 Con- ) Min. Max. ) .
cealed Space ID Location ASET RSET ASET/RSET| Pass/Fail| Fatalities
Fire CS1 | Office 100 97 1.03 P 0

Overall failure occurs when occupants do not have sufficient time to move out
floor of fire origin.

IS - Internal |IS1: Pass

Finishes Fire | 1S2: Pass
Based on the provision of linings in compliance with the BCA DtS Provisions.

fé;i:;?:'i're ID |Location AI\QET RMsaEXT ASET/RSET| Pass/Fai| Fatalities
CF1 |Carpark 110 107 1.03 P 0
CF2 |Retail 115 100 1.05 P 0
CF3 | Office (L7) 100 97 1.03 P 0

Office

CFa | (Library) 125 124 1.01 P 0
CF5 | Office (L6) 130 124 1.05 P 0
Overallfailure occurs when occupants dot have sufficient time to move out of
floor or enclosure dfire origin.

;it'nz; ID |Location AI\QET RMsaé(T ASET/RSET| Pass/Fai| Fatalities

Check RC1 |Car park 215 213 1.01 P 0
RC2 |Retall 115 100 1.05 P 0
RC3 | Office (L7) - - - P 0
RCA ifigfzry) 210 203 1.04 P 0
RC5 | Office (L6) 240 203 1.18 P 0
RC6 |Car Park 110 107 1.03 P 0
RC7 |Retall 115 100 1.05 P 0
RC8 | Office (L7) 100 97 1.03 P 0
RC9 El)_?k')‘;:ry) 125 124 1.01 P 0
RC10| Office (L6) 130 124 1.05 P 0

Robustness checks were conducted on failure of fire doors associated witmthe
partment of fire origifRC1-RC5)and failure of the automatic detection anduscc
pant warning systefRC6-RC10) Overall failure occurs where occupants do not
have sufficiat time to move out of floor of fire origin and other floors.
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Scenario Results
SS- Struc- Area FRL provided | Time equivalence (min) Pass/Fail
tural Stabil- Car Park 240/240/240 310 P
ity Retall 120/120/120 112 P
Office 90/90/90 83 P
Office + Libary 120/120/120 101 P
FRLs provided are greater than time equivalence for all areas.
The car park has a relatively small ventilation area and it is outside the range f
time equivalence equation and the lower limit applicable for the equation wés g
ed. Also, design fer load for car park is not given in the proposed VM ang-s a
sumed to equal that for shops (900 MJ/m2). Both these factors resulted inia sig
cantly high time equivalence for the car park.
HS - Hori- HS1: Heat flux emitted are:
g%?;:dﬁre Distance [m] | View factor l[_lkﬁ;r:g]x CESNC/:EZe]Ha Pass/Fail
Boundary 0.179 24.05 80 P
1 0.153 20.48 40 P
3 0.114 15.28 20 P
6 0.080 10.71 10 P
HS2: Pass
Heat flux received (HS2) at the glazed openings is calculated to be 15.6 kM&n
assumed that the glazing could withstand the heat flux without causing fire sprg
VST Vertical |Pass Based on nortombustible facades being assumed.
Fire Spread
FI - Fire Bri- |FI1: Pass
gade Inte- | The building is equipped with facilitidsr firefighting and the timeline for Fire Br
vention gade Intervention is determinate.
UF 1 Unex- |No detailed structural design has been carried out, however the structure isdh
pected Caf- |ance with the DtS Provisions of NCC 2016.
strophic
Failure

Table5-10: Summary of results from the reevaluatadrthedesign scenarios. The
full set of resultand calculationgan be found in Appendix C.
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Chapt Rres@ul t s,& Cruittuirgeu eWor k

6.1 Results

Five different fire safety design approaches have been applied to the building, resul
ing in a number of different design solutions. The solutions vary in egress provisions,
fire safety systems, detection and alarm systems, geometry etc. A summary of the

resuls can be seen ifable6-1, Table6-2 andTable6-3 below.

Unlike all of the prescriptive design solutions, the Verification Method, like the PBD
solutions, allows for different design solutions, proving itsesigpity in flexibility to

the prescriptive codes. However, when compared to the Perforshased designs,

the VM provides narrower or broader exits and either too many of them or too few in
many cases. The VM increases the level of fire safety of BCredpyiring more than
one exit in the retail areas per the-B&enario, which compared to the remainieg d
signs is an adequate requirement. Despite the fact that VM solution 1 requires one
more exit than the PBDs for the retail space, the ceiling heighhawi# to ben-

creased with 20 cm more than the PBD solution 2 had to be in order to achieve an
acceptable RSET/ASET rate. On top of the taller fkoeceiling height, a voice

alarm system is also required. If the third exit, the increased ceiling hajtite

voice alarm system were to be avoidedthe ground floarVM solution 2 must be
chosen, which is the sole design solution to negaismoke control system on the
ground floor Generallythe different design solutions for the retail, car parkafnd

fice areas indicate that the VM over benefits the building.
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TheVM provides either the same or a higher level of life safety than the prescriptive
codes in regards to egress provision and detection and alarm systems. Howaver, trai
ing of the staff inhe retail or office area, which would enable them to instruct other
occupants in the event of an emergencypisaddressed ithe VM, leading to a

slower RSET. Additionally, the time equivalence method used in the VM results in
the lowest fire resistancatings required by any of the design solutions in the retail

space.

The Verification Method offers more flexible design options than the prescriptive
codes and generally requires a lower level of engineering than the Perfoifzasce
Design Method. Hoever, the lower level of engineering may result in the building

being underesigned or ovedesigned in certain areas as those described above.
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Prescriptive Building Designs

Performance-Based

Verification Method

Designs Designs
AU USA UK PBD PBD VM VM
Solution Solution Solution Solution 1 | Solution 2 | Solution1 | Solution 2

Occupant density 3 nfi/person| 2.8 nf/person| 2 nfl/person | 2 nf/person| 2 nf/person| 3 nf/person| 3 nf/person
Number of exitsper 2 (1 double
store P (door) 2 2 2 2 3 2
Clear door widths [m] 0.75 (1.50) 0.81 0.75 1.707 2.10 | 1.701 2.10 2.30 1.50
Floor-to-ceiling height 3 3 3 3 35 37 30
[m]
Automatic smoke ce- No (Only
tection and alarm Yes Yes manual alarm Yes Yes Yes Yes
system system)
Alarm signal Standard Standard Standard Standard Standard VAS Standard
Heat detectors No No No No No No No
Sprinklers No Yes No No No No No
Smoke control system No No No No No No Yes
Fire resistance rating 90 (elevator
of structures [minutes] 180 180 shaft: 120) 240 200 120 120
SRtZ?fuwed training of Yes Yes Yes Yes No No No

Table6-1: Summary ofesults forground floor Retail spack VAS = Voice Alarm Signal
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. - . Performance-Based | Verification Method
Prescriptive Building Designs : .
Designs Designs
AU Solution | USA Solution | UK Solution PBD Solution 1 VM Solution 1
Occupant density o5 17 o8 28 25
[pers/level]
Number of exits per story 1 + Ramp 1+ Ramp 1 + Ramp 1+ Ramp 1+ Ramp
Clear door widths [m] 0.75 0.81 0.75 1.10 1.10
Clear stairway widths [m] 1.25 1.0 1.10 1.10
Floor-to-ceiling height [m] 2.5 2.5 2.5 2.75 2.90
Automatlc smoke dete- NoO Yes Yes Yes Yes
tion and alarm system
Automatic heat detection Yves NoO NoO NoO NoO
and alarm system
Alarm signal Standard Standard Standard Standard Voice alarm signal
Sprinklers No Yes No No No
Yes (Mechan
Y irwell I ilati Y irwell
Smoke contral system NG es (Stgmye ! ca ventl_ ation | Yes (St_alrv_ve presst NG
pressurization] and stairwell ization)
pressurization)
Fire resistance rating of 120 120 90 200 310

structures [minutes]

Table6-2: Summary of results for the basement (Car parking spe

185




Prescriptive Building Designs

Performance-Based Designs

Verification Method

Designs
AU USA UK PBD PBD VM VM
Solution Solution Solution Solution 1 Solution 2 Solution | Solution
1 2
Occupant density ) 10 9.3 nf/person| 6 nf/person | 6 nf/person | 6 nf/person | 10 , 10
m</person m</person| m“/person
Number of exits per story 1 2 2 2 2 3 2
Clear door widths [m] 0.75 0.81 0.85 1.6 1.6 1.4 1.2
Clear stairway widths [m] 1.0 1.25 1.0 1.6 1.6 1.4 1.2
Floor-to-ceiling height [m] 2.7 2.7 2.7 3.1 3.5 2.7 3.1
Q::lozlzt';z::‘nozss‘:s:' Yes Yes Yes Yes Yes Yes Yes
Alarm signal Standard Standard Standard Standard Standard VAS Standard
Heat detectors No No No No No No No
Sprinklers No Yes No No No No No
e e NG Yes (Stgirwell Yes (Stgirwell Yes(StgirV\{eII Yes (St_airV\_/eII NG NG
pressurization) pressurization) pressurization) pressurization
Fire resistance rating of 170 (L2L7) | 170 (L2L7) N (L2 | 90 (L2
structures [minutes] 120 120 90 380 (L1) 380 (L1) L7) L7)
120 (L1) | 120 (L1)

Required training of staff Yes Yes Yes Yes No No No

Table6-3 Summary ofesults forlevel L11 L7 (Officeand library area) VAS = Voice Alarm Signal.
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6.2 Critique

The Verification Method was created as a means to provide desifjreeesigineers

and building consent authorities with better design criteria so that the resulting fire
designs would be more consistent. Upon the application of a performance &ased d
sign method, specificatiebased prescriptive codes and finally the Viesition

Method onto the same case building, a number of advantages and weaknesses of the

VM has been identified. These will be listed in this section.

6.2.1 Perceived or DesiredAdvantages

- Time efficiency
Developing theerformance criteria amtkesign fire scen#s in a PBD is complex,
time-consuming and often results in uncertain outcomes as a fire event is hagd to pr
dict. With the VM, the time to complete the fire safety design of a building is isignif
cantly reduced compared to the time it takes to conductemiew a performanee
based desigrsulsequentlyit is also easier to adjust the features of the buildinmg du

ing the desigfphase.

- Enhancement afertainty in compliance
Demonstrating compliance with the building codes yields less uncertainty than a pe
formancebased design. The prescriptive methods provide speedidationdor
complying with the building codes, while the performance criteria for a PBD must be
developed by the designer herself/himself, which consequently leads to a l@gher d

gree of ugertainty. The VM is a tool created to make the process of complying with
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the BCA more se¢hrough and thereby reduce the uncertainty succeeding the use of

PBD.

- Accessibility
A lower level of engineering and expertise is required to perform a Verificatio
Method design compared to a PBD. The application of PBD requires a high level of
expertise and understanding of the building and fire events. If the designer lacks the
necessary knowledge and experience that PBD requires, the design soluti@a will b
comemore uncertain. The VM provides prescribed values and guidelines in areas that
would normally require a high level of engineering, such as developing performance
criteria and design fire scenarios. Although the engineering level is lower than for
PBD, it is higher than the one required when applyirescriptive codes, whiciiso

promotes a better understanding of how a building would perform during a fire.

- Flexibility
The Verification Method offers more flexibility in its final solutions than the prpscri
tive codes. Often the prescriptive codes will result in only one acceptable solution as a
list of minimum requirements will have to be satisfied, e.g. the NFPA codes would
still require fire suppression systems to be installed, although an alternatsaféirg
system were to be added or more exits were to be provided. The flexibilibis pr
nounced as there is more than one design solution whafethieation Method is

applied to the building.
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6.2.2 ObservedWeaknesses
- Substitution of the designer
The most ginificant weakness of the Verification Method is possibly that by trying to
substitute the designer, it creates a hybrid of performbased and prescriptive
methodghatwill never work. A VM should be a tool that solely simplifies compl
ance approvalsohat i f the design is verified by t
reviewing the design becomes easier. This is the true objet@aification
Method which is not easy to accomplish, but it is achievable. However, substitution
of the designer inot viable, unless a fully prescriptive approach is chosen so that a

solution is defined for each classification.

- Overdesign of buildings
The increased level of fire safety in certain aspects is due talesen of the budl-
ing. Overdesign will resulin costinefficient solutiors and a building design that is
harder to construct and/or maintain. E.g. a smoke exhaust system like tlee one r
quired in VM solution Zor the ground flooincreases the ASET, but is definitely
more expensive and timmnsumimg to incorporate and maintain in a building, both

in the desigmphase and during the construction of the actual building.

- Underdesign of buildings
In some aspects, the Verification Method promotes lower requirements to the level of
fire safety than both the prescriptive methods and the Perforrbaiseel design
method, resulting in undetesign of the building. These areas include the structural

stablity of the building, the fire safety management requirements and clear widths of
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exits. Underdesign can possibly lead to casualties during a fire event, whichas una

ceptable.

- Lack of robustness
The lack of safety factors and robustness of the prescrddads for the performance
criteria, design fires and occupant characteristics needs to be addressed. A substantial
part of the PBD process was determining the robustness of the developed perfo
mance criteria and reevaluating them. As the VM prescrileepdlformance criteria
from the beginning, no reevaluation is requieed all values are treated as universa
ly applicable This type of undeengineering of the fire safety design results in the
lack of a safety factor between the ASET and the RSETthHEdRC7 for the VM
solution 2, the RSET was calculated to 110 sec, while the ASET was 111 sec, only
leaving 1 sec of difference. This means that a safety buffer for this solution ig-inexis
ent, leaving no extra time for occupants to evacuate, should &mg agsumtions of
the VM prove to be insufficient. A simpieay to account for the undengineering
in the VM design is to implemestafety factos to the evacuation time or the paro
mance criteria. The VM doesniésueswiththeai re t he
prescribed performance criteria, which will result in the building becoming under

designed.

Also, the Verification Method fails to address the robustness of the prescribed dete
ministic values that it provides. There are no safety buiffeiaded for occupants

that e.g. are taller than 2.0 m, walk at a slower pace than the average occupant, or if
the occupnt load should prove to be lessin 3.0 /person at the event of a fire. If

the Verification Method is determined to maintain prdsamtifixed values for factors
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that in reality are not deterministic, such as human behavior, guidance on row to e
timate the actual robustness of the design must be included in the VM. Without the

safety buffers, unacceptable causalities are bound to occur.

- Too generic assumptions
The Verification Method is devised in sualway that it provides strorguidance for
general buildings rather than specific occupancies. When applying prescriptive met
ods, building types are often divided into different occupnehich will have dt
ferent requirements as the function of the building varies with the occupaney. Esp

cially the design fires available in the VM lack diversity. For the retail space,tthe ca

egory fall building with aapglitable &thobghi g h't

it doesnodot differ between the possible
occupancies. The peak HRR in the VM is very high, but the smaller fire growth rate
led to less severe fire characteristiban those computéd the PBD Generally in

the PBD, the design fires for the different occupancies varied considerably. The Ver
fication Method ought to incorporate more diverse values, allowing for more spec

fied design options based on occupancy types.

- Certain areas faito be addressed
An issue of the prelefined performance criteria in the VM is that they fail to address
several areas that potentially could have importance for specific desigineehgr.
man intolerance to toxicity levels in the smoke layer. The tahapdrameters are
measured at a height of 2.0 m above the floor, which is not the same as assuming a
minimum smoke layer height of 2.0 m. The performance criteria technically &k

humans to be exposedttxic combustion products, as long as thebjiisy and
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thermal crieria are not exceeded. In the performabased desigrthe issue of to

icity was handled by assuming a minimum smoke layer height abovehbasd.

Another issue is the visibility criterion. The criterion is only concerned witkitie

bility 2.0 m above the floor, but its validity is questioned if the exit signs are mounted

above 2.0 m above the floor, which is the case in most buildings.

Furthermore, the VM does not mention any need for fire safety management training.

- Lack of giidance for type of fire model
Because the Verificatiohlet hod doesndt sastbwhatgiremodgl | i mi t a
to use the designer has all options open and can therefore select either a zone model,
a field model or manual calculations. However, thé does not provide any giH
ance on what model to choose either. While a zone model may be preferred in many
cases, it is not applicable to all situations. E.g. when modeling smoke movement into
the staircaserdm the office floors, th€FAST model indicatd that the smoke layer
in the stairwell shaft would fall very rapidly, despite the fact that the layer height had
not fallen below door height level. &se results meant that t8&AST model could
not be appliedwhen the performance criteria revolved ardthe smoke layer height
and the model included a sh&b, while certain parameters are specified in great
detail (E.g. design fires), others are left fully to the engineer to judge (E.g. model
type). The choice of model is many times a more complesegsothan the choice of

design fire.

There is a strong coherence between the choice of fire model and the deveteped pe

formance criteria, which must be appropriate to the model being used for the analysis.
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The comparison study in this project revealed thatcriteria developed in the PBD

were not appropriate for evaluation in FDS without expert input as the outcomes in
FDS are spatially distributed and not lumped. Comparison studies conducted by Fire
Protection Association Australia concluded that thalédity criteria defined by the

VM are not appropriate for FDS results as it leads to unacceptable error barg-associa
ed to spatial distribution of smoke. Especially the visibility criterion requiredchexte

sive expert analysis when beiagaluatedn an FDSmodel. The averaged nature of

zone models is consistent with many of the performance crifdreaVerification

Method does not offer any guidance that will restrain the poor use of the FDS results.

- Lack of guidance for defining fire model input and thegtfire model output
Both zone models and field models require several types of input. Although a list of
fire modeling assumptions is available in the VM, it fails to define numerous fire
characteristics that are needed when creating a fire model.dntordetermine these
characteristics without guidance, the level of engineering needs to be equal to the one

achieved in the PBD. Examples of the characteristics include:

o0 The fire area: The peak fire area, and the time evolution of the area.

o The chemicatombustion reaction: Fire models require chemical fuel
input, which are not defined by the VM.

o0 The COyield: An important input in CFASiImpacting the smoke
layer characteristics.

0 HRRPUA which isa parameteused by FDS.
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0 Heat transfer to solid boundari@he heat transfer to the solid balin
aries depend on what materials they are made of. No guidance on how
to build the solid boundaries is provided in the VM.

0 Grid sizes in CFD models.

In addition to the lack of these characteristics, there is no guiddraeitncomes to
choosing from the range of values for the fire growth and the peak HRR. This would
lead to the highest values being chosen in many cases, but it also means that it is a
lowed to choose the lower limit value although it could result in uddsign of the

building.

In general, the more sophisticated the fire model is, the more inputs are necessary and
the more complicated it will be to define them, and the VM is lacking input-info

mation for even simple models. The input will affect the oufpm the models, in

many cases significantly. Sophisticated models will also yield a wider rangé of ou

put, such as the spatially distributed results from FDS, which may entail furtiier ne

essary guidance on how to analyze the data. Such guidancerevided in the VM.

- Potential risk of causing overngineering
In the Verification Method]2 various design scenarios hdeen established, and
the designer is under no obligation to consider any other scenarios than thasge provi
ed in the VM. Howeverthe need for evaluating all of the scenarios in order no-co
ply with the building code may cause ovargineering. The UT scenario (Fire in a
normally unoccupied room) requires an ASET/RSET analysis to be carried sut, po

sibly using the same design firefas the CF scenario (challenging fire). As-e
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pected, the execution of the UT scenario showed that the ASET for the occupants was
longer, when the design fire was placed in the small, unoccupied storage room instead
of in the larger, occupied space. An ABRSET analysis should onbe required for

this scenariaf a more severe design fire was to be assumed in the unoccupied space
than in the adjacent space. Otherwise it should be sufficient to require an automatic
detection system in the unoccupied spatbout performing an ASET/RSET awal

Sis.

- Uncertain Fire Resistance Rating Calculations
The Verification Method proposes a time equivalence formula taken from Eurocode 1
for determination of fire resistance ratings. It was discussed how small ventilation
areas and high fuel loads will yield very high time equivalences due to the uncertain
and oversized fire curvespecificationsThe high time equivalences will prompt the
designer to explore options to reduce the calculated time equivalence, which can be
done through increasing the ventilation area or applying reduction factors to the fuel
load. Both these methods induce uncertain results. The Verification Method therefore
encourages uncertain methods for fire resistance calculation, particularly by using

reduction factors as these are provided directly in the VM.

Additionally, the fuel loads prescribed for the ptiashover fires vary significantly
depending on the type of occupancy. In the PBD chapter, design fire loads specified
in thelnternational FireEngineering Guidelines 20Q8FEG) [21] were assumed.

The VM defines its own design fire loads, which are also extracted from the IFEG.

However, in the PBD, the &liloads were for the 85percent fractile, while in the
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VM they are for the 80 percent fractile. Therefore the fire resistance of the structures

may be undrscaled when applying the VM.

6.2.3 Conclusion

Despite its long list opotential or intendeddvantges, the deterministic approach of
the Verification Method does not yet offer a high enough level of safety in all aspects
of fire safety and a low enough level of ondrsign to be considered a valid design

tool. The Verification Method offers similar agiwtages to the prescriptive codes such
as the fast application process and the lack of uncertainty of complying withrthe pe
formance criteria. However, when life safety of humans is the main concerrg-an ad
guate level of safety in the building must be ptiped over time efficiency ancca

cessibility in the design phase.

Generally, the Verification Method is too generic and lacks guidance in essential a
pects of the performing of a life safety analysis such as fire model selection and
treatmenbf model nput and outputin order to improve the validity of Verification
Method, a more representative selection of design fires and occupant characteristics
must be developed. Also, if the VM aims at being more accessible for designers who
do not necessarily psass the knowledge of an experienced fire engineer, it is crucial
that comprehensive guidance on fire modeling is provided. Such guidancemust i
clude fire model selection, handling of model input and treatment of model output.
This guidance may also regeiinterchangeable performance criteria, as the criteria

depend on the selected fire model.
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Even though thdescribedssueswvere tobe addressed in another version of the-Ver

fication Method, the main problem is still that the \&dts as design methothther

than a tool to verify complianc&he method replacdke designer by quantifying the

buil ding codeds p ethefeloyinteréenng with theedgaignogre me nt s
cess. This i1snot the i nt e msteadpreserttdraga Ver i f i c
way to demonstrate compliance with the performance requirements set out in the

building code. Unless the Verification Method returns to its original intentions, it

cannot be considered a valid design tool.

6.3 Future Work

This study has provided insiginto the desired advantages and observed weaknesses
of the Verification Method as a design tobhese were identified based on examples
from a case study, which highlighted issues that were specific for the selected buil
ing. Extending the study to inade other examples than just a hige office buidl-

ing would help uncover other relevant issues of the method. These examples could
include a warehouse containing high hazard combustibles and tall storage racks, or a

retirement homéousing occupants tharenotablyimpaired in one or more ways.

Furthermore, & aspect of the design process that has not been looked into in this
study is the economic impact of the solution selection. Although perhaps not-as crit
cal to the fire science community as focigson performance criteria, there is a need
to understand what benefits are provided at whataso8iis is relevant to regulators,
clients and regulatory developg28]. Examining the economic advantages and
weaknesses of the Verification Method might offer a different perspective on the

method as a design tool.
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A AppendiTk mukEval ence Cal cul at

A.1 Calculations

A Time Equivalence Formula is used when computing the fire severity of tlee stru
tural members in the building. The formula applied for the design of this building is
the one that was published by the CIB W14 group, ddriw Pettersson (1973)

based on ventilation parameters of the givemgartment and the fuel lo§ii8].

Time equivalence formulae are empirical, and it is a eange and approximate

method for introducing real fire behavior into fire engineering calculations. However,
it is generally accepted to apply time equivalent formulae to protected steelwork and
reinforced concrete members. The equivalent time of expwslitee calculated for

the two retail stores.

The equivalent time of exposure in minutes is given by:
te = koW & (A1)

Where:
1 «is the fuel load in MJ/f
1 kcis a parameter that accounts for different compartment linings

1w is the ventilation factor (fh*9)

The ventilation factor w is given by:

As

AA Hy

w= (A.2)

Where:
 Asis the floor area of the compartniém [m?]

f A, is the total area of openings in the walls if][m
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1 A:is the total area of the internal bounding surfaces of the compartment in
[m?]

1 Hyis the height of the windows in [m]

A.1.1 Fuel Load & k. Parameter

The fuel load depends on the type of occupancy and what it contains, and the 95%
fractile fuel load was defined according to th&ernational Fire Engineering Guel
lines(IFEG)[21] as the following:

T Retail spaces: 1300 MJ/m

q Office spaces: 760 MJ/nt

1 Libraries: 2750 MJ/M
The IFEG does not define the fuel load for car parks, but it has been set to 260 MJ/m
[34]. The first floor of the building consists of half library space, half office space.
Therefore a weighted fuel load has been created for the first floor: (2750+760)/2 =

1755 MJ/M.

The k term depends on ¢hcompartrent lining materialsThe value for kis equal to
0.07, which is the recommended value for compartments constructedra roor

lightweight concret¢18].

A.1.2 Ventilation factor
As the percentage of windows that will break cannot be known, a sensitivity analysis

must be performed, examining different breakage percentages.

Becausehe car park does not have any window openingspiblyta permanent

openi ng for the cars to exit and enter throu

only for the car park.
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TableA-1: Compartment geometry:

| Small | Large Car Library Office
tem Store Store Park /Office
Floor Area (A) 170 nf | 323 nf | 750 nf 620 nf 620 nf
Height 3m 3m 25m 2.7m 2.7m
Internal bounding surface | 522 nf | 881 nf | 176 nf 380nf | 270 nf
area (A)
TableA-2: Compartment openings:
it Small | Large Car Library Office
em Store Store Park /Office
Total area of openings (A) | 24nf | 45nf | 18nf 270nf | 270 nf
Height of windows (H)) 3m 3m 25m 2.7m 2.7m
TableA-3: Ventilation factors:
= Small | Large Car Library Office
ase Store | Store Park /Office
All windows break 1.154 | 1.229 | 10.594 1.791 1.791
66 % of windows break 1.421 | 1.513 | 13.040 2.205 2.205
33 % of windows break 2.009 | 2.139 | 18.442 3.118 3.118
A.1.3 Time Equivalence
TableA-4: Time equivalence in minutes:
c Small | Large Car Library Office
ase Store Store Park /Office
All windows break 105 112 193 220 95
66 % of windows break 129 138 - 271 117
33 % of windows break 183 195 - 383 166
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A.2 Discussion

The smaller the ventilation factor (ar@openings), the highéhe time equivalence.
If the fire is vented, it will burn for a longer time at a lower rate of heat release than a
fire that is not vented. Slow heating causes increased thermal expostineceni

damage the structural elements significantly.

The reason for the high time equivalences shall be found in the assumptions for the
method. The time equivalence formula derived by Petterson (1976) is based on the
maximum temperature concept, whiclsketched orrigureA-1 below. The idea is

to define the equivalent fire severity as the time of exposure to the standard fire that
would result in thesame maximum temperature in a protected steel member as there
would occur in the same steel member in a complete burnout of the fire rtoepia

[18].

Gas temperature
Real fire P

Standard fire

g
= e e
s —
(]
3 P
Steel temperatur
8 < emperature
~—
—
/
ty Time

Figure A-1: Maximum temperature conceireproduced from Structural Design for
Fire safety[18]).

The time equivalence of a structural component depends on the characteristics of the
timet emperature curves for real fire exposur
generalized method of calculation of the titeenperature design curves have been
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developed by Maghnusson and Thelandersson (1970), who derived the method from

heat balance calculations, using Kawagoeos
ventilation controlled fire§65]. These curnveare often referred to as tBevedish

curves The curves have been developed in such a way that a high fuel load and a

small ventilation opening will lead to higher gas temperatures in the compartment and
extendedlecay periods, while a low fuel load and a large ventilation opening will

have the opposite effect.

An important aspect of these tilemperature curves is the description of the cooling
phase, i.e. the decaying stage of the real fire curve. The effeatiofis cooling

phase values is shown kingure A-2 [66].

As Figure A-2 shows, the rate of temperature decrease has a significant impact on the
maximum temperature of the steel member and the length of agidggphase. The
Swedish curves have been developed theoretically and compared to a number of full
scale tests. However, several experimental studies have measured the gas temper
tures in postlashover fires, and there is considerable scatter betweeeadhis of

the different studies on the mat{@B]. Traditionally, spatially homogeneous temype
ature conditions are assumed for quantifying and modeling compartines, but a

study by J. Sten®ottfried (2010) unveiled the lack of this uniformity, which then
guestions the validity of the assumption of uniform temperature condj@@h%Also,

when the Swedish curves were developed in 1970, the calculation of the temperature
time curve for the combustion gases during the cooling phase had only beed stud

sparselyf66]. These circumstances may result in an arbitrary description of the real
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fire time evolution, including its cooling phase, resulting in misleading temperatures

of the steel component.

v

TR e —_— =1
g 2 & & & M0 j2 % {6 @ 20 22 2+ 26 28 ¥ M M mm

Fig. 3. Variation in the temperature, #,, of a steel column with the time, #, calculated on
the basis of temperature-time curves, which differ in shape during the cooling
phase (dash-line curves).
F,/V, = Ratio, in m~*, of the fire-exposed surface area, i.e, the total bounding surface
area, of the column to the steel volume of the column.
= Resultant emissivity,
ﬂs
————— 3, at AYH[A,=0.08 m' ",
q == 12 Mcal - m?,
1. Instantaneous cooling. Rate of decrease in temperatureco®C + h=*,
2. Linear rate of decrease in temperature, 600°C« h=*.
3. Linear rate of decrease in temperature, 1200°C+h~t,
4. Linear rate of decrease in temperature, 6 min=<¢=12 min, 4600°C-h~'; r=12 min,
600°C - h-t,
F,/V, = 100 m~* g =0.5.

Figure A-2: Effect of cooling phas@eproduced from S. E. Magnusson & Se-Th
| ander ss[@hos wor k

Additionally, thefull scale experiments that the Swedish curves were based on were
most likely affected by radiation errors. Resédny S. Welch et al. (200768] ana-

lyzes how tle thermal couples used in most full scale experiments are affected by
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radiation from hot gases and stiwes so that they measuréemperature that isot

a gas temperature, but a combination of the gas temperature and radiation coming
from the walls, this they appedaoo high compared to the actual gas temperature in
the compartment. This is particularly the case in the lower layer of the compartment
(during the fire)and in ambient inflow regions, where the gas temperature becomes

largely overestimatedue to radiation errors.

Examples of full scale tests that were executedarl®60s and 1970s are found in

The temperature attained by steel in building fiog<€£. G. Butcher (1966)69] and in
Brandversuche Late (1976)[70]( A Fi r e t e slbthesd erperimenttsythee 0 )
thermocouples had been distributed somewbhanly throughout the compartments,

meaning that they were placed close to the ceiling, floor or closer to the center of the
compartment. In the Brandversuche Lehrte experiments, some thermocouples were

also placed right by inflow regions by the wall. Thdsermocouples and the ones

pl aced closer to the floor wouldmaccordin
perature higher than the actual one, resulting in a higher mean gas temperature for the

compartment.

A different study,The Error in Gas Tempetare Measurements with Thermopbes
(2012)[71] further unravels the effect of radiation errors. The authors illustrate the
correlation between the error of measure and the diameter/length of the thermocouple
utilized in the experiment. Their results indicate that a thermocouple of diameter 2.0
mm woull cause a larger error than a thermocouple of diameter 0.1 mm. In the

Brandversuche Lehrte experiments, thermocouples of 3.0 mm were used to measure
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gas temperatures. According to the 2012 study, thermocouples of this size @vould r

sult in relatively high reasurement errors.

All in all, due to the time evolution of the design fire curves, the manner in which

they have been developed and their inclusion of radiation errors, the maximum te

perature of the gas in the compartméuting the cooling phaseill be estimated as

very high, particularly when the fuel load is high and the ventilation area is small.

This is the case as the walls within the compartment will have heated significantly

due to the high fuel load, causing the radiation from the walls thvémmbcouples to

be much more significantf. the thermocouplel i d nét i ncl ude radiati ol
measured the actual gas temperature, then the measured temperature would be much

lower after the fire stops burning. However, radiation errors are ied/uzhusing the

cooling phase to be much slower as the thermocouples measure the radiation from the

linings rather than the gas temperatlrdhe desi gn fire curves thai
equivalence formula is based therefore include both gas and sokdnperatures

but the time equivalence modehnsfers heat as if it was the gas temperature only.

The energy in the model is thus being eglBnensioned, leading to the time ecasv

lence being ovedimensioned as well.

A.2.1 Significance for the Verification Method Approach

The Verification Method encourages the application of a time equivalence formula
taken from Eurocode 1. As discussed above, time equivalence formulas will lead to
high fire resistance ratings being required, possibly higher than the avaatdss

offer. In order to lower the time equivalence, either the ventilation area must be i

creased or the fuel load must be decreased. The ventilation afea @agmented by
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presupposing a higher breakage percentage, while the fuel load can be lBduced

applying reduction factors.

The possible reduction factors for the fuel load are listed in the VM. The fuel load can

be reduced by making the compartment equipped with sprinklers, automatie-fire d

tection systems, providing safe access routes forditehg etc. The validity of the
reduction factors are questioned as the ac
be reduced by e.g. adding automatic fire detection systems. Thereby the uncertainty

of the final calculated time equivalence is enle@hdncreasing the ventilation area is

also considered an uncertain approach, as it cannot be known exactly how much the

breakage percentage will be.
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AppendCexmBari son Study

B.1 Introduction

A comparative study between two common fire models, a auwtel and a compait

tional fluid dynamics (CFD) model is presented in this document. The stuely is r
volved around the fire scenario proposed for the retail space on the ground floor in the
high-rise building. The zonenodel corresponds to the Consolidateddd of Fire

and Smoke Transpor€FASTver 7.2.1), and the CFD model corresponds for Fire
Dynamics Simulator (FDS v. 6.5.3). The intention of this document is to highlight the
differences in results, complexity of use and selection of input parameterstant

values for the purposes of design.

The outcomes of the simulations that are assessed in the document are related to the
tenability criteria proposed in the PerformaiBased Design method. The tenability
criteria are based on height of the hot smoke layer and thermal criteria in thefshape o
temperatures of the upper and lower layer. The temperature of the upper layer is

based on a limit of the radiation from the hot layer, which is tolerable to humans.

B.1.1 Assumptions and limitations

The assumptions for the models built in this exercise are:

- Definition of control volumes@QFAST) and cell size (FDS);

- Evolution of the area of the fire;

- Evolution of the heat release ra@HAST) and heat releasateper unit area
(FDS);

- Chemical reaction and heat of combustion;

- Heat transfer to solid boundaries.
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B.1.1.1 Determination of smoke layer height

Zone models determine the hot layer height as a distinctive interface between the hot
upper | ayer and the colder | ower | ayer, wh
not a distinct line. Therefore, the quantifythe smoke layer height is computed d

rectly inCFAST, while in FDS, there are not two distinct zones as the temperature

profile is continuous. There are various ways to estimate a smoke layer height, such

as the N%method or the Integt Ratio Method72]. The FDS program itself does

contain a method to calculate the smoke layer height for given spot locations in the

XY -plane in the FDS model.

The method that the FDS program utilizes is based on a continuous function of T(z)
defining the temperature as a functiorttegheight z above the floor, where z=0 is
the floor, andz = H is the ceiling height0]. Additionally, T, is defined as the upper
layer temperature, Bs the lower layer temperature apgas the interface height.

Then the following quantities can be computed:

H

H-7 nTutz rTIt:,VO T( Zj)Z Iy (B-l)
H

H-zn:rl—u+z n%t:)vo%dz-lz (B.2)

The quantities are solved faf:zand the average temperatures are defined as:
H
H-2 (Tu=., T(@2 (B:3)

z Ji=., T (&2 (B.4)
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In order to find a mean layer height, upper and lower temperature for the FDS model,
several layer zonindevices will be placed in the model, distributed evenly thmeug

out the space. However, when the interface height is determined using the aforeme
tioned method, thereb6s a high posisibility
cantly fromCFASTO s Its.énsonder to compare the simulation outcomes properly,

the temperature profiles of FDS will be compared to the on€EAST. The tempe

ature profiles in FDS will be created with thermocouple trees distributed evenly on a

line in the FDS model, and alyia trees of planes measuring the mean temperature in

a given zone that is equal to a control volume inGRASTmMo del . Emmonds met
of measuring the maximum slopes of the temperature profile and determining the

layer height as the midway point of ttveo greatest slopd33] will be applied to the

temperature profiles.

B.1.1.2 Determination of temperature

Comparing the temperatures of the two models generates thessae®as with the
determination of smoke layer height. The temperatur€-=iST are lumped values,
while they are spatially distributed values in FDS. The same algorithm that allows for
layer height determination in FDS also measures the temperatine wiper and

lower layer, but these are likely to differ from @GEAST values. Therefore therte
perature values fro@FASTwill also be compared to temperature profiles from

FDS.
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B.2 Model design inCFAST

B.2.1 Input parameters

B.2.1.1 Geometry and control volumes

/\ Compl
s

\
|

=\
L

Figure B-1: Geometryof CFASTmodel.

The CFAST model for themall shop on the ground floor is visualizedrFegureB-1.
It consists of three compartments, compartment 1, 2 and 3, which are allnaterco
nected through vertical openings@FAST. All compartments are 3.0 m tall. The

individual geometries of the compartments are listeGainle B- 1.

Compartment | Width [m] Depth [m] Floﬁ;% rea
1 11.5 5.3 61.0
2 14 4.7 65.8
3 9 7.0 63.0

TableB-1: Geometry of compartments CFASTmodel.

The overall width and depth of theodel arel4 x 17 m, and the total floor area is
190m?. The roof of the model is flat. One doutnleor is assumed open in the model
as it can be comprehended fréigureB-1. This opening has a width of 1.8 m and a

height of 2.0 m, and is open throughout the simulation.
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The walls, floors and ceilings of the compartmentsaasigned to have characteri

tics equal to concrete. The characteristics are listddleB-2.

Concrete characteristic Value

Specific heat 1.04kJ/kgK
Conductivity 1.8 W/mK
Density 2280 kG/nt

TableB-2: Material characteristics for compartment walls, ceilings and floors in
CFAST

B.2.1.2 Combustion model

The combustion model has been determined basedsensitivity analysis between
various fuels. The assuméekl is therefore polystyrene (8s):

CgHg + V0,0, +V,N2 Y Vep,CO, + Vi,oH O + Ve € OF Vs 0§ 0 8 Wiy, N,
Heat of combustion: 39,700 kJ/kg
CO-yield: 0.06 g/g
Soot yield: 0.166 g/g

Radiatie fraction: 0.35

B.2.1.3 Fire model

- The evolution of the heat release rate is assumed to follbgravith with a
fire growth rate of 0.101 kW/suntil the peak HRR of 2700 kW is reachdd a

ter 164 sec. fle ime evolution of HRR is plotted dfigureB-2.

HRR

3000,

HRR [kW]

1000 -

Time [s]

Figure B-2: HRRevolution inCFASTmodel.
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The fire area is assumed to peak at the same time as the HRRapebike
peak area is assumed conservatively to 5.0Tme values for the area arie d
rectly inserted to th€FASTinput, meaning that a spread rate is not required.

However, the equivalent spread rate would be equal to 7.7 mh&@dnie

evolution of firearea is shown ifigureB-3.

Fire Area

Fire area [m2]

300
Time [s]
Figure B-3: Fire areaevolution inCFASTmodel.

The fire is located 0.Bn above the ground in the center of compartment 2.

B.2.2 Outcomes
CFAST provides average values for the upper and lower layer of each of the control
volumes. The parameters tlamefocused on in this comparison are noted below:

- The height of the upper lay&moke layer height)
- Thetemperature of the upper layer;

- The temperature of the lower layer.
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B.2.3 Results

B.2.3.1 Smoke evolution

t =50 sec

i

t =100 sec

Figure B-4: Evolution of smoke layext specified timed_eft: Upper layer temper
ture. Right: Smoke visualization
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B.2.3.2 Smoke layer height

The time evolution of the smoke layer height in each of the control volumes i visua

ized onFigureB-5 includinga line indicating the exceeding of the performance-crit

rion of 2.2 m.
— 3,5
E 3
25 e
%2----\§-------2 Comp 1l
5 \/_/—'
T 15 \ Comp 2
% 1 \ Comp 3
£ 0,5 —_— --22m
@ 0

0 50 100 150 200 250 300

Time [s]
Figure B-5: Evolution of smoke layer height for each controlumein CFAST
The time to reach a height of 2.2 m above the floor is showahieB-3 for each of
the control volumes. The table shows that thee tfor the smoke layer to reach z =

2.2 mis faster in the control volumimt do not contain the fire.

Area Smoke layer height [s]
Comp 1l 88
Comp 2 105
Comp 3 88

TableB-3: Time for the smoke layer to reach z = 2.2 m in each control volume
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B.2.3.3 Lower and upper layer temperature
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Figure B-6: Evolution of lower layer temperature for each control volume
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Figure B-7: Evolution of upper layer temperature for each control volume

FigureB-6 andFigureB-7 show the time evolution of the temperature of the lower

and upper layein each of the control volumes. The times that it take for the perfo

mance criteria45xC for the lower layer and 28C for the upper layer) to be excke

ed are shown iffableB-4. As it would be expected for the temperature criteria, the

critical control volume is the one that contains the firer(gartment 2).
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Area Lower layer temperature [s] | Upper layer temperature [s]
Comp1l 166 > 500
Comp 2 147 270
Comp 3 191 > 500

TableB-4: Times to reach 4& for the lower layer and 2@Q for the upper layer for
each control volume

B.2.4 Summary

TableB-5 provides a summary of the results for the Available Safe Egress Time
(ASET) usingCFAST for the small shop on the ground floor based on the perfo
mance criteria for the smoke layer height gmeltemperature of the lower and upper

layer. It is clearly shown that the conservative tenability dcoiteis the smoke layer

height.
Area Smoke layer Lower layer temp. | Upper layer temp.
height [s] [s] [s]
Comp 1 88 166 > 500
Comp 2 105 147 270
Comp3 88 191 > 500

TableB-5: ASET corresponding to different tenability criteria obtained WWBAST

B.3 Model design in FDS

B.3.1 Input parameters

B.3.1.1 Geometry

- The overall dimensions of the FE8odel: Width = 14 m, depth = 17 m,

height = 3 m.

- The obstruction acting as the space reserved for the car park entry ramp is 4.5
mx6.5mx3m.

- The obstruction acting as the space reserved for the elevator is 2.8mx5.

3m.
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- One double door that has a width of 2 m and a height of 2 m is considered
open.

- Mesh limits are separated from building openings by a space of 1.8 m on the
front side that contains the door, and 0.8 m on the left side of the building
without anydoors.

- The Mesh boundaries on the front and the left sides are connected to OPEN
vents, while the vents on the top, baottaear and right sides have been d
fined as concrete.

- Solid boundaries of the building and the obstructions within it are sehto co

crete with thamaterialcharacteristicshown inTableB-6.

Concrete characteristic Value
Specific heat 1.04 kJ/kgK
Conductivity 1.8 W/mK
Density 2280 kG/nt
TableB-6: Material characteristics for compartment walls, ceilings and floors in
FDS.

RETAIL SPACE

-
=

Figure B-8: Screenshots of FDS model.

217



B.3.1.2 Combustion model

Thecombustion model has been determined based on a sensitivity analysis between
various fuels. The assumégkl typeis therefore polystyrene (Hs):
CgHg + V0,0 + VN2 Y Vo,CO5 +Vi,oH O + Ve 2 OF Vs 0§ 0 & ¥y, N,
Heat of combustion: 39,700 kJ/kg
CO-yield: 0.06 g/g
Soot yield: 0.166 g/g
Radiative fraction: 0.35

B.3.1.3 Mesh
Grid sizeof entire model: 0.10 m x 0.10 m x 0.10 m (834,720 cells).

Figure B-9: lllustration of grid size in FDS.
B.3.1.4 Fire model

- AssumedHeat Release Rate per Unit Area (HRRPUA): 540 iMEqual to

the maximum peak HRR in ti@FAST model of 2700 kW distributed on a 5

m? area).
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- The fire is modeled as a vent on a polystyrene base. The vent is circular with
HRRPUA as noted above and a sprestd () of 7.7 mnys™. This will result

in a fire area of 5 Aat the same time the peak HRR of 2700 kW is reached,
i.e. after 164 s.

- The fire is located at a height of 0.5 m above the ground in the center of the
retail space.

- The fire starts at theenter of the circular vent and grows radially at the

aforementioned spread rate.

- The HRR s equal to® 1p-0 and visualized irfrigureB-10.

/
2500
s 2000 /
= 1500 /
% 1000 /
500 //
0 - .

0 50 100 150
Time [s]

Figure B-10: HRRinputfor FDS

B.3.2 Outcomes
FDS provides spatially distributed values for the desired paraméterparameters

that arefocused on in this comparison are noted below:
- The layer height measurég zoning layer devices;
- The temperature of the space, which is measured by zoning layer devices,

thermocouple trees and mean temperatures of zones.
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B.3.3 Results

B.3.3.1 Heat release rate

FigureB-11 shows the input and output HRR for the polystyrene fire modeled in
FDS. The output HRR shows the same trend as the input HRR, however, with signif
cant noise due to oxygen becoming lagailable in the region near the pluriide

fire in the retail space isonetheless still in a fugontrolled regime as the output

HRR follows the input HRR.

3000
2500
= 2000
— 1500
T 1000
500

0 - T T 1
0 50 100 150
Time [s]

——HRR Output
—HRR Input

Figure B-11: Heat Release Rate input in FDSdréne) and output (black line).

B.3.3.2 Smoke evolution

The time evolution of the smoke in the retail space at different times visualized in
Smokeview is shown oRigureB-12. The smoke spreads radially from the fire that is
located centrally in the space, until it is more or less evenly distributed throughout the
room. Once the smoke layer becomes deep enough, the smoke starts exiting out the

door in the frat of the shop.
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t=25s t=50s

t=70s t=90s

t=120s t=150s

Figure B-12: Evolution of the smoKayer in the retail space for times 25, 50, 70, 90,
120 and 150 s.
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B.3.3.3 Layer zoning devices

The layer zoning devices in FDS alloker an estimation of smoke layer height, upper
temperature and lower temperature. 69 layer zoning devices have been uniformly
distributed througbut the retail space. A mean of their estimated valuee baen
compared with outcomes from tREAST model. For the layer height, the rate at
which it decreases in FDS is somewhat similar to the rate calcula@BAST, how-

ever, they do intersect, meaning that at some ti@EAST provides a lower layer

height while at other times the FDS calculations yield a more conservative outcome.
At the point when the tenability criterion is exceedeédS calculates the lowest

ASET as/0 s.

While FDS clearly provides lower values of the lower temperatureGR&ST, the
upper temperatures appear to show the same trendC®WABT proposing the ao-

servative values.

/

\ CFast Comp. 1

CFast Comp. 2
CFast Comp. 3

Layer height [m]
|_\
(63}

1
—FDS
0,5 ...... 22m
0 T T 1
0 50 100 150

Time [s]

Figure B-13: Layer height evolution.
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Figure B-14: Lowerlayer temperature evolution.
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Figure B-15: Upper layer temerature evolution.
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B.3.3.4 Temperature profiles

12 thermocouple trees have been located on a straight line in the middle -@ixise x

in the retail spacwith 1 m spacing. The first 7 trees are therefore located within
compartment 3, while the remaining 5 are placed within compartment 2. The zones
measuring the mean temperatures in layers have been formed so that the zones fit the

threeCFAST compartments.

The plots inFigureB-16 show that the compartment (comp. 3) exhibiting the most
severe tenability conditions, 1isnd6t charac
while the temperature profiles in the fire compartment (comp. 2) pose more consistent

results. This is especialgpparent from plots c) and d).

Temperature profiles based on the mean temperature for each of the compartments

have also been created in order to compare the expected layer heights. In order to
characterize the | ayer hei godtaceirtaindevel Emmonoés
of uniformity is required to prevent the predictive power of the method from decrea

ing. This is not the case of the FDS temperature profiles though, as the temperature

above ambient tend to increase with the height, indicating nodtisiyer. This will

inevitably lead to extremely crude estimations of the layer height. Nonetheless, the
CFASTvalues appear to lie in the middle part between the lower maximum gradient

and the top of the ceiling, or further down.
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The resulting mean layé&eight from the layer zoning devices have been inserted to
the temperature profiles FigureB-17, FigureB-18 andFigureB-19, along with the

first standard deviation limits. From the plotshécomes apparent that FDS and

CFAST provide equally severe results for t = 30 s and t = 140 s, while at the time that
the layer height criterion is exceededdRAST, more thar84% of the layer zoning

devices will provide more criticdéyerheights thatCFAST.

Concerning the temperatures, the data shows that the majority of the lower layer va
ues do not exceed the ambient temperature before approaching the layer height.
Measuring the lower layer temperature just beneath the layer height limit will erovid
more critical values. The upper layer temperature is difficult to determine, anall te
peratures above the layer height limit vary strongly. Although FDS calculates the
mean upper layeemperature to approximately MXDas shown ofigureB-15, Fig-
ureB-19indicates that the upper layer termgteres go all the way up to 2&D It

could therefore be argued that a higher upper layer temperature would begmore a

propriate.
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Figure B-16: Temperature profiles for compartment 2 and 3 calculated from therm
couple trees. The black dashed lines indicate the size boundaries for the cell that the
CFASTvalues lie within.
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B.3.4 Summary

TableB-7 provides a summary of approximate restdtsthe Available Safe Egress

Time (ASET) using mean values from zoning layer devices in FDS for the small shop
on the ground floor based on the performance criteria for the smoke layer height and
the temperature of the lower and upper layer. It is gledmbwn that the conservative

tenability criteron is the smoke layer height.

Area Smoke layer Lower layer temp. | Upper layer temp.
height [s] [s] [s]
Retalil area 70 >150 >150

TableB-7: ASET corresponding to different tenability criteria obtained WGWBAST
B.4 Conclusions

The comparative study highlights a number of key points relevant to following the
VM approach:

1 The use of FDS an@FAST does not always provide comparable results when
comparing average values of all relevant physical parameters (layer height,
upper and lower layer temperatures).

1 The tenability criteria that are used as a basis for the design need tode appr
priate to themodel being used in the analysis. The criteria that are appropriate
for one type of model may not be suitable for other model types, which may
then require expert input from the user. The three fundamental critena exa
ined in this study are appropriate valuation inCFAST, but cannot be used
without expert input for CFD models that deliver spatial distribution. Thre Ve

ification Method proposes no guidance on this matter.
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1 The inputs for the fire model will in many cases have a major effect on the
output The more sophisticated the model is, the more inputs are necessary to
define awnl often they are complex to descrimewell. A complex CFD model
will also provide a wider range of outputs, which will also require more expert
inputwhen treating thenirheVerification Method does not provide geid

lines on all necessary inputs, nor on how to treat the outputs.

231



AppendiRee@€al uation of Failed

The results imMable5-9 in chapter SShowedthat 22 of designs scenarios failed the
requirements of the Verification Method. These scenarios are:

BE

UT1 & UT2

CS1

CF1, CF2, CF3, CF4 & CF5

RC1, RC2, RC3, RC4, RC5, RC6, RC7, RC8, RC9 & RC10
SS

HS1

FI1

=4 =4 A A4 -4 -4 A -2

The original design of the building cannot be verified for compliance and wid-ther

fore have to be adjusted in order to pass these design scenarios. Changes for the
buildings will thus be proposed, followed by new evaluations of the design gxsenar
The assumptions used for application of the Verification Method will be similar to
those made in the FPA report with minor changes. The new assumptions are listed in
chapter Section5.1.1 The scenarios will be sorted after occupancy category so that
all scenarios related to the car park will be dealt with, followed by all scenages rel
vant to the ground floor and lastly all scenarios relet@tite upper floors. The Fi

scenario is general for the entire building, and so it is located at the end of the section.

Because none of the retail area is connected to the staircase, the RC2 does not need to
be explicitly modeled. The RC2 scenario wiklg the same results as for the CF2
design scenario. The same goes for the RC3 scenario, as it deals with the failure of

self-closing doors and the impact that it will have on other evacuating floors. As the
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RC3 scenario takes place on the top floor,@hemassumed no smoke spillage to the

staircases that will impact lower evacuating floors.

In the original report, the scenarios RC6 through RC10 were meant to ensure the r
bustness of the fire safety design of the building in case of failure of the @agtoma
detection and occupant warning system. However, failure of thelesihg fire saé-

ty doors was also included in these scenarios, which yielded very conservative results.
TheRC61 RC10scenarios in this report will therefore be modeled with claksexts,
leading to the same ASETSs calculated in the correspondirgg&tarios. However,

the RSETs will change as the detection will happen manually instead of autbématica

ly.

C.1 Car Park (Level B1 & B2)

In order to reduce the RSETSs for the design scenaritb®icar park, the standard
alarm signal will be replaced by a voice alarm signal on both basement levels. This
will reduce the pranovement time from 60 s to 30 s according to the Verification
Method. Additionally, the free width of the exit leading te 8taircase will benr

creased from 0.75 mto 1.1 m.

It was also necessary tcchease the ASET. For this purpose, the ceiling height of the
basement has been raised from 2.5 m to 2.9 m. Before increasing the ceiling height, a
sprinkler system was tried the zone model for the basement. The sprinkler started

after 99 s and did therefore not have a significant effect on the ASET.
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In addition to adjusting the layout of the car park, the free widths of the stairways and
the doors leading from the office fleoto the staircase also had to be increased from

0.75 mto 1.2 m due to a robustness constraint.

C.1.1 CF1i Challenging Fire in Car Park

BUILDING 6 BASEMENT CARPARK

g B
< vehicle ramp
—

vehicle ramp

-

—

Figure C-1: Location of design firen the B2 leveh the CF1 scenario.

Critical occupants:Occupants on B2.

TableC-1: CF1 fire scenario characteristics

New design
Occupancy [persons] 25
Density [persons/fj 0.03
Enclosure area [fh 500
Maximum horizontal travel distance [m 20
Number of doors-| 1
Free width of doors [m] 1.10
Free width of stairs 1.10
Enclosure height [m] 3.1
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TableC-2: CF1 fire scenaripRSET summary (manual calculations)

New design
Detection timgs] 30 (from zone model)
Notification time [s] 30
Premovement time [s] 30
Horizontal travel time to exit [s] 17
Flow time [s] 17
Evacuation time [s] 17 (17 = 17)
RSET [s] 107 (30 + 30+ 30 + 17)

TableC-3: CF1 fire scenaripASET zone model assumptions

1 | Fire modeled in the middle of the car park.

2 Fire burning area increases linearly from 0.09(Agin) to 30 nf (Amin) Up to the
peak heat release rate (20 MW).

3 | Car park staircase door open

4 | Thevehicle rap is modeled as an open window

Figure C-2: CFASTmodelat the time ASET is reached for B2 floor.
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TableC-4: CF1 fire scenari ASET summarfzone modahg).

Criteria ASET time [s]
Time for smoke layer to descend to 5% of ceiling 30
height

Time for smoke layer to descend to 2 m 110

Time for untenable conditions due to thermal effects

(FED greater than 0.3) 110

Time for untenable conditiordue to smoke obscan

tion (visibility less than 10 m) 110

Result: ASET/RSET = 110/107 = 1.03

C.1.2 RC117 Failure of self-closing doors

BUILDING 6 BASEMENT CARPARK

/ vehicle ramp

vehicle ramp

Figure C-3: Location of design fire on the B2 level in the RC1 scenario.

Critical occupantsOccupants on L7.

The issue in this scenario is that the smoke travels from the basement up through the
staircase, ending up on th® floor. The smoke will cause the staircase to become
untenable before all of the occupants from théidor will have evacuated. Therefore

the free widths of the stairways and the door leading from the office floor to the stai

case have been increased from 0.75 m to 1.2 m, reducing the flow time.
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TableC-5: RC1 fire scenario characteristics

New design
Occupancy [persons] 62
Density [persons/fi 0.10
Enclosure area [fh 575
Maximum horizontal travel distance [m 20
Number of doors/staircase$ [ 1
Free width of doors [m] 1.2
Free width of stairs 1.2
Enclosure height [m] 2.7

TableC-6: RC1 fire scenaripRSET summary (manual calculations)

New design
Detection time [s] 30 (from zone model)
Notification time [s] 30
Premovement time [s] 60
Horizontaltravel time to exit [s] 17
Vertical travel time to exit [s] 54
Flow time [s] 39
Evacuation time [s] 39 (39>17)
RSET [s] 213 (30 + 30 + 60 + 54 + 39)

TableC-7: RCL1 fire scenaripASET zone model assumptions

1 Fire modeled in the middle of the car park.

2 Fire burning area increases linearly from 0.09(Agi) to 30 nf (Amin) Up to the
peak heat release rate (20 MW).

3 | Due to the failure of the setflosers, all the staidoors are open and the smo
flows throughout the staircase and the other compartments.

4 Model composed of fire compartment (car park) and the building top fI&r
The two compartments are connected through a staircase modeled as-a s
zone compament (2.5x5.5m) with alternating openings (3.8 that connect
the compartments above and below.

5 | Each level of the building is modeled as a rectangular compartment chara

ized by an effective area. Car park (basement): 59@ffice (level 1 to 7)575

m-.
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Figure C-4: CFASTmodel at the time ASET is reacHedthe RC1 scenario.

TableC-8: RCL1 fire scenaripASET summary (zone mbodg).

Criteria ASET time [s]
7th floor Staircase

. YPTIPE
Tlme fpr smoke layer to descend to 5% of-cei 155 140
ing height
Time for smoke layer to descend to 2 m 265 145
Time for untenable conditions due to thermal 305 250
effects (FED greater than 0.3)
Time for untenableonditions due to smokée 270 215
scuration (visibility less than 10 m)

Result: ASET/RSET = 215/213 = 1.01

C.1.3 RC61 Failure of Automatic Detection

Critical occupantsOccupants on B2.

As the manual detection time is equal to the automatic detecting tinsg, (BGs se-
nario is identical to the CF1 scenario and will therefore yield the same acceptable

results.

Result: ASET/RSET = 110/107 = 1.03
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C.1.4 SSi Structural Stability of Car Park

TheFPAreport calculated a time equivalence of 310 s for the car park, leciteus
relatively smallventilation area was outsidiee range for the time equivalence farm

la. Instead the lower limit applicable was used to calculate the time equivalence. Also,
the VM does not specify the fuel load density for a car park, so insteddeaiHoad

density for retail (900 MJ/f) has been chosen as a conservative alternative.

The fire rating of the structures in the car park will have to be minimum 310 min.

C.2 Retail Space (Ground floor)

For the retail space, two different designs of theigdofloor have been examined:
(a) 1 exitin each shomvith a clear width of 1.50 m, a standard alarm signal, an
unchanged ceitig height of 3.0 m and a smoke exhaysttem.
(b) 2 exitsin each shopvith clear widths of 2.30 m, a voice alarm signal and an

increasd ceiling height of 3.7 m.

The number and widths of the exits will impact the flow/evacuation time, the alarm
signal will reduce the assumed pr®vement time, and the increased ceiling height

and smoke control system will increase the ASET for the space

Smoke Control System

Beforea smoke exhaust system can be implementdti@FAST model, the verit
lation flow rate has to be calculated. In order to properly exhaust the smoke, the
smoke layer depth has to be minimum 20% of the ftoareiling heightthus yietl-

ing a minimum 0.6 m smoke layer depth. The design depth will be chosen to 0.8 m.
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Convective heat release rate: Q.=0 .Q%0 AZ0, 6D, 000 kW
Smoke layer interface height: z=22m
1 s
Mass flow rate: m=0. Q7zr0. 0Q.18
1_ 5 = k
m=0. 01741, A @=6@2. 0018 A&M.,—Sﬁb 0

1 Q. 1-0. 74, 00,0

Temperature effect: or = s = =T 55 Al1 % 0 K
_— . } _Tog To 293, Kkgo_
Adjusting the density: LT Y )= ;0 153 Kn%g—o . 2393
3
Volumetric flow rate: v=C2312)30
J 0.73 S

In order to avoid plugholing, a maximum flow rate per vent must be calculated:

Q _ 14,000

Temperature difference: Ts-To= Ve T 0. 73 A4§444A31 K
Smoke layer depth: d=0.8m

Maximum flow rate per ven¥ ,, £ 4 . 1d—6TS— | =4 . 10—62%3i =2 m:é
Total number of inlets: v:ax: 2'?41 5 vents
Minimum separation of inlets: Shin0 .Vb:O (2 | D). 5 m

Fire Suppression System:

A sprinkler system waalso tried for the ground floofhe VM prescribesletector
criteria for standardesponse and a quick response sprinklers. A quick response
sprinkler with the following criteria has been tried for the retail area:

RTI = 50 ni's”
Actuation temperature = &8

1
1
1 Radial distance from fire = 3.25 m
1 Distance below ceiling = 30 mm
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It was found hat the sprinklers would actuate too late to affect the ASET in gny si

nificant way.

All design scenarios have been demonstrated for the larger one of the two retail spa

es, but the final design result will be appliedtthretail spaces.

C.2.1 BE2i Blocked Exit

This scenario was not originally a part of #RA report, but will be applied to the

retail area as it is required by the Verification Method for egress routes that serve
more than 50 occupants. The VM does not explicitly require an ASET/RB8&Ysis

of this scenario, but it does state that in the event of a fire blocking an exitnpthe nu
ber of exits and total exit width must be sufficient for occupants to ebedpe the

ASET is reached. Th&SET is limited by the sanmevere design fire #t isused in

the Challenging Fire (CF) scenarios. Therefore this scenario basically requites anot
er exit from the retail spaces in addition to the number of exits that the analysis of the

CF2 scenario will entail for the ground floor.

™

Back of House

=

™

|
FE %. RETAIL
26 m (max 30 m)

RETAIL travel to exit

Carpark

entry
ramp LA N [A]

Figure C-5: Location of the design fire in the BE2 scenario.
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The outcome of this scenario is either (a) or (b). If the analysis of the CF2 scenario
results yields that:
(a) Only one exit is necessary in order for theEl > RSET, then two exits will
be required for the final building designtbe ground floor.
(b) Two exits are necessary in order for the ASET > RSET, then three exits will

be required for the final building designground floor.

C.2.2 UT2 - Fire in a Storage R@m in Retail Area

BUILDING 6 GROUND

"

. . puse
Fire occurs in ‘(ﬂ
I

storeroom

(2.1m x 4.5 m) ‘i]ﬁ |
[}

RETAIL

_/

RETAIL

26 m (max 30 m)
travel to exit

Carpark
e Lo r L e S —
0 VN i v v

Figure C-6: Location of the design fire in the UT2 scenario. The fire is located in a
storage room.

TableC-9: UT2 fire scenario characteriwts.

Design (a) Design (b)

Occupancy [persons] 120 120
Density [persons/fl 0.33 0.33
Enclosure area [fh 350 350
Maximum horizontal travel distance [m] 30 16

Number of doors-| 1 2

Free width of doors [m] 1.50 2.30
Enclosure height [m] 3.0 3.0
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TableC-10: UT2 fire scenaripRSET summary (manual calculations)

Design (a) Design (b)
Detection time [s] 20 250
Notification time [s] 30 30
Premovement time [s] 60 30
Horizontal travel time to ex|s] 25 13
Flow time [s] 60 20
Evacuation time [s] 60 (60 > 25) 20 (20> 13)
RSET [s] 170 100
(20 + 30 + 60 + 30) (20 + 30 + 30 + 20)

TableC-11: UT 2 fire scenaripASET zone model assumptions

1 Fire modeled in a storage room of the retail area.

2 Fire burning area increases linearly from 0.09(Agi,) to 10 nf (Amin) Up to the
peak heat release rate (20 MW).

3 Retail area exit doors open

Figure C-7: CFASTmodels at the time ASET is reaclieddesign (a) to the left and
design (b) to the right.

TableC-12: UT2 fire scenaripASET summary (zone modeling)

Criteria ASET time [s]
Design (a) Design (b)

Automatic detection time 20 20
Time for smoke layer to descend to 2 m 260 160
Time for untenable conditions due to therm 180 160
effects (FED greater than 0.3)
Time for untenable conditions due to smokg¢

. s 260 150
obscuration (visibility less than 10 m)
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Results:

(a) ASET/RSET = 180/170 = 1.06
(b) ASET/RSET = 150/100 = 1.50

C.2.3 CF2i Challenging Fire in Retail Area

Figure C-8: Location of design fire on the ground floor in the CF2 scenario.

TableC-13: CF2 fire scenario characteristics

Design (a) Design (b)

Occupancy [persons] 120 120
Density [persons/fl 0.33 0.33
Enclosure area [fh 350 350
Maximum horizontal travel distance [m] 30 16

Number of doors-| 1 2

Free width of doors [m] 1.50 2.30
Enclosure height [m] 3.0 3.0
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