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Abstract

A new model for Cost-Benefit Analysis of the fireafsty measures, and particularly
compartmentation, in distribution centers was @eats a detailed investigation of an existing

model revealed several shortcomings.

The new model was constructed in such a way tltanitputes all possible failure scenarios for a
given building layout, which made the necessityé¢duce the amount of non-interchangeable
events irrelevant. As flashover was identifiededlre main failure event, a hands-on methodology
was presented to perform a probabilistically riskessment of its occurrence and consequence.
The synergy between the model and the probabiligtic assessment allowed for an accurate

estimate of the damage cost, a vital parametah®CBA.

A method was engineered to establish the minimumpestment size in function of a medium,
fast and ultra-fast fire growth rate, resultingpestively in a floor area of 4003n1,600 n and
8,100 ni. Also, a thorough evaluation of the compartmette@er unit floor area was made, and
the results indicated an interval where compartatent has a significant benefit compared to the
installation of a sprinkler system. It was foundttbhuilding sizes smaller than 30,008 raquire

a significant increase of compartment value, whieessive values show a favor for sprinkler
installation. In addition, the impact of the contpaent barrier material was researched and found
to be significant. Therefore, a methodology wasettgyed for the private investor to evaluate the

extra investment of a more redundant barrier.

The framework was set-up in such a way that it e a construct for the non-expert to single-
handedly assess the risk he or she is exposedioh wmpowers the private investor to actively

participate in the debate on rational decision mgkor safety investments.

The main conclusion is that, compartmentation ¢y loe considered beneficial for building sizes
larger than 30,000 fmor for compartment values in excess of 2,000/enftolhe application area

for the measure is thus limited to very large watetes or similar industrial buildings.
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Een nieuw model voor de uitvoering van een CosefteAnalysis CBA voor risico beperkende
maatregelen, toegespitst op compartimentering imtegrindustriéle opslagplaatsen, was
uitgevoerd nadat een gedetailleerd onderzoek vandregge model verschillende tekortkomingen

blootlegde.

Het nieuwe model is zo ontwikkeld dat het alle rijxgebrand verspreidings scenario’s voor een

gegeven gebouw analyseert. Omdat Flashover geidertid was als de hoofdoorzaak voor een
monetair verlies, was een probabilistisch risicoermbek van de parameter noodzakelijk. De
synergie tussen het nieuwe model en de probabdisti benadering van flashover laat toe om de

residuele schade kost te bepalen, een crucialerpater voor de CBA.

Een methode werd ontwikkeld om de minimum companmtigrootte te berekenen in functie van
de brandgroei snelheid. Voor een medium, snellelteasnelle groei werden respectievelijk een
vloeroppervlak van 400 /1600 M en 8100 rhbepaald. Daarnaast toonde een studie aan dat
compartimentering een significant voordeel heeft apzichte van een sprinkler systeem voor
specifieke intervallen van vioeroppervlak waardeb@Guwen met een vlioeroppervlak kleiner dan
30,000 M hebben een exponentiele stijging in waarde nodigwvoordelig te zijn. Ook werd
aangetoond dat het gebruikte materiaal voor de amipentering muur een impact heeft op de
CBA, hierdoor werd een methode gemaakt om te betsradf de meer investering voor een beter

materiaal voordelig is of niet.

De opzet van de gebruikte methodologie was eertrooh$e maken dat door experten en niet-
experten gebruikt kan worden om eigenhandig detsielting aan risico te bepalen, hierdoor kan

de privé-investeerder actief deelnemen aan hettdmle veiligheidsmaatregelen.

Het hoofdbesluit over compartimentering is dat hebfdzakelijk voordeling kan zijn voor
gebouwen in de grootorde van 30000ahvoor gebouwen met een vioeroppervliak waardemhog
dan 2000 euro/fh Het toepassingsgebied van de veiligheidsmaatrisgilis voornamelijk voor

zeer grote warenhuizen.



vii

Table of Contents
DISCIAIMET ... et ii
Y 0L = T TP PP TPTPPRRPRRT v
NOMENCIALUIE ... ettt e ettt e et e e e e e e e s s e e e e e e e s e bbb e e e et e e e e e e e s annnnees Xi
IS o ) o T =2 XXi
LISt Of TADIES ...t e e e e e st e e e e e e e e e e aennneees XXV
Chapter 1 T 10T (U T3 1 0] o TSP 1
1.1, A definition fOr RISK ......coiiiiiiiiiiiiii ettt e e e e e 2
1.2. The societal investor versus the private iINVeSIOL. ..., 3
1.3. The CBA and the total net utility or present value.............cccvvvvrvvriviiiiiiininiiienenn.. 5
1.4. Performance-based design and a probabilistic BSREEMeENt ............c.coevvvvviiviiiiinnnne. 11
1.5. The total cost of a fire is a multiple of the diIr€0StS ............ccoceeiiiiiiiiiiiiii i eeeeaes 11
1.6. Analysis of the previous model..........cooooii e 12
1.7. Objectives Of the thESIS ........uuuuiiiiie e 20
Chapter 2 Theoretical aspects of flashover in a probabilisticontext...................ccc..... 21
2.1, Frequency Of IGNITION ...... ...t 21
2.2. Probability of ignition to grow to a local fir€..........cooveiiiiiiiiiiiiiiiiiiiiieiieeeeee e 22
2.3. The Heat Release Rate HRR .........ccuuiiireeriiiiece et ee e 23
2.4. Fire growth With thet? fir€ ..........cceeiiiiiiiiiiiic e 24
2.5. HRR needed t0 CAUSE FO ... e 24
2.6. The maximum HRR for a ventilation-controlled regime...............ccccccviiiiiinininennnn, 25
2.7. Energy content available in the rOOM.......coceeeeviiiiiiiiiiiiiiiiiiiiiiee e 26
2.8. The maximum HRR for a fuel-controlled regime ...........cccccoevvviiiiiiiiiiiiiceee, 27
2.9. Failure probability of the active MeaSUIesS . oo, 30

2.10. Probability of failure for compartmentalization wafter FO.............ccccccciiiiinnnnnnns 34



viii

2.11.  Probability Of FO ....coooiiiiiiiiee et 37

Chapter 3 Development of the new model to calculate all posde fire spread scenarios

and other parameters Of the CBA ........ooiii it a e 43
3.1. Annual failure probability with mitigation measure............ccoooeieiiiiii s 43
3.2.  Annual failure probability without mitigation measu............cccoooeeeiiiiiiiiiii A7
3.3. The present value of the CONSEQUENCES .......ccoieiiiiiiiie e, 47
3.4. The present value of the expected CONSEQUENCES...........ccovvviiiiiiiiiiiiiiiiiiiieeeeeeee, 49
3.5. Flowcharts describing the steps from model inpudutput ...........ccovvvvvvvevviiiiineennee. 0.5

Chapter 4 RESUILS ..o e e e e e e e e e e e e e e e e e e e e e e e e e as 57
4.1. Comparing the new model with the previous model..................... a7.
4.2. Influence of building size, compartment value aadier material...............cccccvvvennnns 67
4.3, SUMMANY OF FESUITS. .. .uuuuiiiiiiiiiiiiiiiiteeeae ettt eeebeeebebeeebea e eb e ernneeeeeeeeeeeeeees 77

Chapter 5 (@0 ] o Tox [ 13 (o] o PP 79
ST A ©7o ] [od [ U 1o ] o O OO P RSP PPPPPPPPPPPPPR 79
5.2, FULUIE WOTK ..ottt eemema s e e ne e nnne 80

ACKNOWIEAGEMENLS ...ttt e e rre e e e e e eeaeeeeeaeeeeeeeeeeees 81

RETEIENCES ...ttt ettt e e e e e e e e e e e e e e st e et e e e e e e e anenees 83

Appendix A Previous model risk equation derivation for a fourcompartment building

layout 87

Appendix B Tables to determine the fire growth coefficient................ccccouiiiiiiiiiiiiiiininnns 91
Appendix C  Examples of other fire induced indireCt COStS..cumiiiiiiiiiiiiiiiie, 93
Appendix D  Tables with the failure probabilities of fire walls..............cccceeeiiii . 95
Appendix E  The equivalent time of fire @XPOSUIe .......ccovccceeiiiiiiiiiiiieeeeeeeee e 99

Appendix F Example of the model output for the annual failureprobability with a four

compartment bUIldiNg 1aYOUL...........oooiiiiiii e 103

Appendix G Complete list of all used model input parameters...............cccevevveveevnennnnnns 107



Appendix H

Appendix |
installation

Input and output for comparison with previous model..............cccvvvvvvvnnene 111

Compartment size of warehouse buildings and the cbsof sprinkler
115






Xi

Nomenclature

The reader is asked to refer to this nomenclature hile reading, to avoid introducing all the

variables throughout the text.

Acronym

ALARP As Low As Reasonable Practicable [-]

BRE Building Research Establishment [-]

CBA Cost-Benefit-Analysis [-]

CBS Central Bureau Of Statistics (Netherlands) [-]
FO FlashOver [-]

HRR Heat Release Rate [kW]

LQI Life Quality Index [-]

MHCLG Ministry of Housing, Communities and Local @nment (London) [-]

NPV Net Present Value [euro]

PBD Performance Based Design [-]

PRA probabilistic Risk Assessment [-]

TNO Netherlands |Organisation for applied Scieniesearch [-]

Special characters

Q(t) isthe Heat Release Rate in function of the tikW/][
0 is the Heat Release Rate [kW]

Qo is the HRR needed for FO [kW]

quel,max is the peak fuel-controlled HRR whep = A¢ [kW]
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Qfuer is the peak fuel-controlled HRR [kW]

Qv is the peak ventilation-controlled HRR [kW]

Q. isthe HRR based on the? fire [kW]

m is the mass loss rate of the fuel, MLR [kg/&/m

m, is the mass flow of air into the compartment tigtothe openings [kg/sAh
g isthe heat flux [KW/rf

dro is the heat flux needed for FO [kWim
q}ree is the heat flux induced by a free burning fild&\Mfm?]

duer 1S the heat flux induced g, [kKW/m?]

Upper case leters

Ay is the area of the vertical openings opening [m]

Ap is the area of horizontal openings in the roof][m

Ar is the total internal surface area in the conmpant, excl. ventilation openings fin
Acxe s 18 the total floor area of the building fin

Af is the floor area of the compartmenf[m

A, is the area of the ventilation openingsm

A, is the total internal surface area in the compantm including the ventilation

openings [

A, is the area of the vertical openings’Im
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B(p) are the total cost resulting from a failure whieeré are no, extra, risk mitigation
measures installed, i.e. the maximum possible flisnB that can be made when

installing a safety system [euro]

[B(p) — D(p)] is the value that is protected due to the mitggatheasure and should be
greater thai'(p) for the system to be feasible, iEp) = 0

C(p) is the implementation cost of the safety meafeuso]

Cii is the length of comp. i [m]

Cuw,i is the width of comp. i [m]

D(p) is the cost, direct and indirect, resulting frarfailure with a safety measure
installed

Dp are all the damage states of a system [-]

E Energy available in an enclosure [kJ]

E[C] Expected Consequences [-]

EX exposure

F(A) is the frequency of a potentially serious firghie enclosure [y

Fy(y) is the cumulative distribution function of Y fdre value y [-]

Fy is the cumulative distribution function of X [-]

Fot is the frequency of an ignition in the building ]

F; is the frequency of an ignition in comp. i f§yr

Erorm (4) is the accepted frequency that the fire areabailbigger than the compartment area
[yr]

F,;(A) = F(A)P,P,P;P, is the expected frequency that the fire arealvélbigger than the

compartment area ¥
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G limit state function to describe the failure dira barrier [-]
H is the height of the compartment [m]

H, is the height of the vertical ventilation opersrig]

L is the useful life of the mitigation measure unasiew [yr]
N Number of compartments [-]

0 is the opening factor [Hi]

P(EX) is the probability that the exposure happened [-]

Pio is the probability that takes into account the gttty of suppression by occupants

or the fire service when the fire is still minima] , = 0.04 is recommended

P, is a probability that takes into account extra soees, e.g., the removal of heat
sources, use of non-flammable products instead flammables, separation of

ignition sources and flammable materials

PV is the value of future cost and benefits at tfme tof construction [ euro]

Pyt is the failure probability of the active measurés

Pr is the annual failure probability without the igétion measure [y

Prp is the annual failure probability with the mittgen measure [y#]

Ps the annual failure probability [y

Proaster,i is the annual FO probability due to ignition imgm. i upon arrival of the fire service

after FO [yr]

Propefore; IS the annual FO probability due to ignition imgm. i upon arrival of the fire service
before FO [y#]

Proext is the annual failure probability due to ignitionthe building [yr']



Proij

Pr,
Pruet ext
Pryet,i
Pryerj

Pfuel,k

Pfuel

Pry,isj

wa,i—>j;con

Prw,isjpen

XV

is the annual FO probability in comp. j due tira spread scenario from comp. i

to comp. j [yr]

is the probability that a local fire grows to@martment fire [-]

is the probability that a local fire will develapto FO in the building [-]
is the probability tha@ r,e; = Qf, in comp. i [-]

is the probability tha@s,e; = Qy, in comp. j [-]

is the probability tha@ r,,e; = Qf, in comp. k [-]
is the probability thag% > %" given thatt; > t., or Q, > Qy, []

is the failure probability of the fire wall bete/e comp. i and j [-]

is the failure probability of compartmentalizatimall between comp. i and |,

determined by the material used to make the a@par

Is the combined failure probability of all relevagrenetrations in the
compartmentalization wall between comp. i arejermined by the level of detail

administered in making the connection betweemiiléand intersecting elements

is the failure probability of the fire wall betweeomp. j and K [-]

is the failure probability of the fire wall [-]

is the probability of an ignition to grow to achd fire in the building [-]

is the probability of an ignition to grow to achd fire in comp. i [-]

is the probability of an ignition to grow to ahd fire [-]

is the failure probability of the extra passiaéesy measures in comp. j [-]

is the failure probability of the extra passiagety measures in comp. k [-]



Pposs,fo,ext
P poss,fo
Pspr
Psuppr,after

Psuppr,before

X~N(250,50)

Xc

Y~N(200,40)

Z

XVi

Is the parameter that defines if FO is possibleatifor the building [-]
is the parameter that defines if FO is possibleati|-]
is the failure probability of the sprinkler syst¢-]
is the failure probability of the fire service uparrivalafter FO [-]
is the failure probability of the fire service uparrivalbeforeFO [-]
thermal resistance of the element
thermal exposure of fire
are the total consequences for the whole builfgago/fire]]
are the total consequences for comp. i [eurd/fire
is the volume of compartment fn
is a normally distributed variable to represesetdistribution ofq}uel.
is the combustion efficiency, accounting for imggete combustion¥, < 1 [-]

is a normally distributed variable to model thiufi@e probability of the fire

service with mean 200 and standard deviation 40

is the total (net) utility (benefit)

Lower case letters

heq
hy

a
Acontr

ar

is the weighted average of window heights omvalls [m]

is the effective heat transfer coefficient [kK\WKHh see [1, pp. 121-123]
is the disproportionality threshold

is the fire area that gives the fire serviceilafa probability of 0.5 [

is the fire area at,,; based upon thet? fire [m?]



c(d)
c(t)

fo(d|EX)

frs(rr, s7)

fe(©)

g(rrsr)

kq
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are the consequences of a given damage state

is the loss rate or continuous cost rate [eufo/yr

are the discrete future costs [euro]

is the constant cost rate [euro/yr]

is the constant cost rate without mitigation nueageuro/yr]
is the installation cost at= 0 [euro]

is the implementation cost [euro]

is the constant cost rate with mitigation measgeueo/yr]

is a damage state [-]

is the probability distribution function of therdage state, given that the exposure

happened [-]
is the joint PDF

the probability density function, PDF, that déses the distribution of the

consequences ¢
is the failure domain

is the coefficient that relates the F(A) andftber area for industrial buildings

[rrtyr ]

is the coefficient that relates the F(A) andftber area for other non-residential
buildings [nPyr?]

is the conversion factor [min%iMJ], see Table 38

is the correction factor function of the matésiatructural cross-sections [-],
see Table 39



qf.d

qr.k

Sc,i

Sevent

Swhole,i

S c,min,comp

S c,min,spr

S c,min

Xviii
is the combustion factor (for most cellulosic eratlsm = 0.8)
is the annual maintenance cost [euro/year]
is the amount of different costs [-]
represents the compartments where ignition capédra|-]
is the design fire load density [MJFnsee Eq. (84)
is the characteristic fire load density per tioior area [MJ/rd], see Table 35
is the annual discount rate Tyr
are the direct and indirect consequences peifflapitof comp. i [euro/rfifire]
are the direct and indirect consequences assdaéth a total loss [euroffire]
are the direct and indirect consequences assdordth comp. i [euro/fire]

is the minimum compartment value needed to redpnositive CBA for

compartmentation [eurofin

is the minimum compartment value needed to redypnositive CBA for

sprinkler installation [euro/fh

is the minimum compartment value needed fomgter installation to return a

greater Z(p) than compartmentation [eur)/m
is the time needed to release the energy coatéhe room [s]

is the characteristic minimum time before allrglyan consumed to make FO

possible whel, < Qr¢ [S]
is the equivalent fire duration [min]
is the time to FO [min]

are the discrete points in time at whighoccur [yr]
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tint is the intervention time of the fire service [fin

ty is the useful life of the mitigation measure [yr]

Wy is the ventilation factor [-], see Eq. (85) anyl EB6)

Greek letters

Xo object specific risk indicator

v insured value of the building [euro]

Oy, is a factor taking into account the differenefighting measures i, see

Table 37

0q1 is a factor taking into account the fire actigatrisk due to the size of the
compartment, see Table 19

0q2 is a factor taking into account the fire actigatrisk due to the type of occupancy,
see Table 36

Ur the cost of human losses [eurof/fire]

U o is the cost due to a single failure without thiégation measure installed [eurp/yr]

U p is the cost due to a single failure with the gaition measure installed [euro/fire]

Unm the cost of material losses [euro/fire]

Puair is the density of the air, recommendegas = 1.2 [kg/m?]

Ah, is the heat of combustion [Jfikg

AC is the net investment cost of the investigatddtgdeature

ARI is the associated change in the risk indicatod)

AT is the temperature increase [°C]



is the continuous discount rate fjr

XX



XXi

List of Figures

Figure 1: Generalized frequency-consequence diafFhfimd original source.............cccccvem 4
Figure 2: The difference between continuguend discrete discounting r and the effect of wegio
discount rates on the present value PV ... 8
Figure 3: Building layouts on which the previous dab is applied: one, two and four
COMPAITMENTS [14] ..t rr e e e e e et e et e e et ettt e ettt e e e e aa s e e e e e aaeaaeaaaaaaaaaaaaaaaaaas 12
Figure 4: Graphical representation of the restittby symmetry conditions in the old model
versus the possibilities in the NeW MOdEl.............uiiriii e 18
Figure 35: Left: schematic representation of howpartmentation is applied in this thesis, i.e.,
without considering exterior fires. Right: scheroatpresentation of the impact of considering
exterior fires and how to program the model tomethe additional scenarios ...................19

Figure 5: The different components that definegrabability of ignition to grow to a local fire

Figure 6: Probability density functioti~N(250,50) and the corresponding inverse cumulative
distributionP fuel, which describes the probability of the fuel-cofied heat flux reachomg the
heat flux needed fOr flASNOVET ...........o e 29
Figure 7: The HRR needed for RfYo for a square floor plan and three different opgnin
dimension Ao * Ho = [1; 8; 15], in function of the length L............ccimeeee i 30
Figure 8: Schematic representation of the compantirat define the failure probability of the
ACHIVE MIBASUIES ...ttt eee e e e e aeee et e e e e e e e e ettt e e e e e e e e s skt b e eeeae s s bbb b e e e e eee e e e e e nsbnnneees 33
Figure 9: The different components that define fidiure probability of the active measures
together with the probability density fuNCtion Of. Y. 33
Figure 10: Different components to calculate th&ufa probability of a compartmentalization
wall. Reconstructed from [2] ..o 35

Figure 11: Annual probability of FO in tignition compartmenivhen the fire service arrivegter

O PP T PP TPPPRRRRRTR 39
Figure 12: Annual probability of FO ithe ignition compartmenivhen the fire services arrive
DETOIEIFO ...t et e et bt e bbb e n e e 39

Figure 13: Annual probability of FO icompartment when the fire service arrivedter FO in

(o0] 0 0] o F= Tai0 1= o 1 A T 40



XXii

Figure 14: Annual Probability of FO in tikempartment yhen the fire services arriiforeFO
Tpl el 0] oF= Ugi 0 0 =T o | A PP TPPUPPPPPT 40

Figure 15: Annual probability of FO for a comparttheot adjacent to the ignition compartment

........................................................................................................................................... 14
Figure 16: Non-exhaustive representation of bugdayouts with four compartments ............. 44
Figure 17: the mathematical representation of thacancy matrix ............ccoceeeeeeeeieee v 45
Figure 18: Using input to calculate the comp. andding characteristics .....................ceee. 50
Figure 19: Using input to calculate the possihle fipread scenarios....................... ccewuwum.. D1

Figure 20: Using input to calculate the ignitioaduency and the probability of ignition to grow
to a local fire with and without mitigation MeasULe............cccevvviiiviiiiiiiieieeeeeeee e 51
Figure 21: Using input to calculate the installatomst and failure probability of the fire wall3 5
Figure 22: Using input to calculate probability f6® with and without mitigation measure..... 54
Figure 23: Using input to calculate the total nitty of the mitigation measure .................. 55

Figure 24: The costs and possible benefits fotvtmeand four compartment and sprinkler model

Figure 25: The benefits, costs and utility in fuoctof the time, left, and discount rate, right,
allows to determine respectively the payback time iaternal rate of investment, IRR............ 59
Figure 26: Comparing the time to FO and the intetioe time of the fire brigade to determine if
the fire area upon arrival Of the fIre ... 61
Figure 27: Determining the failure probability bktactive suppression systems, detection and fire
service, based upon the fire area at the interwenime of the fire brigade.................. .. 62
Figure 28: determining the probability that thelpfeel controlled HRR is bigger than the required
HRR for FO based upon the total floor area, and thal load, in each compartment............... 63
Figure 29: HRR needed for FO and the estimated HRR arrival of the fire service, intervention
time of 15 min, for different fire growth rates (2,0.047,0.19] .....ccovririiiiiiiiiiiiiiiiiceeeee e 64
Figure 30: The effect of reducing the compartmeérg, 40 a value lower than the assumed fire
area upon arrival of the fire service, Blct aNUPSUPPDT .......uuuuiiiiiiiiiiiiiaaie e 66
Figure 31: The effect of reducing the compartmerg,sheight in function of the width of the
assumed square floorplan, Bfiuel andqfuel” ............ooovveiiiiiiiiiiiiiiiiiiiiiiiiiiiereee e 67
Figure 32: The minimum value per unit floor areaaed for a positive CBA in function of the

building floor areadf, ext and the number of compartmeMs..............ccceeeviiine, 73



XXxlii

Figure 33: Minimum compartment value per unit floarea needed to make sprinkler and
compartmentation installation viable in function tbe number of compartments N and for a
building floor areaAf, ext of 100,000 . [A] indicates the area where both compartmentatio
and sprinkler are not beneficial, [B] indicates #iea where compartmentation returns a greater
net utility Z(p) than sprinkler, [C] indicates theea where sprinkler returns the greatest Z(p) and
[E] indicates the area where sprinkler return treatest Z(p) AND risk reductioR.............. 74
Figure 34: Minimum compartment value per unit flaarea needed to make sprinkler and
compartmentation installation viable in function tbe number of compartments N and for a
building floor areadf, ext of 30,000 M. [A] indicates the area where both compartmemaiod
sprinkler are not beneficial, [B] indicates theamehere compartmentation returns a greater net
utility Z(p) than sprinkler, [C] indicates the are&ere sprinkler returns the greatest Z(p) and [E]
indicates the area where sprinkler return the gstat(p) AND risk reductionAR .................... 75
Figure 36: hand calculations, i.e. event tree,enfy the possible fire spread scenarios given by
the model in Table 38 ... 105
Figure 37: The finite graph interpretations of théldings layouts, number of compartments
N=[2,4,6,9,12,16], USEA IN SECLION 4.2 .....commmmmrrnnrnnnnnnnnniiannasaassaassasssssssssnssssssssnensnnnenes 117
Figure 38: Minimum compartment value per unit floarea needed to make sprinkler and
compartmentation installation viable in function tbe number of compartments N and for a
building floor areaf, ext of 80,000 M. [A] indicates the area where both compartmentadiod
sprinkler are not beneficial, [B] indicates theamehere compartmentation returns a greater net
utility Z(p) than sprinkler, [C] indicates the are&ere sprinkler returns the greatest Z(p) and [E]
indicates the area where sprinkler return the gstat(p) AND risk reductionR .................. 118
Figure 39: Minimum compartment value per unit floarea needed to make sprinkler and
compartmentation installation viable in function tbe number of compartments N and for a
building floor areaf, ext of 60,000 M. [A] indicates the area where both compartmentediod
sprinkler are not beneficial, [B] indicates theaxehere compartmentation returns a greater net
utility Z(p) than sprinkler, [C] indicates the ar@&ere sprinkler returns the greatest Z(p) and [E]
indicates the area where sprinkler return the gstat(p) AND risk reductioaR .................. 119
Figure 40: Minimum compartment value per unit floarea needed to make sprinkler and
compartmentation installation viable in function tbe number of compartments N and for a
building floor areaf, ext of 40,000 M. [A] indicates the area where both compartmentediod



XXV

sprinkler are not beneficial, [B] indicates theaxehere compartmentation returns a greater net
utility Z(p) than sprinkler, [C] indicates the are&ere sprinkler returns the greatest Z(p) and [E]
indicates the area where sprinkler return the gstat(p) AND risk reductionR .................. 119



XXV

List of Tables

Table 1: Different scenarios, comprising of difiereafety installations, are used to determine the
MOSt COSt-EffECLIVE MSK STrAtEQY ....... ettt e e e e e e e e e eaeeees 16
Table 2: Parameters, indicators and values usatkfioe a realistic setting for the different
1ot = o = g 0 TR 16
Table 3: Results of the risk calculation with theeypous model and the selection of the most
efficient strategy based upon the payback time............cooooiiiii e 17
Table 4: The effect of not assuming symmetry coonst and adding one compartment on the
(o101 g g oT=] o] RSTot=T o F= T4 o LT 18

Table 5: Values fok1l andk2 to define the ignition rate in function of the d@bfloor area.

ReProduced frOM [2] .. ..o e ettt e e e e e e e e e e et e e e e e e e e eeeeeeeeeeeees 22
Table 6: Values to describe the ignition rate inclion of the volume or insured value as defined
by Fischer et al. (2012). Reproduced frOM [« euuuuurmmmmmmnnuuiiis s smsnnsessneseesnenenes 22
Table 7: Values of for different growth rates. Reconstructed from][[I®)] .........cccccceeennnnns 24

Table 8: Fire growth rate and maximum rate of heltase RHR per f(RHR;) for different
occupancies. Reconstructed from [7, P. 5L et e 28

Table 9: Different firefighting strategies in theetderlands and the risk they oppose to the

firefighter. Reconstructed from [2] .......oviviiiiiiiiiiiiii et 30
Table 10: Calculation of the failure probability thie fire service for the ignition compartment
(o= Y= To U] oTo] oIt g T 1 (= PP 32
Table 11: Failure probability of different detectisystems. Reproduced from [2] .............. 32..

Table 27: Failure probability of a brick compartrtadization wall with a height higher than 9 m
and with NO relevant penetrations. Reconstruct@ohfi2] ............ccccoooiiiiiiiiiiceee . 36
Table 28: Failure probability of a brick compartrtadization wall with a height higher than 9 m
and with relevant penetrations. Reconstructed fIm............ccoooiiiiiiiiiiiiiiieiie e e 36
Table 12: Failure probabilities of various sprinikdgstems. Reproduced from [2] .............. 41..
Table 13: Example of direct and indirect costs eiséed with a loss in a compartment or for a
total loss, reproduced from [35] ... 48
Table 14: comparison of the old and new valuesHerignition frequency and the probability of

flashover fOr the VAriOUS SCENATIOS .......ceeee et e reae e e e e e e e e e e e eaeenes 57



Table 15: Cost-benefit results from the new andnodlel ... 58
Table 16: Values for the various probabilitiestad hew model ..., 63
Table 17: Minimum area requirements for differarg §rowth rates in order to allow for timely
intervention of the fire SEIVICE ... 65
Table 18: Input parameters for a realistic wareR@m@ample...........cccceviiiiiiiiiiiievvieecenn, 69
Table 19: The sensitivity of the compartment vadne the failure probability of the barrier is
researched in thisS @XamMPIE ........... e e 70
Table 20: Different scenarios and the respectitad teet utility Z(p) and risk reductiotR for two
different compartment values, 240 and 410 eutpfaspectively denoted CBAand CBAio 70
Table 21: Analyzing the effect of the used barmmterial by comparing the failure probabilities

of a metal-stud and brick wall for scenario sevaed six (respectively a building floor area of

100,000 M and 80,000 B)......ccuueirureeieraieeiriressieeaeeesseeeseeeseeesseeesseeasseeeseeasseeaneeansesaneenns 76
Table 22: Typical growth rates recommended forowgitypes of occupancies. Reconstructed
FEOM [L5], [27] -uuuuuunnnn et e e e e e e e ettt sttt st e st e s bensnnnnnnnnn 91
Table 23: Typical growth rates recommended forowgitypes of occupancies. Reconstructed
10T T 15 PP 91
Table 24: Example of direct and indirect cost htttes, reproduced from [35]..................... 93

Table 25: Failure probability of a brick compartrtedization wall with a height lower than 9 m
and with NO relevant penetrations. Reconstruct@ohfi2] ............cccccvvveiiiiiiiiiiee e, 95
Table 26: Failure probability of a brick compartrtedization wall with a height lower than 9 m
and with relevant penetrations. Reconstructed f@IM............ccoeoiiiriiiiiiiiiiiiiiee s mmmmm e 95
Table 27: Failure probability of a brick compartrtadization wall with a height higher than 9 m
and with NO relevant penetrations. Reconstruct@ohfi2] ............ccccoooiiiiiiiiiiceee . 95
Table 28: Failure probability of a brick compartrtadization wall with a height higher than 9 m
and with relevant penetrations. Reconstructed f@Im............coocooioiiiiiiiiiiiiiiiee e e 96
Table 29: Failure probability of a metal stud walth a height lower than 9 m and with NO
relevant penetrations. Reconstructed from [2]............uei e 96
Table 30: Failure probability of a metal stud waith a height lower than 9 m and with relevant
penetrations. Reconstructed from [2]....... oo 96
Table 31: Failure probability of a metal stud walth a height higher than 9 m and with NO

relevant penetrations. Reconstructed from [2].............ei e 96



XXVil

Table 32: Failure probability of a metal stud waith a height higher than 9 m and with relevant
penetrations. Reconstructed from [2]....... e 97

Table 35: Characteristic fire load densities [Mg/far different occupancies. Reconstructed from

Table 36: Factordql anddq2 to determine the chance of ignition based uporfltioe area and
occupancy. Reconstructed from [29] ... 100
Table 37: Factoréni in function of active firefighting measures. Reswuacted from [29].... 100
Table 38: Conversion factéb depending on the thermal properties of the encio&9] ..... 101

Table 39: Correction factdec in order to cover various materials [29] .........c.cccevvvvvevenen. 102

Table 38: All fire spread scenarios and their ahriadure probabilities for a specified four

compartment building [aYOUL ...........oo ettt e e e e e e e e e e e e eeeee e 103
Table 39: Input parameters for the building [ayOuL..............coovviiiiiiiiiiiiie e, 107
Table 40: Input parameters for the compartment dFITAS ............ccoeveviiiiiieeeeeeeeeiiiceneee. 107
Table 41: Input parameters for the reference stat..............cccvvvviiiiieeeireeiiiciee e, 108
Table 42: Input parameters for the cost-benefity@ig................coeevvvviiiiiiiii e, 108
Table 43: Input parameters for the maximum posEBEEfitS...........ccooeviiiiieiiiiiiiee e 108
Table 44: Input parameters for the equivalent torhire exposure................oooooooiee s 109
Table 45: Input parameters for the calculatiorhef HRR and the probability of FO .............. 109
Table 46: Input parameters for the calculatiorhef annual ignition frequency.................. 109
Table 47: Input parameters for the fixed probabBiL................ccoiiiiiiiiiiiii e 110

Table 48: model input and output for comparisonhwte two compartment scenario of the
PrevioUS MOAEL ... ... e 111
Table 49: model input and output for comparisonhwitie four compartment scenario of the
[TV o TU £ 4o Yo [ 112
Table 50: Estimation of the total number of waredebuildings in different size categories.
ReCONSIIUCTEd frOM [L] .o 115
Table 51: Compartment size limitations in otherdp@an countries...................ccoe oo e 115
Table 52: One-off Installation cost per unit flomrea and one-off cost of water supplies for
sprinkler installation. RecoNStruCted frOM [L] wuee.eeeeeeeeeeiieiiiiiiiiiiiiiiiiiiiiieieeeee e ee e 115

Table 53: Calculation of the minimum value per dldbr area needed to return a positive CBA



XXVili



Chapter 1

Introduction

In the retail industry, a trend to move towardsaagl distribution centers or even a single nationa
center is witnessed [1]. The increase is allocébetthe surge in internet shopping. To meet the
business requirements, the floor area needs ta Heeirange of 25,000 to 40,00G,rand even
80,000n is possible. To counteract the correlated incréagiee risk the MHCLG, Ministry of
Housing, Communities and Local Government in Lond@s proposed a societal plan to limit the
maximum, unsprinklered, compartment size of warehstio 440,000 inResearch conducted by
BRE [1] interpreted this as a floor area of 40,060 assuming a building height of 11.5 — 12 m,

which is the maximum height a turret truck can heac

Today about 20 — 50 % of the warehouses are vallynsprinklered to protect material property
and business continuity [1]. This is in contrasthwthe UK Warehouse Association, stating that
sprinklers generally cannot be justified in a dositefit assessment [1]. The advice is given to
reduce fire risk by addressing escape routes,ld@ds, management and security rather than
restricting compartment size. Considering an ignitiate on a yearly basis [2, 3, 4] these measures
do not prohibit the possibility of a potentiallyveee fire. They can reduce it, but there will alway
be a chance that a fire grows beyond a controllalze. Without active or passive mitigation

measures installed the private owner then héskaf experiencing a total loss [2].

Looking at a national distribution centre, it isrydikely that all of a business stock might be
gathered in one place. A private investor withs-prone approach, i.e., only fulfilling the stated
societal provision, could facedirect lossof approximately £8,400,060Hence, it makes sense to
protect a business’s assets as a total loss wbntibacertainly mean bankruptcy. An entrepreneur
can avoid a scenario like this by investing in safieeyond the societal requirements (e.g.,

sprinklers, compartmentalization, smoke detectiioa,extinguishers).

140,000 M at a value of £210 per unit floor area.



To make such investments debatable among exmarigebple and investors the expected benefits
and consequences must be monetarized and quariieedy this in a systematic approach is
especially crucial for safety features. Their polesbenefits are assessed over a long time span,
and relevant concepts are not easy to clarify pedigaily. A Cost-Benefit Analysi€BA is a tool
designed for precisely this purpose: systematicaligess the merits and weaknesses of any

investment.

The scope of this thesis is to provide a tool famducting a private Cost-Benefit Analysis CBA
for compartmentation. The measure is generally asd to define an upper-boundary for a non-
sprinklered area, and the possibilities as a usedkireduction tool are neglected. Also, available
studies focus only on sprinklers or, like NEN60ZP fre conducted from a societal point of view.
The primary focus being fire spread to neighbopials and thus wholly neglecting internal fire
spread. The governing reason for the deficiencth& code restrictions apply to safety of
occupants to make sure that there is sufficiere sgfess time rather than protection of private

interests.

The problem for compartmentalization lies withirojecting the damage cost, i.e., the residual
cost resulting from a fire event with compartmeptatinstalled. The governing reason is the
dependency on the fire spread path. Steps towaxuisbée mathematical model to identify all
scenarios have been undertaken in the past. THeodwbgy of the previous example provided
an invaluable basis for this thesis and is analyz&gction 1.6. Nevertheless, because of the many
restrictions inherent to its thought process, itas deemed accurate enough for this thesis. A big

part of the research was dedicated to construetimgw model, presented in Section Chapter 3.

1.1. A definition for Risk

De Sanctis [3] defines risk as the expected consequenEgS] considering all damage stat®s

of a system, i.e., a failure of the system or edaeee of a pre-set boundary. For a damage étate
the related consequenasg@l) are multiplied with the probability density funatif, (d|EX) of
the damage state given the probability that thesxeEX happened (EX) [3]:

To avoid introducing all the variables and abbrgweies used in this thesis the reader is referred to

the previously provided nomenclature.



R = E[C] = f c(d) * f, (d|EX) * P(EX)dD
Dp €Y

The consequences can include loss of live, injueesnomic losses, business interruption, cultural
losses, etc. To be able to make rational decisibbissconvenient to express them in terms of

monetary losses.

Equation (1) can be simplified by selecting incideoenarios and assigning a probability and
consequence to each. These scenarios are usyakgeated by an event tree [3]. Eq. (1) can then

be expressed a$sk = uncertainty x consequences.

1.2. The societal investor versus the private investor

1.2.1. Tolerability and residual risk in the societal ALARP criterion

The goal of societal safety measures is to make swesign is tolerable and that the remaining
risk is ALARP, as low as reasonably practicabld 3} Whether a design is tolerable or intolerable
is determined by the possible consequeiicand the probability, or frequenéy of an event [5].

These two parameters are represented by a risk authe FC-diagram, see Figure 1. When the
risk curve is in the dark grey area the desigrifitaast be reviewed. Curves in the grey and white

area are tolerable, and thus the societal ALARRirement applies to reduce the residual risk



further. The difference is that for the “de miniiisgion no active research has to be conducted

to find extra cost-effective safety measures.

intolerable
region

Tolerability limit

de minimis limit

ALARP
region

de minimis
(negligible) region

Frequency of occurrence (log-scale)

Consequence severity (log-scale)

Figure 1: Generalized frequency-consequence diaffhm

To fulfil the societal ALARP criterion regulatorygancies or authorities should aim for the
maximal possible risk reduction that society iding to pay for, SWTP [3]. In other words, how
much resources a community wants to allocate te sae perscn Hence, the proposal under
review should be implemented up to a point wheeseths a gross disproportianbetween the
chance in rislARI and the cost to reduceAt [6], once past this point more life’s can be saved

elsewhere [7]:

ac_ ,
—ARl = ()

2 The Life Quality Index, LQI, was introduced by Ratani et al. (1997) to allow for rational decisioraking on
safety investments. Based upon the expected laridite, in good health and wealth, it avoids thbieal dilemma
to assign a monetary value to life [3]. When authes don't respect the ALARP boundary a net lossarietal
welfare occurs as more lives can be saved throthglr,anore targeted, risk reduction measures.



1.2.2. From societal ALARP criterion to the private CBA

Parameten in Eq. (3) is the proportional constant transigtime change in risk into an equivalent
monetary value [5]. This is in contrast with Eq) ¥herea is the disproportionality constant. In
the latter, it specifies the gross disproportioadexl between cost and risk before a safety measure
is considered as not cost effective. The change fEy. (2) to Eqg. (3) can be explained by
considering the gross disproportion reference paraof societal risk aversion which is already
included in the tolerability assessment. Eq. (3) ba interpreted as a pure societal cost-benefit

analysis.

AC < a(—ARI) 3)

It is evident that a clear distinction must be mbé@veen societal and private investors. The goals
are respectively to enlarge societal utility andspeal utility. The societal ALARP criterion
provides aminimum requiremenfor any private cost-benefit consideration [8],[@nce this is
fulfilled, the private decision-maker is free tov@st in safety design beyond. On the other hand,
he or she can also adhere to a risk-prone attfldén other words, as long as no possibility of
ruin exists, i.e., the probability of unbearabl@gequences, the entrepreneur can gamble on not

having an incident.

The methodology and definitions behind the sociélaARP criterion can be modified to fit a
business owner's perspectives. Whereas the soapgtabach is based on the SWTP with a goal
to save lives, the private CBA is based upon theepreneur's willingness to pay in order to

safeguard work continuity, material protection,deg protection, saving lives, etc.

1.3. The CBA and the total net utility or present value

The general formulation of a CBA, accepted for ltb#hsocietal and private investor, is given by
Eq. (4) [5]. In essence, it represents the sameemiras Eq. (3). The maximum possible benefits
B(p) reduced with the damage ca3(p) signifies the reduction in expected fire-induced
damages. The optimization is realised by changnegoy more design parameterée.g., a change

in the size of compartments, number of compartmdnesvall material). The shift in risk must be
in balance with the associated cas{p) for an investment to be beneficial. In other worttie

net total utilityZ(p) must be greater than zero.



Z(p) =B({@)—-C@p)—-D({) — - (4)

The occurrence of an event in a building without aafety measures will lead to the maximum
possible risk a fire can induce. It can be int@ilyvunderstood that the risk of this reference
scenario is equal to the maximum possible benefingestment can produce. After all, a safety
measure cannot reduce the risk below zero anditipasential profits cannot be higher than the
maximum possible risk. As risk reduction tools meger impeccable the occurrence of an incident
will still introduce a specific cost, i.e., the dage cost. It is trivial that its magnitude is asses

on a scenario with safety measures installed./Bds thus a tool that compares the reference state

without mitigation measure to a state with mitigatmeasure.

1.3.1. Time effects

Costs and benefits happen at different, and pgssiinidom, points in time and thus Eq. (4) must
account for time effects. Money that is earnedspEnd, in the future doesn't have the same value
today. Time effects are extraneous to inflatiord #re following explanation is thus inherent to
the assumption that the same amount of goods céoeumght with a euro now and in the future.
There are two reasons for the depreciation. Ifragrecan choose to get a hundred euro today or
a hundred euro over ten years, then the first opidhe most valuable as that hundred euro can
be invested over ten years to gain more profigs, earn interest on a bank account. Secondly,
what will happen in the future is uncertain, andstimoney spend, or earned, in the future has a
particular risk that money spent, or received, yodiaesn't have. Accounting for time effects will
thus efficiently reduce costs made and benefitseshin the future. Reducing costs and benefits

to their present value PV is called discounting esndione by dividing the costg, that happen at

a certain time; in the future with the annual interest rateéOnce this is done the summation of

all discounted costs is taken to get the total 8V [

n e,
PV = ;—(1 e (5)



The valuation of the costs in Eq. (5) happens strdie intervals, e.g., daily, monthly, quarterly,
semi-annually or annually. For a more precise datmn Eq. (6) uses a continuous discounting

ratey [8]. This is especially important for high-riskvestments or events.

n
PV = z ce,exp(—vt;) (6)
i=1

Equating Eq. (5) and (6) gives Eq. (7) which cotsan annual interest ratanto a continuous

discount rater [10].

A+nti=expiyt) e @+r)=exply) ©@y=In(1+71)

er=exp(y)—1 7

The difference between the discrete and contind@e®unting is shown, for a single cost of one
euro, in Figure 2. From the chart can also be ddrihat a low discount rate favours gains in the
future and vice versa. For example, when a verticalis drawn at = 40 years, it intersects the
y = 0.1 line in aPV = 0.01. Meaning that an investment today is only favolgabit costs less
than 1 percent of the future gain. Doing the saorettiey = 0.049 line results in a PV of
approximately 0.2 and thus the investment todaybeanp to 20 percent of the future gain before
it is disadvantageous. As mitigation measures bssalve lives over many years, the societal
discount rate should be small to make investmentsitigation measures today profitable. A

societal discount rate equal to the long-term eosoaogrowth is recommended for societal



investment [8]. Private investors can choose aitrarl y if the minimum boundary condition of
ALARP is fulfilled.

PV [euro]

! | ! | N I ! |
0 10 20 30 40 50
time [ yr]

Figure 2: The difference between continuguand discrete discounting r and the effect of waidiscount rates on
the present value PV

When fire losses are multiplied by the occurrerate of a fire the loss rate or continuous cost rate
c(t) is obtained. Assuming a constant cost tand that the time of rebuilding is small compared

to the time between events leads to the followorgntilation for the PV of the total costs over the
useful lifet,, [8]:

PV = %* (1 —exp(—yty)) €)



The constant cost ratein Eq. (8) is interpreted as the expected costtd@esingle failure with or
without the mitigation measure installed. The tétdlis thus the result of a renewal process where
after an event there is an immediate reconstru¢tibh Furthermore, as the time goes to infinity
the value of a dollar goes to zero, see Figurend,thus the PV cost, and benefit, line reach a

horizontal asymptote. The effect of an infinite ¢itnorizon is mathematically represented by Eq.

(9).

PV= ©)

<Ila

t, — oo would be the case for societal investments, asceetses need for a construction is not

related to the conceptual, private, design life [8]

1.3.2. The expected present value of the consequences and implementation cost

Combining Eq. (8) and the definition of risk, sesg EL), results in the expected PV of the damage
costD(p) and the expected PV of the possible bené&fits) [5]:

P
D(p) =¢p % [1 - exp(—yt,)] (10)

P
B(p) = %% [1 - exp(—yt,)] 1)

There is no need to discount the implementatioh gpg since the investment is madetat 0.
When there is an annual maintenance sgsiaccompanying a safety measutép) is the sum

of the original investment and the PV of total meaimance cost. With a continuous discounting

ratey and a constant cost rate C(p) is represented by:

C(p) = cinst + % * (1 —exp(—yty)) (12)
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1.3.3. Optimizing the investment in the safety feature

The ideal correlation between costs and benefitsbeafound by taking the derivative B€p).
Considering one optimization parameter and maxmgighe useful lifet,, the mathematical

representation is given by Eq. (14) [5].

B e - ) — ey L2 13
dp Ty TP Ty (13)

Because the reference situation, subscript 0, depandent of the optimization parameter it
reduces to zero in Eq. (13). Nevertheless, it farmsnportant quantity to verify if the found value

for p results in a positive CBA.

1.3.4. Other tools for the private investor to decide whether an investment is

worth undertaking

The time needed to recover the cost from an investnthe payback time, ignores much of the
time pattern of receipts and thus it can only lesles a crude rule of thumb [12] and is not relevan

for this thesis.

The Internal Rate of Return IRR of an investmerthis discount rate, for which the net utility
Z(p) is equal to zero [12]. It is the solution foin Eq. (14), where, is the useful life of the
investment. An IRR exceeding the market rate adrgdt indicates that the investment should be

undertaken.

c0,L) = ZZ(p)(l +Dt=0 (14)
t=0

In the calculation of the IRR it is implicitly agsed that intermediate receipts can be compounded
at the IRR. This gives a distorted picture as thlg appropriate rate for reinvestment is the market
rate of interest. Furthermore, if the cash flowhatend of a project becomes negative (e.g., making

a plant safe after its useful life) multiple IRRha@nder Eq. (14) to zero.

With a perfect capital market, lending and borragviates are identical, the only universal correct
criterion is the Net Present Value NPV or total uidity Z(p), see also Eq. (4). The total netityil
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is the most relevant parameter in determiningpif@ect is beneficial [12] and is used in this thes

for that reason.

1.4. Performance-based design and a probabilistic risk assessment

When a traditional prescriptive based design isoveéd the ALARP criterion is implicitly
assumed to be fulfilled based on the collectiveegigmce of the profession. Meaning that a
common and longstanding application in the desigst® [5]. However, new problems and ideas
arise every day. These lack previous failure evetisrefrom the collective experience can learn
and thus prescriptive guidance is stretched tonésimum potential [13]. As a result, a trend
towards deregulation or performance-based desiD, B witnessed [13]. Standard applications
of PBD test the design for a few fire scenarios angre-defined set of performance criteria.
ALARP is still implicitly assumed, based upon thellective experience. Since there is no
randomness involved, the methodology is callddtarministic PBJ14]. For common problems,
the deterministic PBD is a welcome addition. Ibal§ for minor deviations from the code. For
challenging projects, e.g., exceptional structufesry) low probability events or innovative
building designs or materials the collective exgece of the profession is lacking[15] [5]. For
these cases, a PBD in conjunction with a probdigilissk assessment, PRA, must be conducted.
This way the uncertainties can be taken into acc@and the ALARP criterion can be explicitly

evaluated.

A typical fire event is considered to have fiveergml stages. Ignition, followed by a growth
phase, allowing for intervention, flashover, andtlladecay. Associated with every phase and
action are probabilities of failure and successtandard definition for flashover is the transition
of a localized fire to a simultaneous ignition df @mbustible materials leading to a general
conflagration [16], see Section 1.6. Hence, it nisadense to weigh flashover as a total loss of the
compartment. Determining and quantifying the refdyaarameters that influence its probability
are thus crucial for a viable CBA. The probabitisipproach for flashover followed in this thesis

will allow to conduct a PRA for compartmentation

1.5. The total cost of a fire is a multiple of the direct costs
Fire safety measures beyond the societal requiremmen too often categorized as not cost

beneficial. The problem is that only the directtsame considered. Various sources [5, 6] debate
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that moral and ethical aspects should be takeraiedount when calculating the total cost of a fire
(e.g., environmental damage, traffic disruptionogonal damage, loss of production capacity,
cost of fire service intervention, cost of legaliad, fines). By doing this, the possible benedits

a risk reduction measure are increased, and the i€BKked in favour of implementation.

The problem exists in attributing the right valoestach of these cost components. A CBA can be
influenced in such a way that the validity of th&amme is useless. In this thesis, rather than
assigning values, the magnitude of the neededecdizosts to make a CBA favourable are

assessed.

1.6. Analysis of the previous model
As stated before, the last attempt to predict tesible fire spread paths and their probabilities o

occurrence provided a basis for this thesis ang the example is repeated here.

The model [17] provides a calculation method teeassf compartmentation of low rises, for the
configurations shown in Figure 3, is beneficialeThst layout has no compartmentalization, i.e.,
one compartment, and is referred to as the "referstate.” In arrangement two and three there
are respectively two and four compartments. Peraiadlde compartments are equal in size and

the dimensions are determined by the wilitthe lengthl. and the heightl of the building.

Figure 3: Building layouts on which the previousdabis applied: one, two and four compartments [17]

In the derivations below rates are denoteft as- -~ where x’ describes the model under review,

x" refers to the parameter under review and xHhdicates the compartment for which the

derivations are made.
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1.6.1. No compartmentalization, the reference state

Since there is only one compartment the floor ateas equal to the total building size.
Multiplying this by the frequency of a fire occurg per unit floor area per yeBr gives the total

fire rate for that compartment:

Pir1 = PBL (15)

In Eq. (15)Pf is considered to be constant. In reality, the pation will vary throughout the
building and thus alsgr. For example, computers and coffee machines irothee space will

present different probabilities for starting a firkan heavy machinery located in the workplace.

Two conditions must be met for FO to occur in cortrpant one. The first being that a fire must
be presenp; r; and secondly this fire must have a chance to goow compartment fire, the
probability of flashovePy,. As both conditions must be fulfilled the two terare multiplied with

each other to derive the rate of FO for compartrent

Pl,FO,l == PfO * PfBL (16)

The rate of FO is dependent on the size of the eotment, the total fuel load and the amount of
oxygen available in the compartment [18]. Introdigccompartmentalization in a building will
have a direct effect on these parameters, andByuwiill vary for each model. For simplicity, the

previous example considers the probability of F@ asnstant.

The damage per compartment in case of flash®yvey is derived by multiplying the compartment
floor area with its value per unit floor area S asdjiven by Eq. (17). S is considered to be a
constant but in reality it will vary due to the feifent occupations that exist in one building;

Furthermore, the assumption is made that when ppdms the whole compartment is lost.

S1,r0 = SBL (17)

As this cost will happen in the future a discouater as specified in section 0, should be

implemented to scale these values to their prasdae PV.
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Multiplying the rate of flashover in compartmenteonith its consequence gives the total annual

loss rate, assuming immediate reconstruction:

Ry = P1,F0,151,F0 = PfonSBZL2 (18)

1.6.2. Two compartments

As fire can start in compartment one or two, theilebe two different scenarios for this layout.
Due to the assumptions made the scenarios areddemind thus the total loss rate can be derived
by multiplying the loss rate for one scenario witle total amount of scenarios, i.e., adding the
risk contributions, The starting point for the dations below is that of a fire starting in

compartment one.

Since one compartment is half the building size(E§) is multiplied with 0.5 to get the rate of a

fire occurring in compartment one. The result isvgh in Eq. (19).

PZ,F,1=O'5*Pf*B*L (19)

The rate of FO happening in compartment one isrgbyeEqg. (20).

Pyros = Pro % (0.5 % Pr % B x L) (20)

The damage in case of FO in compartment one isngbse Eq. (21). In reality, there is the
possibility that firewater, smoke and heat will salamage to compartment two. The latter is not
considered in this model, and thus the assumpsiamade that there is no extensive damage in the

adjacent compartment if the fire wall doesn't fail.

S0 =05*xS*Bx*L (21)

Three events must happen for FO in compartment@mause FO in compartment two. There
must be FO in the first compartment, the fire wallst fail to allow fire spread to compartment
two, and this secondary fire must grow to a commpeant fire. By multiplying the failure rate of

the barrier per unit are,, with its total surface area the overall failurieraf the wall is derived.

As all events must happen, they are multiplied wabkh other as shown in Eq. (22).
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Pyroz = [Pro * (0.5 % P x B+ L)] * (Pry, x B x H) % Py,
(22)
= 0.5P;Pf,P;, B*LH

For simplicity, Py, is considered to be constant, but it can easilyrmerstood that this is not
realistic. Fire walls might be penetrated to allmwpipes to pass through and others can contain

parts for passage from one to another compartnesnotting in a highepy,, .
The total loss rate of a fire that started in cortipant one is given by Eq. (23).

Rscenario 2 = S2,r0 (P20, + Paro2) (23)

Because the fire can start in compartment one otle annual total loss rate, assuming immediate

reconstruction after an event, is the summatidootii, identical, scenarios as shown in Eq. (24).

Ry = 2[Syr0(Paro + Poroz2)]
= 2% 0.58; 50 (0.5P; ro 1 + Pyr0,2)
= S170(0.5Py g1 + 0.55; po PrP% Py, B2LH) (24)
= $1,r,0(0.5P; ro,1 + 0.581 0 P1 ro,1ProPrwBH)
= 0.5R; * (1 + PfoP;,BH)

Based on Eg. (24) the conclusion was made thahthemum loss rate reduction is half of that of

the reference state. This situation occurs if #te of failure of the fire walf,, is equal to zero.

The latter being only a theoretical scenario.

1.6.3. Four compartments

For the building type with four compartments theyious example only shows the end formula:

1 - B L
R4_ =4 % E * PfPfOSB L [1 + PfOPfWH (E + E)
(25)

(B 1 (3+3)
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SinceR, = P, PsSB*L? this leads to Eq. (26).

B L 2 (B L
R, = 0.25 R, [1 + ProPpH (E + 5) + (ProPr) H (5 + E)] (26)

Based on Eqg. (26) the conclusion was made thdb#serate can be reduced to 25 percent of the

reference state. In Appendix A an attempt was nattace back the steps that preceded Eq. (26).

1.6.4. Example

The following example was provided to illustraterntthe model can be used to identify the most
effective safety measure. A comparison betweenddterent risk strategies is made, see Table 1
[17].

Table 1: Different scenarios, comprising of differsafety installations, are used to determinaribst cost-

effective risk strategy

scenario specification

1 no compartmentalization, no sprinkler
2 no compartmentalization, sprinkler

3 two compartments, no sprinkler

4 four compartments, no sprinkler

Table 2 shows the data of the building layout dredidoundary conditions in which the different
scenarios will be applied. The values are an estiraathe previous author, based on literature
and self-experience. It should be noted that tegipus example does not contain any references

and thus the validity of Table 2 is questionable.

Table 2: Parameters, indicators and values usddfioe a realistic setting for the different scéosr

parameter Indicator unit value

B Width [m] 50

L Length [m] 100

H Height [m] 5

S Value per unit floor area [euro/m2] 1000
P Frequency of ignition per unit floor area [m-2yr-1] 5*10-6
Py, Probability of FO without sprinkler [-] 0.2
Pro spr Probability of FO with sprinkler [-] 0.02
Py, rate of fire wall failure [1/mé, e wanl 5*10-4
Co,spr Installation cost sprinkler [eurom3, ., areal 40

Co,comp Installation cost fire wall [eurom3 . wanl 100
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Scenario one indicates the reference state antbthlerisk can be calculated with Eq. (18). For

scenario two the same formula can be used, butate®;, changes from 0.2 to 0.02. The total

risk for scenario three and four can be calculatiéd respectively Eq. (24) and (26).

Table 3: Results of the risk calculation with thieypous model and the selection of the most effic#rategy based

upon the payback time

Scenario RiskR; Risk reductiom\R Installation cost C [euro]  payback tim& = ——
[eurolyr] [eurolyr] AR
vl
1 R, = 25,000 / / /
2 R, = 2,500 AR, =R, — R, C; = Co5prBL T,=9
= 22,500 = 200,000
3 R; = 12813 AR; =Ry — R3 C3 = cocompBH T;, =2
= 12,187 = 25,000
4 R, = 6481 AR, =R, —R, Cy = CocompH (B + L) T,.=4
= 18,519 = 75,000

Based on the table above the conclusion was madedtknario three is the most profitable one

for the given boundary conditions

1.6.5. Limits of the applicability and possible improvements of the old model

Possible fire spread paths depend on both the chmgetion location and the final loss
compartment, to counteract the amount of non-ihtargeable scenarios the following

assumptions were made in the old model:

* The compartments are equal in size

e The compartment value pefiis equally distributed over all the compartments
* A maximum number of four compartments is considered

» The fire can only travel further away from the smu(see also Appendix A)

» The fire barriers are identical throughout the dhinid

A graphical representation of the restrictionshi@ 6ld model and the expected possibilities of the

new are illustrated in Figure 4.
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Figure 4: Graphical representation of the restitthy symmetry conditions in the old model verges t
possibilities in the new model

The effect on the amount of scenarios would beceable, Table 4 shows the impact of not
considering symmetry and adding one compartmertulding the exact number of scenarios is

a prerequisite for a viable CBA, as each scenatioduces an extra cost.

Table 4: The effect of not assuming symmetry coong and adding one compartment on the numbereofesos

Non-interschangeable scenarios in the old md Non-interchangable cenarios in the new model
5 68

1 1 12 124 1243 12543
1-2 2 13 125 1-2-45 1-3-4-25
1-3 3 21 134 1254 1-3-452

1-2-4 4 24 213  1-3-42  2-1-3-45
1-3-4 5 25 24-3 1345 2-5:4-3-1

3-1 245 2-1-34 3-1-2-4-5
3-4 254 2-4-3-1 3-1-2-5-4
4-2 3-1-2 2-5-4-3 3-4-5-2-1
4-3 3-4-2 3-1-2-4 4-3-1-2-5
4-5 345 3-1-2-5 4-5-2-1-3
5-2  4-2-1 3-4-2-1 5-2-1-3-4
5-4 4-2-5 3-4-2-5 5-2-4-3-1
4-3-1  3-4-5-2 5-4-2-1-3
4-5-2 4-2-1-3 5-4-3-1-2

5-2-1  4-3-1-2

5-2-4  4-5-2-1

5-4-2  5-2-1-3

5-4-3  5-2-4-3

5-4-2-1

5-4-3-1

The old model doesn’t attempt to make a probalulesésessment of the various parameters, and

the following variables are assumed to be constardre not considered at all:

* Frequency of ignition (constant)

* Probability of ignition to grow to a local fire (hoonsidered)
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» Probability of flashover (constant)
* The failure probability of the compartmentation iabnstant)
» Firefighting measures (not considered)

» Time aspect of the fire (not considered)

Nevertheless changing the dimensions of the commgauts will have a drastic influence on all

these parameters, and the probabilistic risk assgsof them will be a crucial part in this thesis.

Whereas the old model neglected the time valueaay, it will proof vital to incorporate the

discount rate in the new model, in order to allawrktional decision making on obtained results.

In this thesis and in the old model only interne¢ spread is considered, which excludes fires
originating in the immediate proximity of the exterboundaries, see Figure 5 left. Including these
events is difficult because they are usually tisalteof arson, in which case the used ignitiongate
fire growths and other equations of this thesisnaterepresentable anymore. Nevertheless, these
events occur and the private investor can decidendtall further protection measures for
safeguarding his business. The model presentethchue the extra scenarios from an exterior
fire, by including an additional compartment rerg the surroundings of the building, see
Figure 5 right. It should be noted that extra reseaould have to be conducted to determine the
various parameters from Chapter 2 to representtni@r arson fire. The values would then have
to be hardcoded for compartment 5 and for thesfiread paths indicated in red. Furthermore, the

CBA would have to be conducted to establish ifé¢kia investment is beneficial.

Figure 5: Left: schematic representation of how partmentation is applied in this thesis, i.e., withconsidering
exterior fires. Right: schematic representatiothefimpact of considering exterior fires and hovptogram the
model to return the additional scenarios
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The following assumptions are considered to beorgsle and are reused:

» There is only significant damage when flashoveuogc
» There is no damage to adjacent compartments gafety measure is successful

* When FO occurs, everything in the compartmentss lo

1.7. Objectives of the thesis

The scope of this thesis will be to construct a ehdigiat allows for a probabilistic risk assessment
to be conducted for compartmentalized buildingsthwhe resulting CBA, it will be possible to
explicitly demonstrate if compartmentation is béciaf for the private investor. The following

objectives are pursued:

» Researching the available literature and identgyarhands-on approach for probabilistic
evaluation of fire hazards and active and passiwasures, see Chapter 2

* Introducing a new mathematical method to identlfypassible fire spread scenarios in a
compartmentalized building, and thus allowing floe@curate estimate of the damage cost,
see Chapter 3.

* Programming the above in a mathematical prograrkingat possible to conduct the CBA
for various examples with only the need of chandgh@ginput parameters, Section 3.5.

* In Chapter 4 the new model is demonstrated ontiellght of examples in order to: make
a comparison with the previous model, draw conohsi for an effective
compartmentalization of buildings, compare the £atd benefits of sprinklers and
compartmentalization, compare the costs and benefitvarious compartmentalization

materials



21

Chapter 2

Theoretical aspects of flashover in a probabilistic context

In the following sections the various events andapeeters propagating the onset of FO are
accurately identified and quantified in a probalidi risk assessment, a crucial aspect of thisshes

as the probability of FO is the main parametettierCBA, and eventually the new model.
Various definitions of FO exist, of which two aedavant ones for the new model:

 Walton and Thomas [16] define flashover as thesitemm of a growth stage to a
compartment fire that includes the whole floor anétéhe enclosure, as a resaift= A¢
and the fire transitions from fuel-controlled tanti&ation-controlled [19].

» Peacock et al. [20] defines FO as the occurrenca aitical imposed heat flux of 20
kW/n?. The latter is present when the gas temperatamhes 500°C, assuming the smoke
layer is a perfect black-body. It must be noted thare is significant uncertainty in these

numbers as they depend on the involved materialsl@nroom configuration.

2.1. Frequency of ignition

For the new model ignition is addressed based apstatistical method and not on its chemical
aspects. De Sanctis [3] and NEN6079:2016 [2] tef&@amachandran [21] who uses the floor area
of the enclosurd, to derive a statistical probability for ignitiofihe floor area is assumed to

represent the number of ignition sources or occigiarthe building. In the paragraphs below the
method from NEN6079:2016 [2] is described in detail

Eq. (27)and (28) relate the floor area of the enclosurén e ignition rate for respectively

industrial buildings and other non-residential Bungs.

F(4r) = kl\/A_f (27)

The parametek is based on fires reported, withessed and summesgby the fire services,

referred to aspotential serious initial firés Data from the Natural Fire Safety Concept, NEN-
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EN 1991-1-2, the CBS, the International fire Engiireg Guidelines (IFEG) and the method from
Ramachandran [22] were compared by NEN6079 to dortiee values listed in Table 5.

Table 5: Values fok; andk, to define the ignition rate in function of theabfloor area. Reproduced from [2]

Variable Indicator unit Suggested Value
ky Industrial buildings [miyr?) 103
k, Other non-residential buildings ffar-y] 10%

De Sanctis [3] also refers to the approach of EsdB3] as the floor area doesn't include
significant building characteristics (e.g., the agk the building, level of maintenance,
housekeeping, occupant characteristics). Fisches tl®e volumé’ or insured valuer of the
building. The model is mathematically representgdeh. (29) and (30) and the valuation of its
parameters is based upon Swiss insurance datdabée6. As Swiss cantonal insurance offices
are obliged to ensure all buildings in the cantod enclude small fires, even where there is no

interaction of the fire brigade, the data is coasd to be representable for the ignition rate [3].

P(EX|xo = V) = exp(By,yo1) * volPzvol (29)
P(EX|xq = v) = exp(By,) * vFzv (30)

Table 6: Values to describe the ignition rate imcfion of the volume or insured value as definedrisgher et al.
(2012). Reproduced from [3]

occupancy ﬁl,vol ﬁz,vol ﬁl,v BZ,V
Dwelling  -11.76 0.8700 -10.73 0.368
Office -9.599 0.5277 -10.78 0.342
Retail -8.979 0.4447 -15.51 0.714

As the ignition frequency described by Fischer ptes more accurate results, it is the pursued

approach in this thesis.

2.2. Probability of ignition to grow to a local fire
The probability that an ignition grows to a localefP;; is subdivided intcP; , andP; ; by
NENG6079:2016 [2]:

» P, Iisthe probability that takes into account thestlmty of suppression by occupants

or the fire service when the fire is still minima] , = 0.04 is recommended.
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« P,; is a probability that takes into account extra soees, e.g., the removal of heat
sources, use of non-flammable products insteaflaofimables, separation of

ignition sources and flammable materials, etc.

As both events must happen for ignition to grova tocal fire the probabilities are multiplied as

shown in Figure 6.

Pip=Po*Pp
and
failure of suppression by the fire service failure of suppression by extra
or occupantsin a very early stage measures
Pl,O = 0.04’ Pl,l

Figure 6: The different components that definegtabability of ignition to grow to a local fire

P; 1 can be determined by comparing the number of,foesered by cause, over a certain period
versus the fictive number of fires that would stiicur after implementing the extra mitigation
measure. An example of the method is given in NEAGEO16 [3, pp. 128-129].

2.3. The Heat Release Rate HRR

Under the influence of heat, a solid material staad decompose and release volatiles, i.e.,
combustible gasses. The process of this phase ehstgrmed pyrolysis and is accompanied by
a mass loss of the item. Combustion of the gassesr® if there is enough oxygen and heat
available. The exothermic reaction releases hedtthe heat release rate, HRR, of a single

combustible material can be defined as followed [3]

Q(t) = xc * Ahe x 1" * ap(t) [kW] (31)

In Eqg.(31) there is only one-time dependent tesy,and the other parameters are assumed to be

constant during a fire.
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2.4. Fire growth with the at? fire

The time it takes for a fire to reach a specific HRill prove an important parameter for
approximating the failure probability of the firergice in Section 2.9. Fire development is
dependent on the configuration, availability anchposition of the fuel packages in the enclosure.
Meaning that, an endless amount of fire growth aden exists. Nevertheless, it is found that

many fires have a growth rate that can be appraeidniay a parabolic curve [19]:

Qo = atZ[kW] (32)

Values for the fire growth coefficient can be found in Table 7, and for other occupations

Appendix B.
Table 7: Values of for different growth rates. Reconstructed from][[i®]
Growth rate Typical scenario a [kW/g] Time [s] to reach 1055 kW
Ultra fast High rack storage, PE rigid foam stacked high 0.19 75
Fast PU mattress, PE pallets stacked 1 m high 0.047 150
Medium Traditional mattress or armchair 0.012 300
Slow Densely packed paper products 0.003 600

The first stated definition of FO allows to caldelahe corresponding fire area by dividing

Q'a with the heat flux for a fuel controlled fizié'fuel

Qa
q"fuel

ag = [m?] (33)

It should be noted that the Dutch organisation T[®4] derived equations that correlate alpha
with the height of the stacked goods. For 11 m higflustrial storage buildings, the equations

result in an increment with a factor 10 for

2.5. HRR needed to cause FO
The method developed by McCaffrey, Quintiere andkiéaoad [18] to predict the gas

temperature of the upper layer in a pre-FO compantriead to the following equation:
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1

(o) o9
AT = 685 ————
Ao/HohyAr

Substituting the FO definition of Peacock in Egd)(Bads to the minimum HRR needed for FO

to occur in the compartment:
_ 1
Qro = 610(Ag/Hohy A7) [kW] (35)

The experiments that led to Eq. (35) were conductedoom with a height, floor area and opening
area varying respectively from 0.3 m to 2.7 m, Onf4to 12 n? and 0.03 rito 1.9 md. The
correlation should only be used for similar enclesy25] and is thus not deemed useful for this

thesis.

Another method is developed by Thomas, assumingRahappens at a uniform upper layer
temperature of 600°C [26]:

Qro = 7.84; + 3784,+/H, [kW] (36)

Combining Eg. (32) and (36) results in the timé&¢:

O = at? = Qpo = at}, & ty, = ’%0 (37)

2.6. The maximum HRR for a ventilation-controlled regime

The airflow into an enclosure can be calculatedh\kg. (38) [18].

thq = 0.540/H, [kg/s] (38)

Assuming that a kilogram of oxygen used for comibmsand the mass of oxygen in the air is
respectively 13.1 MJ and 0.23 percent Eq. (38)l=mnewritten to calculate the maximum HRR

for a ventilation-controlled regime [27]:



26
Q, = 0.5x13100 x 0.234,/H, ~ 15004,/H, [kW] (39)

Eqg. (39) assumes that all the oxygen going intoctimapartment is used for combustion. This is

an unlikely scenario, and the formula above gives ta conservative prediction.

The openings in the enclosure must allow for enarggy, or oxygen, to enter f@y, to increase

up until Qzp. OnceQ, reaches)y, it is assumed that FO is initiated. In a mathecati

formulation Eq. (40) states the first boundary dbod that makes FO possible.

Qv = Qro (40)

2.7. Energy content available in the room
For large compartments, or compartments with sopghings, the available oxygen in the room
may allow for a higher HRR than predicted by E®)(Staffansson [27] gives the following

method to determine the time needed to releaserntrgy content of a room.

The energy content available in the air of the cartipent is mathematically represented by Eg.
(41). To come to this expression the assumption&dp (39) are reused, and it is assumed that

combustion is possible until the mass of oxygempsito 10 percent.

E = 13100V (0.23 — 0.10)pgr [K]] (41)

The energy content can also be represented byEj. (

E=| Q()dt (42)
/

Combining Eq. (41) and (42) and assuming a constRR equal ta),, results in the time needed

to release::

E
E=Qy*xt=tp=— (43)
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Whent; is sufficiently small, the energy content avait&abi the room can be ignored since the
fire will become ventilation-controlled fast. Whepis sufficiently large it signifies that the fire
may sustain a fuel-controlled HRR for a long timefdse becoming ventilation-controlled. It
should be noted that Staffansson [27] lacks to givalue for when the time is sufficiently large

or small.

Introducing a characteristic tintg, a second boundary condition for FO can be forredtat

tg = tep (44)

In other words, when the condition of Eq. (40)as fulfilled FO can still occur when the condition
of Eqg. (44) is met. An extra paramefy,; r, is introduced here to summarize the boundary

conditions that make FO possible or not.

if tg > tcn OR Qv > Qfo = Pposs,fo =1 (45)
if tg <t AND Qv < Qfo = Pposs,fo =0

2.8. The maximum HRR for a fuel-controlled regime
It is assumed that the fire that leads to flashewteenP, s, r, = 1 has enough oxygen to burn all
its volatiles and has a fuel-controlled HRR. Bakikas [28] stated that these fires are comparable

with free burning fires releasing a heat fliux equal to the free burning maximum:
Gruel = Qfree = X * Dhe x 1 (46)
Substituting Eg. (46) in Eq (31) leads to:
quel = Q}uel * ag(t) (47)

Assuming that the fire can burn without interventm decay and within the boundary condition

of ty >t 0rQ, > Qfo it will eventually consume the total floor aréaof the enclosure and

have the maximum possible HRR for the enclo%l,max, represented by Eq. (48).
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quel,max = C'I}uel * Af (48)

Given thatP,,s s, = 1 and Ay is a constant for a given compartmed[y'iuel will determine

whetherQ f,e; max €aN reactys,, i.e., propagate the onset of FO.

In EN 1991-1-2 [29] values can be found z@c}gel, but the code lacks to give a reasoning behind
the obtained data. From Table 8 it can be seerathatcupancies but the library havq'}@el =
250 kW/m?. De Sanctis [3] refers to Hosser [30] who intetgdethis as the mean of a Normal

distribution with standard deviatian= 50.

Table 8: Fire growth rate and maximum rate of meletase RHR per H{RHR) for different occupancies.

Reconstructed from [7, p. 51]

Occupancy Fire growth rate t, [s] RHR [kwW/n¥]
Dwelling Medium 300 250
Hospital (room) Medium 300 250

Hotel (room) Medum 300 250
Library Fast 150 500

Office Medium 300 250
Classroom of a school Medium 300 250
Shopping centre Fast 150 500
Theatre (cinema) Fast 150 250
Transport (public space) Slow 600 250

De Sanctis [3] made a tentative model by represgtitie mass loss rate per unit ateathe heat
of combustiomh, and combustion efficiency, as random variables, respectively, AH, and
X, with their probability distribution type, mean ual and coefficient of variation. His result

showed a good correlation with the work of Hos88].[Due to the excellent correlation and the
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simplicity of a Normal DistributionX~N(250,50) is introduced in this thesis to represent the

distribution ofq r,,,,.

Figure 7 showX~N (250,50) and the inverse of its cumulative distributiondtion 1 — FX(q}O).
The cumulative distribution function allows to assé¢he probability thaq}uel reaches the heat

flux needed for flashovey;,:

Loy,
Pfuel = [1 - FX(qfo)] with fo = Af (49)
1.2
0.009
Pfuel
1 —— X~N(250,50) | 0.008
0.007
08 0.006
0.6 0-005
0.004
0.4 0.003
0.002
0.2
0.001
0 0
0 100 200 300 400 500

[kW/m?2]

Figure 7: Probability density functiot~N(250,50) and the corresponding inverse cumulative distdougy,,,;,
which describes the probability of the fuel-corgdlheat flux reachomg the heat flux needed fahitever

Figure 8 showsjfo for two fixed opening dimensiod,, * \/H_,, in function of the length of a
square floor plan. Two points are marked, reprasgra floor area of 100 and 4002.an0 for
these points are respectively 5,000 and 14,000 Ikéreasing the floor area with a factor four
leads thus to an increase@‘o by, approximately, three. Concluding that, witkrgmsing floor
area the terrq}o will decrease leading to a high@y,.,. This might feel counterintuitive but is

easy to understand as a bigger floor area meanthtra fuel is more fuel available to reach the
HRR needed for FO.
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Figure 8: The HRR needed for @o for a square floor plan and three different opgrdimensionA, * /H, =

[1; 8; 15], in function of the length L

Using onlyPy,, to estimate the probability of FO would lead wgrass overestimation as the time

needed to get téfo plays a vital role for the interaction capabiktief the fire service. How the

probability for FO is corrected for time effectselaborated in the next section.

2.9. Failure probability of the active measures
The goal of the fire service is in the first ingtarthe safety of occupants and firemen and only
after that the limitation of material losses. The-fighting services in the Netherlands defined

four different suppression technigues, see Table 9.

Table 9: Different firefighting strategies in thetlerlands and the risk they oppose to the firgdiglReconstructed

from [2]
Risk level indicator
<< Defensive exterior attack
Offensive exterior attack
> Defensive interior attack
>> Offensive interior attack

The exterior defensive attack involves the leastamof risk as opposed to the offensive interior
attack. Because of the associated risk the latteisually, only used in residential buildings veher

there is a great probability of occupants beinggeal. The interior defensive attack is for other
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buildings where there is also a potential dangeoézupants, e.g., hospitals, hotels, skyscrapers.
For industry, the most common approach is the extattack. Nevertheless, the fire responsible
at the scene will decide at the time of the evaseld upon the unique circumstances inherent to
fire [2]. Because of the later, fire service inmtion cannot be excluded with certainty, and a

failure probabilityP,,,,,, is researched.

De Sanctis [3] refers to Davis [31] and Hosser [B@jescribe the effectiveness of fire suppression.
The control time has a positive correlation with fine areai; and a negative correlation with the
amount of water available to suppress it. The langethe longer the time needed to control it.
The more water available, the higher the flow e be, the shorter the control time. Davis [31]
compared various (empirical) models available tecdbe the flow rate needed for effective
suppression. The result showed that there wassiasulal variation in the required flow rate. As
such this method is not deemed reliable enougthistthesis.

Hosser [30] relates the probability of a successdippression to the maximal controllable fire area
a.ontr Of the fire brigade. Based upon fire-fighting estpace a Normal Distribution, with a mean
value of 200 rh ando = 40 was proposed. The probability density functiondeanoted as
Y~N(200,40), see further Figure 10. The mean value is in atwre with Davis [31] who related
aNdconer = 200 N7 to a flow rate o2500 I/min which is the typical capacity of the fireidgpde

in Switzerland. Due to the correlation between B4@il] and Hosser [30] and the fact that the
research is based upon actual fire-fighting expegethis distribution is used to determig, ...

The application is explained in the next paragraph.

The average fire service response time, duratiom fime to call to time of arrival of the first
vehicle at the scene, in England for 2016/17 wasdsen eight and ten minutes [32]. De Sanctis
[33] proposes that additional setup time, dependmthe building characteristics, has to be added
before the fire department can start its activitiesis conference paper, a Lognormal Distribution
with a mean of 3.5 minutes is proposed. Based erptavious a, conservative, intervention time
tine Of fifteen minutes is used for this thesis. In jooiction with the fire growth rates, Section
2.1, the indicators shown in Table 10 can be catedl The failure probability of the fire service

Pyppr Can then be estimated with the following methodglo

When the HRR needed for flashO\@;O, see Section 2.1, is bigger than th¢ HRR at
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intervention timeQa,tmt it is assumed that FO did not occur dhyg,,, is calculated based upon
the fire area;, see Eq. (50). In cas@fo is smaller thanf)a,tint it is assumed that FO did occur
before the fire service is ready and tifgs,,, is calculated based upon the total floor aredef t

ignition compartment, see Eq. (51).

Psuppr,before = Fy (Y, af) (50)

(51)
Psuppr,after = FY(Af.i)

Table 10: Calculation of the failure probabilitytbi fire service for the ignition compartment whapgon thext?

fire

Variable indicator unit Slow Medium Fast Ultrafast
a Alpha [kJ/s] 0.0029 0.012 0.047 0.188
tint Fire service intervention time [min] 15 15 15 15
Qa.tim HRR att;,,; [kw] 2,394 9,720 38,070 152,280
ar Fire area at;,,; [m? 10 39 152 609
Pouppr.before Z;arlil\l/JaZIebper%tr)ng”gy of the fire service upon [] ~0 ~0 ~012 ~1

Failure probability of the active measures upon
Pt arrival before FO based upon a smoke [-] ~0.25 =025 =0.34 ~1
detection system, Eq. (52)

Suppression by the fire service is only considevbdn there is a detection system installed [2].

Table 11 lists the failure probability of a thernaald smoke based system.

Table 11: Failure probability of different detectisystems. Reproduced from [2]

Detection type  Failure probability
Thermal 0.062
Smoke 0.25

The probability of the detection systdty., and fire service have to be combined as shown in

Figure 9.
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failure active
measures

Pact

I |

failure detection
system

failure fire service

Poy
ppT
Pdet

Figure 9: Schematic representation of the compantbiat define the failure probability of the actimeasures

Eq. (52) shows the mathematical representationgofr€ 9.

Puct = Paer + Fy (A5 o7 af) — (Pyer * Fy (A5 o7 af)) (52)

The components of Eq. (52) together withN (200,40) are plotted in Figure 10. As can be seen
from the line forP,. there is always a probability that the fire depemt fails due to the

dependency on the detection system.

1.2 0.012
— Pyet
Fy(Af)
1 P, 0.01
Y~N(200,40)
0.8 0.008
0.6 0.006
0.4 0.004
0.2 0.002
0 0
0 50 100 150 200 250 300 350 400
[m?]

Figure 10: The different components that definefétlere probability of the active measures togethigh the
probability density function of Y
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2.10. Probability of failure for compartmentalization wall after FO

De Sanctis [3] provides the following considerasombout the failure probability of
compartmentalization walls. Passive protectionsusss are part of the building's structure and
are designed to keep specific performance critehan exposed to the standard fire curve (ISO

834-1) for a given period. Failure is subdividetbithree criteria:

» failing of the bearing capacity (R) due to theifgglof the compartmentalization wall itself
or the construction that it is connected to

» failing of the integrity (E) means that cracks agptiarough which flames can spread to
the neighbouring compartment

» failing of the thermal insulation (I) or due to headiation (H) occurs respectively when
the temperature of the not exposed wall is so Higlh objects in contact with it ignite
(140°C -180°C) or objects at a distance of 1 m ignite (300 600°C)

The performance can be assessed by evaluatinglialeility with a limit state function [3]:

The complementary event or the failure probabdityhe passive protection element is expressed
by Eq. (54) [3].

pr =P <0)= f frs (rp, sp)drds (54)

g(rr.st)

The thermal exposur®- is based upon the net heat flux to the elementFarier’s law of heat
flow allows to determind&, the thermal resistance. Due to the uncertaiassciated with their
calculation,R; andS; are introduced as random variables. De Sanctist@gs that analytical
solutions can only be derived in special cases, @lgen the variables are Normal distributed
(which is seldom the case). In general situatidins,integral can be solved, depending on the
problem, with integration techniques, simulatioohti@ques (Monte Carlo) or by approximation
methods (First or Second Order Reliability MethB@RM/SORM). Since the scope of this thesis

is to provide an easy-to-use tool, another methadsearched below.
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NENG6079:2016 [2] provides a more fundamental wayooking at the failure probability and

states the following factors that influence itsueal

* Pryisjicon IS the failure probability of compartmentalizatimall between comp. i and
j, determined by the material used to make tiparsgion

Pryisjipen IS the combined failure probability of all rele¥grenetrations in the

compartmentalization wall between comp. i ardejermined by the level
of detail administered in making the connectietnween the wall and

intersecting elements

Figure 11 graphically illustrates the various stiyz can lead to failure of a fire barrier.

L
v v
A: failure of wall that connects no yes
comp.ito comp.j? 1—=Prw,isjicon Pevisficon
. es
B: relevant penetrations? y1 no
' i
. . yes no !
C: failure of penetrations? p |
fw,i—jpen |
\ 4 ! i y
sequence A'BC ' A
OK --
description Pryisj Pru,issj

Figure 11: Different components to calculate thkeifa probability of a compartmentalization walle€dnstructed
from [2]

Based on Figure 11 tabulated data for the failuobgbility of the compartmentalization wall in

function of the height, the fire resistance ratithg, equivalent fire duration, building materiatlan
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relevant penetrations is provided. Two such tabtegpresented below as an example, and the rest

can be found in Appendix D.

Table 12: Failure probability of a brick compartrtadization wall with a height higher than 9 m anidhiNO

relevant penetrations. Reconstructed from [2]

REI [min]
Equivalent fire duration [min] 0 30 60 120 240 360 480
30 1 0.12 0.06 0.04 0.03 0.2 0.01
60 1 0.74 0.10 0.06 0.04 0.03 0.02
120 1 0.98 0.740.10 0.06 0.04 0.03
240 1 1 098 0.740.10 0.06 0.04
360 1 1 1 098 0.740.10 0.06
480 1 1 1 1 098 0.740.10

Table 13: Failure probability of a brick compartrtadization wall with a height higher than 9 m anidhwelevant
penetrations. Reconstructed from [2]

REI [min]
Equivalent fire duration[min]] 0 30 60 120 240 360 480
30 1 014 014 0.14 0.14 0.14 0.14
60 1 0.87 014 0.14 0.04 0.14 0.14
120 1 1 087 014 0.14 0.14 0.14
240 1 1 1 0.87 014 0.14 0.14
360 1 1 1 1 0.87 014 0.14
480 1 1 1 1 1 0.870.14

It should be noted that NEN6079:2016 [2] states tiwere is a significant discrepancy between
various sources. Warrington Delphi Uk and fire Eregiring Guidelines Australia tabulate for a
door in a concrete fire separation a failure praibgof respectively 0.71 and 0.1. The basis for
the tables in NEN6079:2016 comes from The Firedetain Research Foundation.

To use these tables the calculation of the Equntdime of fire exposure, 4 is requiredt, 4 is
used to relate the performance of structural eléspeested with the standard fire curve, to the
actual boundary conditions of the compartment. ieéhodology, as explained in BS EN1991-1-
2:2002 [29], is repeated in Appendix E.

The new model will calculatg, 4 for each compartment and automatically assume eheh
barrier has an REI equal tgg, in which case the constant value on the diagohtile table can
be used for all firewalls. The impact Qf; is then manifested in the CBA by assigning a highe

implementation cost to walls that require higheid.REhe user wants to install a higher REI than
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required, the corresponding failure probabilitiesnf the table can be defined individually per

barrier, keeping in mind that the actual REI vadheuld be equal or higher thayy.

2.11. Probability of FO
The components determined from Section 2.1 to &réhow combined to assess the probability

of FO, which will be used in Chapter 3 as the mainable for the new model.

The probability for FO in a compartment is in NEN8@®016 [2] based upon the mitigation

measures present in that compartment. The ristegyacenarios are:

A no measures installed
B special measures installed
C

active measures and/or fire department intergardre installed/possible
For Scenario A, = 1 is advised.

Scenario B represents cases where a fire can iberad due to a lack of oxygen. This is possible
in small compartments with massive boundaries aletground compartments where there is a
lack of oxygen, and the fire cannot create its awpenings, e.g., by burning through the
boundaries.

For cases where all doors and windows of the cotmest are locked/ < 300m? and double
glazing is installed’;, = 0.8 is recommended. For other conditions, the proltakias to be

determined by the reviewer.

When Scenario C is applicable, a probability disttion has to be made of the different possible
fire scenariosas would be without mitigation measures. For esm@nario, the effectiveness of
active measure(s) has to be researched, and angnelo be constructed to determine the failure

probability of the fire service. The probability af scenario is then multiplied by the failure

3 For simple boundary conditions a zone model candsel to assess the evolution of the fire in tifitee model
assumes a uniform upper hot gas layer and lowel; cel, ambient temperature, gas layer. The ulgyer is feeded
by a smoke plume rising from the fire source. NERBQ016 proposes the following models: TNO, OzonNBR-

CEN/TR 12101-5.
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probabilities of the mitigation measures and tharmsation over all scenarios is taken to get the
total probability of FO.

NENG6079:2016 [2] only considers the probabilityfiocd spread beyond the compartment and thus
not the growth of a fire area bigger than the oagicompartment area. Also, this probability is
only determined in detail for fire spread to neighbing plots, i.e., not for internal fire spreadhel
reason being that the government doesn’t wanttésviene in private matters of the entrepreneur.

It provides thus a minimum requirement, and thegte investor is free to invest beyond that.

As the cost-benefit analysis in this thesis is diomehe private investor and the goal is to make
an easy-to-understand tool a different approach théime-dependent zone model is followed,

while considering internal fire spread and firevegs intervention. The methodology is explained

in the following section where it is assumed th@tis possible, i.et; > t., or Q, > Qfo.

2.11.1. FO in the ignition compartment

Whent;,; < tf, the risk of FO can be mitigated by the actionshef fire service, and thus the

failure probability of the active measures hasearizorporated. In the other case, the fire service

can't do anything anymore to prevent the event fnappening, given that there is enough fuel in
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the compartment. The schematic representation tf &ituations can be seen in Figure 12 and

Figure 13.

FOin FOin
compartmenti compartmenti
Pfo,after,i Pfo,before,i
and and
A A
[ | I |
ignition ignition
Fi Pfuel,i & Fi Pfuel,i
Ignition grows . . i
to local fire I FO is possbile Ignition grows FO is possbile
05Sfoi = [1,0] tolocal fire
Pl . p fo,l ) P
fii P[f,i poss,fo,i
failure active
— measures
Pact
Figure 12: Annual probability of FO in thgnition Figure 13: Annual probability of FO the ignition
compartmentvhen the fire service arrivester FO compartmentvhen the fire services arrilmforeFO
2.11.2. FO in compartment j adjacent to the ignition compartment

The probability that FO in comp i leads to FO inaaljacent compartment j is determined by the
components illustrated in Figure 14 and Figure \When the fire service arrives after FO, the
ignition compartment is already lost, and they oaly intervene on the probability that the fire
spread leads to FO, and thus a monetary lossgisdbond compartment. In the other case, the
intervention is already included in the FO probigpf the ignition compartment.

Extra passive safety measures can refer to aplaarthat is designed in such a way that it removes
fire load out of the vicinity of the fire wall. Makg it less likely to have a failure due to the,(E)
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(I) or (H) criterion. The norm says that it's higtéxceptional that extra passive safety measures

are valid and thus the failure probabilRy, in this thesis is taken equal to one.

FOin FOin
compartmentj compartmentj
Pfo,after,i,j Pfo,before,i,j
and and
y y
I |
failure extra failure extra
p ' passive p ' passive
fuelj measures fuelj measures
Ppass,j ~ 1 PPGSSJ ~1
. . i . . fire wall
FO in comp. i flr? wall FO in comp. i .
p. . failure P, . failure
Jot Pry,isj Jot Prw,ivj
failure active
—  measures
Pact

Figure 14: Annual probability of FO itcompartment j Figure 15: Annual Probability of FO in ttempartment

when the fire service arrivedter FO in j when the fire services arriv@foreFO in compartment
compartment i i
2.11.3. FO in a compartment k, at a certain distance from the ignition
compartment i

In this thesis, it is not calculated how long kea for the fire to penetrate a compartmentalizatio
wall. As a consequence, it is not known with cetaiif the second, third, etc. compartment
already underwent FO before the fire service astiVeit was the goal to construct a timeline of
the fire spread a temperature-time profile wouldehto be constructed with the parametric time

curves, as explained in NEN1991-1-2 [29], or witoanputer model. From these curves, it would
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be possible to determine the temperature rise eénaidolid in function of time and depth. The
failure temperature and corresponding time can beedetermined. This would make the model
over complicated, and in addition, many more ureties would arise. The assumption is made
that the fire brigade arrives before or after tgaeition compartment reaches flashover but
definitely before the second compartment reacteshfiver. This is a reasonable assumption as
approved document B [34] states that the minimum REue for not sprinklered storage
buildings, maximum height of 18 m, is 90 minuteseadvling that the compartmentalization wall,
in theory, should resist the fire for a much londaration than the intervention time of the fire
service. Making it unlikely that the second compeamt undergoes FO before an intervention can

be made.

Due to the stated assumption, the interventiorfiferspread to a third compartment is already
included in the ignition compartment or the compesit adjacent to the ignition compartment.
The FO probability for compartment k is thus nopeledent anymore on the intervention time of

the fire service. Figure 16 shows the different ponents that defing, ; ; .

FOin
compartmentk
Proijk

. . ' failure extra
FO in comp. i fire wall .
. ; passive
and j failure Prueik
p. Py ik measures
fo. fwj Ppassi ~ 1

Figure 16: Annual probability of FO for a compartrheot adjacent to the ignition compartment
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Chapter 3
Development of the new model to calculate all possible fire

spread scenarios and other parameters of the CBA

Since compartmentalization is the focus of thissihehe annual probability of failure with
mitigation measuré ,, is the sequence of events that leads to FO. Iffiteespreads from
compartment 1 to 3 to 4 and is finally halted impartment 6 the annual failure probability for
that scenario will be denoted Bs ; 5 4 6. Section 3.1 explains the calculation methodPgy.

To determine the annual loss probability withoutigaition measuré; , a similar construct as for
Py, is followed in 3.2.

In Section 0 the calculation method of the discedrexpected consequences is explained. Human
casualties are expected to be non-occurring aarge llogistic buildings the ratio employers per
unit floor area is very low. Furthermore, the stanes under consideration consist of only one
storey which gives an extensive array of possitdams of egress. For these reasons, fatalities and

the associated monetary value are excluded fror@ B
A complete overview of all the input parametersdufee the model can be found in Appendix G.

3.1. Annual failure probability with mitigation measure
The total annual failure probability with comparimeization installed can be determined with

the following steps:

1) Specify a building layout

2) Chose an ignition compartment A

3) Chose a compartment B, at a certain distance fhennghition compartment

4) Determine all possible fire spread scenarios froto B

5) Determine the annual failure, or loss, probabgité all the scenarios

6) Repeat steps 1 to 5 until all compartments, excepipartment B, have been identified as
ignition place

7) Repeat steps 1 to 6 for a different compartmemdieureview until all compartments have

been revised
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8) Established that all these scenarios are unique amdkependent so that
P(ANB) =0
9) The total annual failure probability is the summoatiof the individual annual failure

probabilities of all the scenarios

As possible scenarios depend on both the choséroigtocation and final loss compartment the
total amount of potential fire spread scenarioesriexponentially with the number of
compartmentalisations. Concluding that, the abdepsscan be "efficiently” done with hand
calculations for two, three and, depending on sytnynand other boundary conditions, four
compartments. Any more would be too time-consumangy thus a mathematical model is

constructed in the following sections.

3.1.1. Adjacency matrix

An adjacency matrix represents a finite graph imctvla certain number of vertices are connected
by a certain amount of acrc(s). When elemgnt= 1 it means that vertice i is connected to vertice
j and vice versa. For this thesig; = 1 signifies that fire spread is possible from conipant i

to compartment j. To represent all possible conaestthe adjacency matrix will always be a
square matrix with dimensioméxN, N being the amount of compartments. Figure 17 depict
few possible building layouts with four compartnmsgd = 4. The adjacency matrixes AM for

each arrangement is given in Eq. (55).

building layout 1 building layout 2 building layout 3
1 2 2
3
1 2 1 3
3 4
L 2.

Figure 17: Non-exhaustive representation of bugdayouts with four compartments
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0110 010 0 01 1 1
1100 1 10011 1101 0

Bi=11 0 0 1 B2=1o0 1 0 1 Bs=11 1 0 1 (55)
011 0 0110 101 0

Possible finite graph interpretations of the diégfer AM’s are shown in Figure 18. The yellow
numbers represent the compartments, and the bdaeegpresent how fire can spread from one to
another. It can be understood that the schemati€sgure 18 and Figure 17 represent the same

building layouts.

o
Z\ \> P

Figure 18: the mathematical representation of thacency matrix

The use of the adjacency matrix to determine tliierént scenarios and their annual failure

probability is explained in the following section.

3.1.2. Using the adjacency matrix to determine all possible fire spread

scenarios and their annual failure probability

Eq. (56) and (57) are the mathematical interpratatif Figure 13 and Figure 12 and represents
the annual failure probability of ignition to grae FO in any of the compartments where ignition

can occur, parameteay,.

fOT' S ng = Pfo,before,i = Pposs,fo,i * Fi * Plf,i * Pfuel,i * Pact (56)

fori €ng = Proagteri = Pposs,foi * Fi * Pifi * Prueu,i (57)
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Eq. (58) and (59) are the mathematical interpratadif Figure 15 and Figure 14 and represent the
annual failure probability of all fire spread sceas from the ignition compartment i to a
compartment j, at a distance of one arc fromi.
By specifyingB(i,j) = 1 the characteristics of the AM are used to makes ghat only
compartments that are adjacent to, i.e., one anoved from, compartment i are considered.
Furthermore, the requirement: j prohibits that fire spreads to compartments tHegady
underwent FO.

fori €ny,1<j<N,B(i,j)=1landi#j

(58)
- Pfo,before,i,j = Pfo,before,i * wa,i—»j * Ppass,j * Pfuel,j

fori €Eng,1<j<N,B(i,j)=1landi#j
(59)
- Pfo,after,i,j = Pfo,after,i * wa,i—»j * Ppass,j * Pfuel,j * Pact

Eq. (60) calculates the annual loss probabilitylbscenarios that start at a compartment i and

travel a distance of two arcs to compartment k, causes a loss in three compartments. The

schematic representation is shown in Figure 16.

The requirement®(i,j) = 1 andB(j, k) = 1 make sure that compartment k is adjacent to

compartment j and that compartment j is adjacenbtopartment i. An extra conditian j # k

is applied to make sure that fire cannot spreaaliyin compartments that already suffered FO.
fori €ng,1<j,k<N,B(i,j)=1,B(j,k)=1landi+j+k

(60)
= Proijk = Proij * Prw,jok * Ppassk * Pruetk

Eq. (60) has to be expanded until it can deschibddngest possible fire spread path for a given

building layout.

Equations (59) to (63) were programmed in the nmatigal software Maple together with the
parameters Ng, and AM for a four compartment building layout. Thetput, i.e., the possible
fire spread scenarios and their annual loss protyaban be seen in Table 29 of Appendix F.

Furthermore, it is checked if the model returnsedinarios in Figure 36 of Appendix F.
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3.2. Annual failure probability without mitigation measure
The scenario without mitigation measure is, in Bssgthe same as the loss scenario for one
compartment, Eq. (61). The only difference is tlaparameters are calculated based upon the

building's exterior dimensions instead of thoséhefcompartment:

Pfo,ext = Pposs,fo,ext * Fext * Plf,ext * Pfuel,ext * Pact (61)

Multiplying Pf, .. With the failure probability for sprinkler suppsisn P, will result in the
annual loss probability for a building without coanpnentalization but with sprinklers installed.
The mathematical representation is shown in Eq). 462 shall be used to compare the utility of

compartmentalization with sprinklers.

Pspr,ext = Pposs,fo,ext * Fext * Plf,ext * Pfuel,ext * Pact * Pspr (62)

The failure probabilities in Table 14 are providegdNEN6079 for sprinkler systems in function
of the means of supply [2].

Table 14: Failure probabilities of various sprimldgstems. Reproduced from [2]

sprinkler type Failure probability
Normal installation 0.02
Independent supply 0.01
Double independent supply 0.005

3.3. The present value of the consequences

Costs are preferably determined per compartmettigerefor the whole unig,,,;.; Or per unit
floor areas.;. Nevertheless, it is sometimes outside of therobwif the user how such data is
delivered, and if costs are only known for a ttwgk of the building,,..; they can be related to
a compartment by using the ratio compartment feyea over the total building floor area. The

total discounted consequences associated withsari@scertain compartment i are then given by:
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for1<i<N

Cwi*Cyi
= S8 = | Swhotei T Sc,i * Cw,i * (i + T4 ¥ Sevent
ext,f (63)
* 1- EXp(—]/tu)

Y

Table 15 shows an example of how consequencesecattributed to a total loss, per unit floor
area or per compartment. The totals can be usegbasfor Eq. (63).

Table 15: Example of direct and indirect costs aisged with a loss in a compartment or for a thdss$, reproduced

from [35]
Type Subcategory [ej%‘;ﬁtre] s¢,; [euro/ntffire] Swhole,i [€uroffire]
Supply chain Production related 135.000
Additional benefits
due to extra sales 25.000
Damage Damage to own comp.1 =100
material/property comp.2 = 1200
comp.3 =500
comp.N = 300
Legal Fines 10.000
Insurance Insurance premium 20.000
Human and Recruitment 2.500
environmental
other Clean-up comp.1 = 200
comp.2 = 300
comp.3 =500
comp.N = 100
TOTAL 192.500 comp.1 comp.1 =150
=A¢1 100 comp.2 = 800
comp.2 comp.3 = 500
= A¢, * 1200
comp.3 comp.N =200
= Af'3 * 500
comp.N
= A¢y * 300

A complete overview of possible direct and indiregsts can be found in Appendix C and can

prove helpful to set up the input for the CBA wtlika goal is to include the total cost of the fire.
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3.4. The present value of the expected consequences
The PV of the expected consequences, or risk, grapartment are obtained by multiplying the
annual failure probabilities of each scenarioscwated in Section 3.1, with the PV of the

consequences associated with the final loss compatt

for1<i,jkl ..<N
= Ri = Ppoi % S
= R = Froj xS
— .
= Rij = Proij*S
= Rji = Ppoji*Si (64)
— .
= Rijk = Pro,ijk * Sk
= Ry ji = Prok,ji*Si

= Rijrin = ProjijiLn * SN

Summing up all equations in Eq. (64) results inttital PV of the expected consequences with

compartmentalization installed or the damage D8 ;opm,:
D(p)comp = Ri + Ri,j + Rj,i + -+ Ri,j,k + Rk,j,i + -+ Ri,j,k,l,N + .- (65)
Without safety measures the total PV of the exgkectEnsequence or the maximum possible

benefitB(p) is represented by the following equation:

B(p) = Pfo,ext * Dext (66)

N
With Sy = Z S;
i=1
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Eq. (67) follows the same approach to determinedtdmeage cost in case of sprinkler installation
without compartmentalization

D(p)spr = Pspr,ext * Soxt (67)
3.5. Flowcharts describing the steps from model input to output

Figure 19 shows the input parameters used to deestive building dimensions and openings. As

the output is used for nearly all further calcuas, see Figure 20 to Figure 24, this is the $irep

of the model.
compartment characteristics
numberof compartments » N :=5:
comp. width [m] comp.length[m] | comp.height[m] | comp.vertical comp. vertical
opening width openingheight
10 20 6 [m] 1 [m] 1
15 20 6 2 1
10 20 6 3 1
15 20 6 4 1
Cw =130 |: Cl = |40 |: Ch =16 |: Ow =|5]: Oh = 1]:
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

building (exterior) characteristics

area of vertical openings

averaged height of exterior openings

area of boundingenclosure incl. openings
area of boundingenclosure excl. openings
volume of the boundingenclosure
floorarea of bouding enclosure

*total buildingwidth [m] = We,;
*total buildinglength [m] = Ly
*buildingheight [m] = Heyxt

exteriorvertical exteriorvertical
openingwidth [m] | openingheight[m]

A

comp. and building
characteristics

wext heext

|
e

|
— — — () —

model calculations and output

Figure 19: Using input to calculate the comp. anitding characteristics
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As explained in Section 3.1 three input parameteesneeded to obtain the possible fire spread
scenarios, see Figure 20. The output will mainly$&ed to calculate the annual failure probability,

Figure 22, and the expected consequences per conguey Figure 24.

comp. connectivity parameters

*number of *adjacency matrix
compartments [/] [/1
>N :=5 01100

*comp. where

ignition can occur [/]
Sng=[12345 [B=|10010
01101

01010

10011

scenarios

possible fire spread E

model calculations and output

Figure 20: Using input to calculate the possilile §ipread scenarios

Following the method from Section 2.1 and 2.2 thygut parameters in Figure 21 are used to

determine the frequency of ignition and the proligtof ignition to grow to a local fire.

*factor to determine annual ignition
frequency forindustrial
buildings[m=1yr~1]

- K =103

*factor to determine annualignition
frequency for othernon-residential
buildings [m~2yr—1]

—>k,=1075

A\ 4

frequency of ignition

*failure probability of suppression by
occupants and fire service inavery early
stage [/]

- P, :=0.04

*failure probability of extrasafety
measuresina very early stage [/]

- P;=1

probability of ignition to grow
to local fire

*comp. and building characteristics :

model calculations and output

______________________________________

Figure 21: Using input to calculate the ignitioaduency and the probability of ignition to growattocal fire with
and without mitigation measure

Figure 22 shows the various input parameters nekxle¢te calculation of the equivalent time of

fire exposure, see Appendix E. Once the times htairted, they are rounded up to the closest
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standard REI value. This can then be used in catipmwith the tables provided in Section 2.10
to determine the failure probability of the fire Wvander review. Furthermore, the required REI
value for each compartment wall determines thallagion price per unit wall area. Higher REI

values require thicker insulation which leads thigher material cost. The effect is taken into
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account with factors that relate the cost of afied with a specific REI value to a chosen refeen

situation, €.9.aggr 30 == 1.

*combustion factor [/] model calculations and output g
- Meomp= 0.8 5
*factor to account forfire fighting g;
measures [/] ‘;
= 6= 0.78 thermal absorptivity of the E
*factor to account | *characteristic enclosure < 3
for fire activation fire load density ®
infunction off [M]/m?] ; %
occupancy [/] conversion factor 7
1.22 600
1.22 600
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Figure 22: Using input to calculate the installat@mst and failure probability of the fire wall
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Figure 23 summarizes the components of SectiontBat@efine the HRR and lists them together

with the input parameters needed to calculate tblkgbility of FO.
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Figure 23: Using input to calculate probability f6® with and without mitigation measure

Using the calculated failure probabilities per camment as input for the different scenarios the

annual loss probability per scenario is obtainedm@ining the latter with the parameters to
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describe the time effects and monetary value pempestment, see Sections 1.3.1, 3.3 and 3.4,

leads to the total net utility as shown in Figude 2
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Figure 24: Using input to calculate the total nidtty of the mitigation measure
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Chapter 4

Results

4.1. Comparing the new model with the previous model

The previous model example, Section 1.6.4, is riepda order to assess the effects of the various
alterations made to the original model. The inpatadfrom Table 3 is reused except the

probabilities for FO and the frequency of ignitidine complete tables with input and output can

be found in Appendix H.

As the previous model doesn’t consider cost disttogrthe comparison cannot be made upon
absolute numbers and thus, orders of magnituderands are observed.

The lifespan of a non-residential building is estied by the internal revenue service, IRS in
America, to be 39 years [36]. This period is alsermded to be representative for the useful life of
compartmentalization as it is part of the building&astructure. Furthermore, a continuous

discounting rate of 5% is used as the cost beaeétysis is done for the private investor.

The ignition frequencies obtained with the equatiftom NEN6079, Section 2.1, show a constant

offset, see Table 16, and are thus used as they iwflnence trends.

Table 16: comparison of the old and new valuesHerignition frequency and the probability of flasker for the

various scenarios

: F(A) [yr™']
Scenario oid New
No mitigation measure 0.025 0.05
Sprinkler 0.025 0.05
2 comp 0.0125 0.025
4 comp 0.00625 0.0125

The results from both analyses are displayed ineTab. The differences in installation costs are

due to the fact that the new model uses cost schdirtors to account for the required REI values.

Both models indicate that the most expensive measprinkler, results in the greatest risk
reduction. Where the old model shows a negativeetairon between risk and the number of
compartments, i.e. the more compartments, the ltingerisk and thus the safer the building. The
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results from the new model show an opposite tréhd.four compartment building poses a greater

risk than the two compartment layout.

Table 17: Cost-benefit results from the new andnoddiel

scenario description RiskR Risk reductiom\R Installation cost C Payback
[eurolyr] [eurolyr] [euro] time
old New ol new o New old--  New
AR
1 No 25,000 58,335 / / / / / /
measure
2 Sprinkler 2,500 853 22,500 57,482 200,000 200,000 9 oS
3 2 comp 12,183 29,182 |12,187 29,153 25,000 28,750 2 38
4 4 comp 6,481 43,276 18,519 15,058 75,000 86,250 4 oS

There is no possibility to compare the payback taseghe old model ignores the time effect of
money and thus considers the risk reduction asataot benefit happening every year. The new
model effectively reduces the benefits earned énftiture to a smaller fraction every successive
year. The reasons for this are mentioned in Sedti®i. Figure 25 shows that the costs introduced
by a sprinkler or four compartment installationweiigh greatly the possible benefits and thus the
payback time is infinite. The two compartment mastebws a positive net utility and the payback
time, together with the IRR, can be determined moaky or from Figure 26, as explained in
Section 1.3.3.
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Figure 25: The costs and possible benefits fotwhreand four compartment and sprinkler model
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Figure 26: The benefits, costs and utility in fuotof the time, left, and discount rate, rightpais to determine
respectively the payback time and internal rateneéstment, IRR

The reason for the negative utilities and advenesgdtcan be found in the approach to determine

the probability of flashover. The effect is furtheaborated in the following section.
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4.1.1. Explanation of the differences between the two models

The negative utility in scenario four is causedliy combination of three effects. Obviously the
installation cost is far greater than scenarioghtmit even if this wasn’t the case the building
layout would still result in a negative cost-behefhalysis. The maximum possible benefits,
scenario without mitigation measure, are calculéed situation where the fire service arrives
before FO. On the other hand, the damage costgmepartment is determined using a situation
where the fire service arrives after FO. The résglow benefits, due to a lo®, for the building,

are thus not balanced by a great risk reductioewen further unbalanced by higher damage costs,
due to a higtPs, per compartment.

The benefits for scenario two are calculated irstimae way but here the low benefits are balanced
by a low damage cost due to the fact that the bigg@partments don’t reach FO before the arrival

of the fire service, meaning thBg, for the building and compartments are identical.

The example indicates that there is an ideal commgant size. The corresponding dimensions
would prolong flashover and allow a calculatiorPgf,,,, on the fire area instead of the total floor

area.

4.1.1.1. The effect of compartmentalization on the probability of FO

Based upon the HRR needed for flasha?/ﬁ,r, the ventilation controlled peak HRR, and the
time needed to release the energy content of thm tg the model calculates whether FO is
possible or not, see also Eq. (44) and (49). Theudtable in Appendix H states that FO is possible

in all compartments of the two scenarios as welhdke building without measure.

When FO is possible the two components that detexiits probability are the failure probability
of the active suppressidt., and the probability tha@fO is smaller than the fuel controlled peak

HRR Pyye;.

P,.: is dependent upon the intervention time of the $ervice, set to 15 min in Section 2.9, and
the time tono. To determine the latter, a fire growth ratdfit for the scenario, has to be chosen

from Table 24. Since the previous model lacks &c#p the occupancy alpha is set to be a fast
fire growth rate. This represents most occupanaiese still being conservative. When alpha

andeO are knowrts, and the fire areay can be determined with Section 2.4. The resuliaig



61

is plotted in Figure 27. The smaller compartmerasifscenario four reach flashover more rapidly
than the bigger ones from scenario three. The igesdorrelation between the floor arga

andeo is responsible for this, see Eq. (36).

25
| th
—— tint
20
= 15
E
[}
S
=10
5
0
building 1 2 3 4 1 2
no 4 comp model 2 comp model
measure

Figure 27: Comparing the time to FO and the intetiom time of the fire brigade to determine if five area upon
arrival of the fire
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Based upon the previous P, is calculated with the total floor area for scéméour and with the
fire areaay for scenario three. Figure 28 shows the respecreas together with cumulative

distribution function ofP,.; as defined in Eq. (52).
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Figure 28: Determining the failure probability bietactive suppression systems, detection andeirecg, based
upon the fire area at the intervention time offtreebrigade
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The heat flux needed for FO aRg,,; are plotted in Figure 29. It's obvious that theofl areas for

both scenarios accommodate more than enough fuehth flashover.

comp4

comp3

4 comp model

comp2
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Figure 29: determining the probability that the lp&sgel controlled HRR is bigger than the requirddRifor FO
based upon the total floor area, and thus fuel, lmadach compartment

After P, andPr,,, are established the resulting probability for D be calculated. A summary

is given in Table 18.

Table 18: Values for the various probabilitiestod hew model

Both New old
Variable Description| Pr, | Ppossro  Poass Pouppr  Pruet  Popr  Projign | Pro
1 No measure / 1 1 0.34 1.00 / 0.34 0.2
2 Sprinkler / 1 1 0.34 1.00 0.02 0.007 0.02
3 2 comp 5+1¢ 1 1 0.34 1.00 / 0.34| 0.2
4 4 comp 5+1¢ 1 1 1.00 1.00 / 1 0.2
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4.1.1.2. The minimum compartment size to allow for an effective fire service
intervention

The HRR needed for FO, Section 2.1, in functiothefwidth W, for a square floorplan, is shown

in Figure 30. The curve is plotted for opening dusiens in the intervdl.1 < A,/ H, < 20. The
bottom of the curve represems,/H, = 0.1 and the upper boundasy,,/H, = 20. Greater

opening dimensions result thus in an upward tréonsleof the curve, i.e., results in a less
conservative minimum floor area, therefore only twtom curve is considered, see further
paragaphs.

The HRR upon arrival of the fire service is caltethand graphically represented for various fire

growth rates, Section 2.1. The slow growth ratexiduded as it is not conservative.

The zone where the intervention happens before &@presented by the area right of the

intersection of the two curves, whelg < Qfo.
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Figure 30: HRR needed for FO and the estimated HR# arrival of the fire service, intervention timil5 min,
for different fire growth rates [0.012,0.047,0.19]

The corresponding floor dimensions and failure piolities, for a smoke detection system, are
tabulated in Table 19. The medium and fast growaté benefit respectively from a compartment
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size greater than 400 or 160C.riThe ultra-fast growth rate has an uncontrolldbie at ¢;,,,
regardless if FO happened or not.

Table 19: Minimum area requirements for differérg §rowth rates in order to allow for timely intention of the

fire service
Growth a ~ minimum floor Fire area at intervention if = P, in function  Resulting
rate (kWIS aread, [m’] Ap > Amin [M7] of Apin Pace
Ultra fast 0.19 8100 609 1 1
Fast 0.047 1600 152 0.12 0.34
Medium 0.012 400 39 0 0.25

Applying Fy in a strict sense would mean that a compartmeatsnaller than the predicted fire

area would also be beneficial. The fire servicevasrafter FO but the total floor area involved is

smaller than the fire area would be in a biggerf@ecompartment. Whether this is beneficial

depends on the total value of the ignition comparttrcompared to the adjacent compartment.

The first will experience a total loss afgl.; will only have a result on the fire spread. Far tiext

discourse the assumptions is made that the valtreeaidjacent compartment is disproportionate

big to the ignition compartment.

Figure 31 shows the effect of reducing the compamtrsize orP;,;,,,, andPq,:

*  Medium P, is already at its minimum and thus further redgahne compartment

dimensions won’t have any effect

* Fast A reduction i®,., will only be witnessed in the intervad0 < Ar < 152.
P, stays constant at 0.25 faf < 100

» Ultra-fast A reduction irP,., will only be witnessed in the intervad0 < A < 300.

Py Stays constant at 0.25 féf < 100
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Figure 31: The effect of reducing the compartmézd, g0 a value lower than the assumed fire area aprival of
the fire service, oR,., andPy,,y,

Further reducing the compartment size from 160oesn’t affec®,., but can result in a lower
Ppyer- Figure 32 showsy,.; and the heat flux needed for FO for various opgdimensions. The
height is in function of the width of the assumegare floorplanH = 1.2 x W. The reduction

only occurs for small compartments with big opesiagd is thus not seen as a realistic scenario.
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Nevertheless it shows that the effect of a reduwmedpartment size oPy,,.; andP,. does not

counteract each other.
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Figure 32: The effect of reducing the compartmérd,sheight irnl function of the width of the assunsedare
floorplan, onPr,¢; andqy,;

4.2, Influence of building size, compartment value and barrier material
In this example a methodology is put forward toeassthe magnitude of compartment value
needed for a positive CBA. The results will alloar in indication of the boundary conditions
where compartmentation should be installed and svitdras a significant benefit over sprinklers.
Furthermore, by assessing the sensitivity of the Wall failure probability a methodology is
provided, which allows the private investor to dieciwhether an extra investment for a more
redundant material is beneficial.

4.2.1. Input parameters

Building Research Establishment, BRE, conductedsaarch to assess the impact of the new
440,000 M provision by DCLG [1], see Introduction. Their diimgs are summarized in the
following.
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* A common building height of 11.5 — 12 m is relatedh usable free height of 11 m and a
total floor area of approximately 40,00¢,nwhich is the height of six stacked pallets or
the maximum height a turret truck can reach.

» On average the Local Acts, prior to the provisieet, the upper boundary at a volume of
7000n%, assuming the same building height, this wouldmeefioor area of 580fMmHence,
it is realistic to assume that warehouses have bedh within those limits to avoid
sprinkler installation. For this example 58 wmill be used as the lower boundary to
represent a floor area that is workable in the hawse sector.

» Even with the increase in occupancy analyses Hawersthat property protection greatly
outweighs life safety. BRE estimates the total adshjuries on £2.3m per year. Spread
out over 30,000 warehouses this would sum up to @8Mds per year per building.
Considering fatalities has thus no noticeable ¢ffladche CBA and shall be excluded from
this example.

* The size distribution of warehouses for the perd®®4 — 1998 in the UK and other
European countries is shown in Table 52 and Tablef B\ppendix I. Based upon this data,
and taking into account the minimum workable amaohe compartment, various ..
in the range of 3,000 to 100,000 are chosen far @BA, see Table 22. The interval
represents approximately 23.2 per cent of the ntisteck.

* Analyzing data from 1966 and correcting for inftettito 2006 shows a value per unit floor
area, i.e. the direct financial losses, of £218150.

» A payback period of 40 years is considered.

* A societal discount rate of 3.5 per cent is useatcordance with the Treasury Guidelines.
As entrepreneurs expect a faster return of theggtment a discount rate of 5 per cent is
chosen for this example.

« A one-off installation cost of £32 per unit floaea for ESFR sprinklers is tabulated and
£45,000 for instalment of the water supplies. Anwai maintenance of £750 - £1500 with

4 New generation of sprinklers that have a 12 midesmge making instalment of sprinklers at varibeights inside
the racks unnecessary.
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an average of £1125 is foreseen. The completestdbiesprinkler induced costs can be
found in Appendix I.

* Inasurvey the price of compartmentalization wstg@ated by an interviewee as followed.
A 100 m wide and 12 high compartmentalization wadlild need at least three 5 m high
fire doors to allow for passing of mechanized hangdéquipment. Furthermore, personnel
escape doors have to be provided. The roof wowdd 8am of extra fire protection material
on both sides. The base of the firewall and the awund the doors needs impact
protection. If the used material is assumed todmei@te blocks with an REI value of 160
the cost is estimated to be in the region of £183205k. Per unit wall area this would be
£154 to £170 with an average value of £162.

A summary of the study by BRE, together with otredevant parameters, is given Table 20. A
storage building with full mail bags, plastic foamstacked timber is chosen with a fast fire growth
rate of 0.047 kWh see Table 25.

Table 20: Input parameters for a realistic warekaxample

parameter Indicator unit value

H Height [m] 11

S¢average Average value per unit floor area [eurdfm 240

L Useful life [yr] 40

y Continuous discount rate By 0.05

Co,spr Installation cost sprinkler [eurom,or areal 37

Co,spr Installation cost sprinkler water supplies [euro] 1,800

Mgy Maintenance cost sprinkler [euro/yr] 1,300

Co,comp Installation cost fire wall foRET;,, [euromf,. wanl 180
Failure probability of a stone like

Pry stone compartmentation wall, higher than 9 m, with [-] 0.14
relevant penetrations

a Fire growth rate (kWA 0.047

The assumption is made that the various compartrienevery scenario are equal in size, while
pursuing a connectivity that resembles a reallstidding, i.e., not overly long and narrow. The
finite graph representations of the various bugdeyouts can be found in Figure 37 of Appendix

I, and allow for a visual interpretation of the sagos.
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4.2.2. Parameters that require a sensitivity analysis

An accurate approximation of the compartment valee unit floor area, is invaluable for a
CBA. An increase irs. will heighten the possible benefits and damage edsereas the
installation cost will stay constant (assuming ttiet proposed building layout doesn’t change).
As there is a big uncertainty in the value per @loiir area the example is repeated for the upper
boundarys. e given by BRE. The first analysis will be denoted@BAcsoand the latter as
CBAu410. In addition, the impact of the used material eserarched by comparing the failure
probability of a brick and metal stud barrier.

Table 21: The sensitivity of the compartment vauod the failure probability of the barrier is resdeed in this

example
parameter Indicator unit value
Scupper Upper limit of the value per unit floor area [eurd] 410
Failure probability of a metal stud like
Prwmetas  COmMpartmentation wall, higher than 9 m, with  [-] 0.34

relevant penetrations

4.2.3. First interpretation of the model output for the various scenarios

The various scenarios and results are shown ireTzthl|Scenarios are denoted with two numbers,

the first indicates the building floor arda.,, and the second the number of compartmaints

Table 22: Different scenarios and the respectite teet utility Z(p) and risk reductiofiR for two different
compartment values, 240 and 410 eurpfmspectively denoted CBAand CBAyo

. CBA240 CBAs10

scenario Arext[m?] NI[-] Ari[m? Z() [eura]  ARi[] | Z(p) [euro]  AR»[] ARJ/AR; []
l.spr spr 3,000 | -178,985 4,939 -175,486 8,438 1.71
1.6 3.000 6 500 -323,809 ~1,539 -322,719 2,629 1.71
1.4 ' 4 750 -216,806 92 -216,741 157 1.71
1.2 2 1,500 | -111,704 2,167 -110,169 3,702 1.71
2.spr spr 10,000| -388,043 54,881 -349,168 93,75% 1.71
2.9 9 1,111 | -763,631 28,369 | -743,536 48,464 1.71
2.6 10,000 6 1,667 | -580,822 42,878 -550,451 73,249 1.71
2.4 4 2,500 | -378,345 37,455 -351,814 63,98¢ 1.71
2.2 2 5,000 | -183,819 24,081 -166,762 41,138 1.71
3.spr spr 30,000| -688,993 493,931 -339,124 843,800 1.71
3.9 9 3,333 | -1,020,251 420,123 -722,664 717,710 1.71
3.6 30,000 6 5,000 | -694,382 385,898 -421,038 659,242 1.71
3.4 4 7,500 | -383,089 337,097 -144,312 575,874 1.71
3.2 2 15,000 -143,368 216,725 10,145 370,239 1.71
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4.spr spr 40,000 -674,824 878,100 -52,836 1,500,088 1.71
4.9 9 4,444 | -916,315 746,885 -387,272 1,275,928 1.71
4.6 40,000 6 6,667 | -561,359 686,041 -75,414 1,171,986 1.71
4.4 4 10,000| -232,316 599,284 192,177  1,023,7[77 1.71
4.2 2 20,000| -30,511 385,289 242,402 658,202 1.71
5.spr spr 60,000 -317,198 1,975,726 1,082,274 3,375,198 1.71
5.9 9 6,667 | -356,505 1,680,491 833,843 2,870,838 1.71
5.6 60,000 6 10,000| 15,845 1,543,591 1,109,222 2,636,969 1.71
5.4 4 15,000| 329,891  1,348,38¢ 1,285,000 2,303,498 1.71
5.2 2 30,000/ 357,652 866,901 971,706 1,480,955 1.71
6.spr spr  80,000| 479,478 3,512,401 2,967,429 6,000,353 1.71
7.12 12 6,667 | 182,085  3,122,23% 1.71
6.9 80.000 9 8,889 | 635,419 2,987,539 2,751,592 5,103,712 1.71
6.6 ’ 6 13,333 980,073  2,744,16] 2,923,855 4,687,945 1.71
6.4 4 20,000| 1,221,076 2,397,136 2,919,048 4,095,108 1.71
6.2 2 40,000| 953,126 1,541,156 2,044,779 2,632,809 1.71
7.spr spr 100,000 1,715,204 5,488,12{ 5,602,628 9,375,551 1.71
7.16 16 6,250 | 1,096,347 5,040,972 1.71
7.12 12 8,333 | 1,821,726 4,889,768 1.71
7.9 100,000 9 11,111| 2,038,280 4,668,030 5,344,801 7,974,551 1.71
7.6 6 16,667| 2,315,442 4,287,75{ 5,352,601 7,324,918 1.71
7.4 4 25,000| 2,430,650 3,745,525 5,083,730 6,398,606 1.71
7.2 2 50,000| 1,750,619 2,408,05fy 3,456,326 4,113,764 1.71

The minimum compartment floor ardg,;,,, allowing an effective fire service interventiomas

determined in Section 4.1.1.2, and found te=b&00 n? for a fast fire growth rate. Onek,;,, is

reached, a further increasefesults in an augmentation of the risk. The effeqgtlains the
decrease in risk reductiakR for scenarios 2.9, 1.4 and 1.6 (relative to retpely scenario 2.6
and 1.2).

CBA,,, shows a positive total net utilit§(p) for scenarios five, six and seven, fBA,,
scenario four is also beneficial. TW&p) values marked in green indicate the number of
compartments that maximize the return, for a gidgn,,. The results are in line with Eq. (13) of
Section 1.3.3. The derivative from the total néitytreturns the maximum, or minimum, value
when one optimization parameter is assessed. Aterimvestor with a risk-adverse attitude can

decide not to comply with the ideal number of comtipants. As long a4, ; is bigger tham,,;,
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an increase irN will propagate a decrease of risk. It should béedothat an amount of

compartments that results in a negative CBA shbaldvoided.

The scenarios that are not cost-beneficial in @BAut are in CBAw demonstrate that there is
a minimum value per unit floor area for compartraéion s ;i comp and sprinkles, iy spr t0
return a positive (p). The last column in Table 22 indicates that tleeement in risk reduction
is equal to the ratio of. ., per 10 S¢ qverage- BE€CaUse the compartment value is uniformly
distributed a linear relationship betwegrand the damage cost and the maximum possible
benefits exists, see Eq. (64) and (66). The implgation cost is independentspfand is thus a

constant for both situations. The mathematicaleggntation of the above is given by Eq. (68).

Sc,upper

Z(p)upper = ARaverage - C(p) (68)

c,average

Interpretings. ,pper aSscmin and equating Eq. (68) to zero leads to Eq. (68¢ dnly unknown

IS s min @nd the equality can be solved.

C(p)

Scmin = * Scaverage (69)
ARaverage

The gray values in Table 22 demonstrated that faglaer compartment value per unit floor area
sprinkler installation becomes more beneficial, ateds. ;,,. The tipping point is obtained

following a similar methodology as for Eq. (82):

S, S
iARcomp - C(p)comp = P ARspr - C(p)spr
Sc,average Sc,average
70
_ C(p)comp - C(p)spr ( )
= c,spr — ARcomp — ARspr c,average

When the installation cost of compartmentationresager, and the respective risk reduction lower
than sprinklers, Eq. (70) returns a negative vahee.these scenarios sprinkler implementation is

always more beneficial regardlessspf
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The results fos. ,;, ands, s, are graphically analyzed in Section 4.2.4 andb4.Phe

calculation and absolute values for all scenararshe found in Table 55 of Appendix I.

4.2.4. The minimum compartment floor area needed for compartmentation and

sprinkler to be beneficial

Figure 33 shows, ,;, in function ofA; ., andN. The scenarios with a compartment size less
than 1600 iy see Table 19, are excluded as the respestiyg, is not comparable due to the
shortening ot;,. The lines follow a rather smooth curve from 30,60 100,000 frequiring a
Semin DEtWeen 823 and 66 and euré/mrojects smaller than 30,00F nequire an exponential
growth in compartment valus, ,,,;;, > 2000 euro/n?. Hence, the conclusion is made that the

benefit of compartmentation is exploited to itd fidtential in the rangd; .., > 30,000.

4,000
N=2
3,500 N=4
3,000 N=6
N=9
E 2,500 + sprinkler
S 2,000 n
3
= 1,500
1,000
500 ¢ B
+ - "
0

0 20,000 40,000 60,000 80,000 100,000
Af,ext[mz]

Figure 33: The minimum value per unit floor areached for a positive CBA in function of the buildifigor area
Af ex¢ and the number of compartments

4.2.5. When to install sprinkler, compartmentation, or other measures for

different characteristics of the private investor

Figure 34 and Figure 35 show the valuessfqy;,, in function of the number of compartments,
for Af e = 100,000 M2 andAs ¢, = 30,000 2,
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The following areas can be defined:

« A Whens, is smaller thas i spr @NAS¢ min,comp POth risk measures return a
negative CBA and other mitigation measures shbaldesearched

- B When the goal is to maximizes Z(p), compartméotashould be pursued for the
intervals; min comp < Sc < S¢,spr

« C When the goals is to maximize Z(p), sprinklettafation is the optimum choice
for the intervals, > s o,

« D When the goals is to maximiad&R, while having a positive CBA, sprinkler
installation should be pursued When> s; ,in sprinkiers

 E onces¢ min,spr < Semin,comp SPrinklers will result in the maximum Z(p) andr,

I.e., sprinklers should be implemented

The graphical representations for other buildirzgsiand the absolute values for all the scenarios
can be found in Appendix .

450 s[c,min,comp] A 4
400 s[c,spr] C
350 s[c,min,spr] A 4
300 D
250 B E
200
150
100 A

50 A

A
A\ 4

s, [euro/n?]

»-d
>

N[-]

Figure 34: Minimum compartment value per unit flaoea needed to make sprinkler and compartmentation
installation viable in function of the number ofnepartments N and for a building floor aéa,,, of 100,000 .
[A] indicates the area where both compartmentadiath sprinkler are not beneficial, [B] indicates #nea where
compartmentation returns a greater net utility Z@n sprinkler, [C] indicates the area where $peinreturns the

greatest Z(p) and [E] indicates the area whereklen return the greatest Z(p) AND risk reductioR
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600 i
C d D »
500 v N .
A
& 400 \ 4
E A
S B
i 300 x
of
200 A
s[c,min,comp]
100 A s[c,spr]
s[c,min,spr]
0 v \ 4
0 1 2 3 4 5 6 7 8 9
N[-]

Figure 35: Minimum compartment value per unit flaoea needed to make sprinkler and compartmentation
installation viable in function of the number ofrgpartments N and for a building floor arég,,, of 30,000 rA.
[A] indicates the area where both compartmentadiath sprinkler are not beneficial, [B] indicates #nea where
compartmentation returns a greater net utility Z@n sprinkler, [C] indicates the area where $einreturns the
greatest Z(p) and [E] indicates the area whereklen return the greatest Z(p) AND risk reducti®iR

4.2.6. The impact of the used barrier material on the CBA

Scenario 7 and 6 are repeated VA ;..o = 0.34 to assess the impact of the barrier material.
In reality this example can be translated to agtevinvestor who has to decide whether it is
beneficial to make an extra investment for a medeindant material, as it is reasonable to assume

that a lowerPy,, involves a higher implementation cost (e.g., m@w material needed, more

costly materials). The case withy, ,,..o; Will be seen as the reference scenario.

The assumption is made that the contractor hasmdoessary skill to implement the barrier
according to the required standard, which makesdifference in failure probability solely

material dependent. The results of the simulateomlze found in Table 23.

A reduction inPf,, results in a lower damage cost for every scenasocan be seen from the
negative values for the extra risk reductldh = D(p) 14 — D(p)o34. The layouts with more
compartments experience the biggkBst, as fire spread through multiple compartments will
experience an exponential reduction. For exampllasa due to a fire spread through three
compartments will be reduced with a faco842/0.14% =~ 5.9 for the reference situation on

installation of the better material, whereas ftwa compartment model, i.e., failure of maximum
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one barrier, this i6.341/0.141 ~ 2.4. In addition, more compartments results in morssjie

scenarios for which the reduction can take place.

Table 23 demonstrates that the percentage exkreedsictionAD /D (p), 34 IS independent of the
building or compartment floor area, as the numlbéire wall failures is the chief variable. It was
calculated that the measure induces an extraetikction of 15 and 42 per cent for respectively
N = 2 andN = 6.

The greater risk reduction for layouts with morenpartments is counteracted by a greater
implementation cost, as more compartments inhgreighify a greater barrier volume that has to
be upgraded. To determine the beneficiality ofitivestmentAC,,ss = [AD/D(p)o34]/C(p) is
calculated to represent the maximum extra investrbeforeZ(p)o1a < Z(p)os4. Table 23
shows that for scenario seven the extra investocanbe 146 or 81 per cent for respectivély:

2 andN = 6.

Table 23: Analyzing the effect of the used bamigterial by comparing the failure probabilitiesaofmetal-stud and

brick wall for scenario seven and six (respectivalilding floor area of 100,000°rand 80,000 A)

CBAuo
scenario 7.6 7.4 7.2 6.6 6.4 6.2
N [-] 6 4 2 6 4 2
At [m"2] 16,667 25,000 50,000 13,333 20,000 40,000

B(p) [euro] 9,566,889 9,566,889 9,566,889 6,122,809 6,122,8091226809
C(p) [euro] 1,972,313 1,314,875 657,438 1,764,090 1,176,060 ,0388

wa,metaFO-34
D(p).ssfeuro] 3,837,319 4,759,062 6,409,813 2,455,884  3,045,799102480
Z(p)o.asleuro] 3,757,257 3,492,952 2,499,689 1,902,835 1,900,950432]499
Prw,brick=0.14
D(p)o.as[euro] 2,241,976 3,168,284 5,453,125 1,434,864 2,027,7024903000
Z(p)aialeuro] 5352601 5,083,730 3,456,326 2,923,855 2,919,0480447779

analysis
AD [euro] -1,595,343 -1,590,778 -956,687 -1,021,020,018,098 -612,280
AD/D(p)oss[-] -0.42 -0.33 -0.15 -0.42 -0.33 -0.15
ACposs [-] 0.81 1.21 1.46 0.58 0.87 1.04

The building Cost Information Service in the UK, BBC performed a cost breakdown for
partitions, walls and ceilings, of which a part dam freely accessed on the website of “The

Architects’ Journal” [37]. The cost for a 125 miad partition wall, without acoustic isolation
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and with fireproof plasterboard, was estimated éolB0 euro/rfy which would mean an extra
investmentAC of 50 per cent relative to the predetermined abatconcrete partition. Based upon

this data, the private investor should decide f@ément the extra safety measuréd@s< AC ;.

4.3. Summary of results
The comparison with the previous model allowedsseas the impact of the compartment size on

the probability of FO, which resulted in minimurodk areas for various fire growth rates.

The second example established the compartmem¢ vz a paramount parameter, due to the
discrepancy in the literature the required magmiticat a positive CBA was assessed, rather than
assigning an absolute value. Graphs were constrtwiadicate the area where compartmentation,

sprinkler or none were beneficial.

Lastly, a methodology was set up to assess whathénvestment in a more redundant barrier

material is beneficial
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Chapter 5

Conclusion

5.1. Conclusion

The scope of the thesis was to propagate a toblne#ipect to compartmentation that can be used
by the private investor to assess whether a safegstment is beneficial, while at the same time
giving an awareness of the expected possible profiutilised. The basis of the construct is that
of a Cost-Benefit Analysis in conjunction with apabilistic risk assessment, this immediately
identified the key problem as determining the reipe damage cost, due to its dependency on

the fire spread path.

It was demonstrated how the adjacency matrix candeel to define the connectivity between
compartments and for various building layouts,rafthich the characteristics proofed invaluable
to derive equations for the construct of a matherakmnodel that derives all failure scenarios. In
parallel, an assessment of the chief failure effaslhover was made, as an accurate approximation
was essential to determine #gectectconsequences of the scenarios. To establishabsapility

of occurrence, the stages leading to the onse®oivere first determined and then quantified in a
probabilistic risk assessment, this allowed to iexpl demonstrate the benefit of
compartmentation. The hands on approach followedttfe methodology avoided the use of
complicated mathematical real fire models or corapomal zone models, in order to design a tool

that is comprehendible for both experts and noregsp

Results showed that significant reduction of cortipant size can have an adverse effect on risk,
in order to avoid the unfavourable conditions ckdttans were done to provide the user with a
minimum compartment size. The magnitude ranged #6Mto 8100 rhfor various fire growth
rates. Also, it was established that the safetysomeais only economically justifiable for large
buildings, as simulations indicated that an exptiaegrowth of compartment value is needed for
building floor areas smaller than 30,006.®ue to the paramount necessity for an accurate
estimation of the average value per unit floor aed the discrepancy in the literature, a study
was undertaken to assess the required magnitutiesthaeded for a positive CBA, rather than

establishing an absolute value. The results arghgrally represented in this thesis for various
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building sizes, allowing the entrepreneur to assebsther compartmentation, or sprinkler

installation, is viable for his or her company.

The work presented provides an approach that casdstby laypeople and private investors alike
to understand, calculate and mitigate their exposarfire risk, with this knowledge they can
counteract insurance companies and others alikeédtiay control the debate on how to deal with

risk.

5.2. Future work

A study of the CBA with the use of the parametire fcurves, i.e., realistic fire model, or a
computational zone model would allow to assesasisemptions and simplifications made for the
probabilistic risk assessment of flashover. In gagfion an attempt could be made to include the
calculation of the thermal resistance and expostigesolid element, as results showed that the

failure probability of the barrier has a considéeaimpact on the result of the CBA.

The thesis is mainly written from an engineeringnpof view and an equivalent thorough study
to incorporate other economic aspects is needed tool that has strong fundaments in both

disciplines.

A user friendly interface should be constructedhtike the model accessible for everyone.
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Appendix A
Previous model risk equation derivation for a four

compartment building layout

An attempt is made here to trace back the stepgsptieaeded Eq. (26), in order to get a better

understanding of the limitations of the previousdelo

There will be four different scenarios as a fire cdart in compartment one, two, three or four.
Following the same logic as in section 1.6.1 aBd2la model is reconstructed to verify the validity

of EqQ. (25). The starting point for the derivatidredow is that of a fire starting in compartment 1.
The probability for FO in compartment one is gi\snEg. (71).

Pyros = Pro * (0.25% Prx B x L) (71)

The expected damage in case of FO in compartmentsogiven by Eq. (72). Since the four

compartments are equal in size the value is constan

S4-,FO =025«S*BxL (72)

The probabilities that FO occurs in one of the tvearest adjacent compartments is given by Eq.
(73) and Eq. (74).

B
Pyro2 = Pyroq * [wa * H * E] * Pfo (73)

L
Pyro3 = Pyro1 * [wa * H * E] * Pfo (74)



88

FO conditions in compartment two or three can cdiieespread and thus FO to compartment
four. Because one of these events is enough toeck@s the summation, rather than the

multiplication, of the probabilities is taken.

L B
Py ro,a :P4,F0,2*[wa*H*E]*Pfo+P4,F0,3*[wa*H*E]*Pfo (75)

The total risk of a fire that started in compartineme is given by Eq.

Rscenario 4 = Sapo(Paro1 + Paroz + Parost Paros) (76)

Because the fire can start in compartment one, ttwege or four the total risk is the summation of

all, identical, scenarios as shown in in Eq. (77).

R, = 4[54,1«"0 (Paro1 + Paroz + Paros+t P4,F04)] (77)

The latter is expanded into Eq. (78) and Eq. (8@¢peated so a comparison can be made.

B L
R, = 0.25 % R, * [1 + Pro Py H (E+§> +05%B+*L *szo *szw *Hz] (78)

B L 2 (B L
R, =0.25 %R, [1 + PfOPfWH (E + z) + (Pfopfw) H (E + E)] (79)

As can be seen the terms in red, concerning thprBability of compartment four, are different.

Ty =025 %Ry +0.5+B + L+ P}« P, « H? and T, =025+Ry * (ProPp,) H(5+%) are

expanded in respectively Eq. (81) and Eq. (80rwwhere the difference comes from.
B L
T, = 0.25SBL * [(0.25PfPfOBL) * (PfWHE) ¥ Py * (PfWH E) ¥ Pro

L B (80)
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B
T, = 0.25SBL * [(0.25PfPfOBL) * (PfWH 5) * Pro * Ppy * Pro
(81)

L
+ (0.25P;P;,BL) * (PfWH 5) * Pro * Pryy * Pro

The discrepancy is caused due the fact that theque example for the second fire spread, from
compartment two to four and from three to four,ndignultiply the failure probability per fof

the fire wall, Ry, with the surface area.
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Appendix B

Tables to determine the fire growth coefficient

Table 24: Typical growth rates recommended forogitypes of occupancies. Reconstructed from [28],

Type of occupancy Growth ratea
Dwelling, schools, offices Mediur fast
Hotels, nursing homes, etc. Fast
Shopping centres, entertainment centres Pablitra-fast
Hazardous industries Not specified

Table 25: Typical growth rates recommended forougitypes of occupancies. Reconstructed from [38]

Type of occupancy Growth
rate a

Densely packed wood products, Art-gallery, Pubtiace for transport mearfstorage building slow

with few combustible materials

Solid wooden furniture items with small amountstzstic, Dwelling, Hospital bedroom, Hotel medium

bedroom, Hotel reception, Office buildings, SchdalssroomStorage building for cotton or
pyester sprung mattresses

High stacked wood pallets, Shopping centre, Libraheatre, Cinema, Cartons on pallets, Some fast
upholstered furnitureStorage buildings with full mailbags, plastic foamor stacked timber

Upholstered furniture, High stacked plastic materi@ihin wood furniture such as wardrobes, Ultra-Fast
Chemical plantStorage buildings with alcoholic liquids or upholsered furniture
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Appendix C

Examples of other fire induced indirect costs

Table 26: Example of direct and indirect cost bittrés, reproduced from [35]

| legal | Damage | Human and environmental |
Fines Damage to own material/property Compensaiictims
Interim lawyers Damage to other companies Injured employees
material/property

Specialized lawyers/ Experts at  Damage to public material/property  Recruitment
hearings

Internal research team Damage to surrounding ligiegs  Environmental damage

| Medical | Supply-chain | Personnel |
Medical treatment at location Production-related odRictivity of personnel
Medical treatment in hospitals and Start- up Training of new or temporary
revalidation employees
Using medical equipment and Schedule-related Wages
devices

Medical transport

[ Insurance | Intervention | Reputation

Insurance premium Fire service intervention Shaieep
On-site intervention Accident investigation
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Tables with the failure probabilities of fire walls

Table 27: Failure probability of a brick compartrtadization wall with a height lower than 9 m andwiNO

relevant penetrations. Reconstructed from [2]

REI [min]

Equivalent fire duration[min]] 0 30 60 120 240 360 480
30 1 0.05 0.03 0.02 0.01 0.01 0.01
60 1 043 0.05 0.03 0.02 0.01 0.01
120 1 0.92 0.430.05 0.03 0.02 0.01
240 1 1 092 0.430.05 0.03 0.02
360 1 1 1 092 0.430.05 0.03
480 1 1 1 1 092 0.430.05

Table 28: Failure probability of a brick compartrtadization wall with a height lower than 9 m andtwielevant

penetrations. Reconstructed from [2]

REI [min]

Equivalent fire duration[min]] 0 30 60 120 240 360 480
30 1 0.07 0.07 0.07 0.07 0.0 0.07
60 1 0.62 0.07 0.07 0.07 0.07 0.07
120 1 0.98 0.620.07 0.07 0.07 0.07
240 1 1 098 0.620.07 0.07 0.07
360 1 1 1 098 0.620.07 0.07
480 1 1 1 1 0.98 0.620.07

Table 29: Failure probability of a brick compartrtedization wall with a height higher than 9 m anidhwNO

relevant penetrations. Reconstructed from [2]

REI [min]
Equivalent fire duration[min]] 0 30 60 120 240 360 480
30 1 0.12 0.06 0.04 0.03 0.2 0.01
60 1 0.74 0.10 0.06 0.04 0.03 0.02
120 1 0.98 0.740.10 0.06 0.04 0.03
240 1 1 098 0.740.10 0.06 0.04
360 1 1 1 098 0.740.10 0.06
480 1 1 1 1 098 0.740.10




96

Table 30: Failure probability of a brick compartrtedization wall with a height higher than 9 m anidhwelevant
penetrations. Reconstructed from [2]

REI [min]
Equivalent fire duration[min]] 0 30 60 120 240 360 480
30 1 014 014 0.14 0.14 0.14 0.14
60 1 0.87 0.14 0.14 0.04 0.14 0.14
120 1 1 087 014 0.14 0.14 0.14
240 1 1 1 0.87 014 0.14 0.14
360 1 1 1 1 087 0.14 0.14
480 1 1 1 1 1 0.870.14

Table 31: Failure probability of a metal stud waith a height lower than 9 m and with NO relevaebetrations.

Reconstructed from [2]

REI [min]
Equivalent fire duration[min]] 0 30 60 120 240 360 480
30 1 0.09 0.06 0.04 0.03 0.02 0.01
60 1 043 0.09 0.06 0.04 0.03 0.02
120 1 0.96 0.43 0.09 0.06 0.04 0.03
240 1 1 096 0.430.09 0.06 0.04
360 1 1 1 0.96 0.430.09 0.06
480 1 1 1 1 096 0.430.09

Table 32: Failure probability of a metal stud waith a height lower than 9 m and with relevant geateons.

Reconstructed from [2]

REI [min]
Equivalent fire duration[min]] 0 30 60 120 240 360 480
30 1 0.1 011 0.11 0.11 0.11 0.11
60 1 0.62 0.1 0.11 0.11 0.11 0.11
120 1 099 0.62 0.11 0.11 0.11 0.11
240 1 1 099 0.620.11 011 0.11
360 1 1 1 099 0.620.11 0.11
480 1 1 1 1 099 0.620.11

Table 33: Failure probability of a metal stud waith a height higher than 9 m and with NO relevagetrations.
Reconstructed from [2]

REI [min]

Equivalent fire duration[min]] 0 30 60 120 240 360 480
30 1 0.31 0.20 0.14 0.09 0.06 0.04
60 1 0.74 031 0.20 0.14 0.09 0.06
120 1 099 0.74 0.31 0.20 0.14 0.09
240 1 1 099 0.74 0.31 0.20 0.14
360 1 1 1 099 0.740.31 0.20
480 1 1 1 1 099 0.740.31
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Table 34: Failure probability of a metal stud waith a height higher than 9 m and with relevanteieations.
Reconstructed from [2]
REI [min]

Equivalent fire duration[min]] 0 30 60 120 240 360 480
30 1 034 034 034 034 0.34 0.34
60 1 087 0.34 034 034 0.34 0.34
120 1 1 087 034 034 0.34 0.34
240 1 1 1 0.87 0.34 0.34 0.34
360 1 1 1 1 0.87 034 0.34
1 1 1 1 1 0.870.34

480
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Appendix E

The equivalent time of fire exposure

The equivalent time of fire exposurg;, mathematically represented by Eq. (82), is usedlate
the performance of structural elements, tested thghstandard fire curve, to the actual boundary
conditions of the compartment. The methodologyexdained in BS EN1991-1-2:2002 [29], is
elaborated in this section.

tea = (qr.akpwy)ke [min] (82)

Where:

* qrq is the design fire load density [M#nsee Eq. (84)
. ky is the conversion factor [min#WJ], see Table 38

* wy is the ventilation factor [-], see Eq. (85) and EBf)

e k. is the correction factor function of the mategamposing structural cross-sections
[,  see Table 39

For the structural element not to fajl; should be smaller than the design value of thedstal

fire resistance of the membeys, and thus the acceptance criteria is given by:

tea < tfia (83)

The design fire load density 4 in Eq. (82) is calculated as followed:

10
Qr.a = Qa8 8,0, M) fm? with 8, = | 6 (84)

=1
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Table 35: Characteristic fire load densities [MR)/far different occupancies. Reconstructed from|[29

Occupancy Average 80" Percentile
Dwelling 780 948
Hospital (room) 230 280
Hotel (room) 310 377
Library 1500 1824
Office 420 511
Classroom of a school 285 347
Shopping centre 600 730
Theatre (cinema) 300 365
Transport (public space) 100 122

NOTE Gumbel distribution is assumed for thé& g§@rcentile

Table 36 shows the values #)y; and§,,. However, the norm fails to specify the intervader

this thesis the floor areas are taken as the maiae.v

Table 36: Factors,; andd,, to determine the chance of ignition based uporilthog area and occupancy.

Reconstructed from [29]

Compartment floor area Danger of fire £ | f . Danger of fire
A [m?] activationd,; Xamples ot occupancies activationd,;,
o5 11 Art_gallery, museum, 0.78
swimming pool
250 150 _Offlces, residence, hotel, paper 1.00
industry
2500 1.90 Maqufactory for machinery & 122
engines
5000 200 Chemical laboratory, painting 144
workshop
10,000 213 Ma}nufactory of fireworks or 166
paints

Table 37: Factors,,; in function of active firefighting measures. Restincted from [29]

Automatic fire suppression Automatic fire detection Manual fire suppression
Automatic Independent | Automatic Automatic | Work Off site| Safe Fire Smoke
water water supplies| fire detection alarm fire fire acces | fightin | exhaus
extinguishin & alarm transmissio| brigad brigad S g t
g system n to fire e e routes| devices| system
brigade
5n1 6n2 5n3 6n4- 6n5 é‘n6 oré‘n7 6n8 5n9 6n10
#0 | #1 | #2| By| By
heat| smok
e
0.61 1./ 08| 0.1 08| 0.73 0.87 0.61 0.78 09ar 1.0o0r | 1.00r
0 7 7 7 lor 15 15
1.5
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The conversion factdy;,, can be related to the thermal properties \/m as shown in Table 38.
If the properties are not availabitg = 0.07 is taken. When considering a boundary with différe
layers of material b can be determining as desdrbeBS EN 1991-1-2:2002 [7, pp. 30-32]. In
this thesis it is assumed that the compartment\wals, roof and floor, are made of the same
material.

Table 38: Conversion factég, depending on the thermal properties of the enciof29]
b = /pcA [J/mPstK]  kp [Min*m?/MJ]

b > 2,500 0.04
720 < b < 2,500 0.055
b <720 0.07

For compartments with a floor arela larger than 100 fthe ventilation factow, can be

calculated as followed [29]:

6.0\%3 90(0.4 — a,)* ,
Wr = (7) 0.62 + Tbvah > 0.5 with: (85)

AU Ah 2
0.025 < @, = -2 < 0.25; a, = —; b, = 12.5(1 + 10a, — a2)
Ag Ag

> 10.0

It should be noted that the code fails to speciftrto do if the ventilation factor falls outside o

the prescribed boundaries.

If Ar <100 m? andA, = 0 Eq. (85) can be reduced to:

1

= 0 24 with:

Av\/ heq

t

t

(86)

< 0.20

The correction factor for various materials is give Table 39.
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Table 39: Correction factdr. in order to cover various materials [29]

Cross-section materia Correction factork,
Reinforced concrete 1.0
Protected steel 1.0

Not protected steel 13.7*O
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Appendix F
Example of the model output for the annual failure probability

with a four compartment building layout

Equations (56) to (60) were programmed in the nratieal software Maple together with the
parameter#V, n, and AM for a specific building layout. The outpug. the possible fire spread
scenarios and their annual loss probability, amewshin Table 40. For the building layout it was
calculated that: for compartment one and two the $&ervice can intervene before FO, for

compartment three and four after FO.

Table 40: All fire spread scenarios and their ahfailure probabilities for a specified four compaent building

layout
input
1\
0110 2
1 0 0 1
Bi=11 0 01 /
0110 g
\4
N:=4
n[0]:=[1,2,3,4]
output
Py, before 1 =208, 1 F Py P fitel, 1 Pt
P o before 2 =PO8S1 2 B Py Prigy 2 Poey 2
Py, afier, 3 =POSSp, 3 E5 Py 3 Py 5
P, afier; 4 TPOSSp, 4 F, P, If, 4 P fuel, 4
RU_ before, 1,2~ P05, 1 Fy P//, | Pfuel, 1Pt Pﬁt; 1,2 Ppu.vs(z’ 1) Pju(f[,Z
P before, 1.3 =P85, 1 Fy Py Pt 1 Pac 1 P 1,3 Ppass (35 1) Py 3
Poo, before 2,1 =P0850, 2 B3 Py o Py 2 Py P fin2, 1 P pa.\'.s'( L) Pri s
P vefore 2,4 =P, 2 Fy Py P 2 Py 2 P 2, 4 Poass (4 1) Py 4
P, aer, 3,1 =P058, 33 Py 3 Py 3 Py 31 P (L 1) Py 1 Py 5
P fo, after; 3,4~ PSSy, 35 P I3 P el 3 © fiv, 3, 4P pax,s‘(4’ 1) P el, 4 Pact 3
R fo, afier, 4,2 ~POS85, 4 FyP I, 4 P fuel, 4 P fin, 4,2 Ppm‘,v(z’ 1P fuel, 2 Pt 4
Pro afier, . 3=P958, 4 F4 Pir 4 P 4 Py 4 3 Poass (35 1) P 3 Py

o

0, before, 1,2, 4 :p()s“jfo. 1 Fl P/ﬁ 1 Pﬁm/, 1 P[IL‘L 1 wa. 1,2 Ppa.v.\'(z’ 1) Pfuc/, 2 Pfu, 2,4 Ppu.\'s(4’ I ) Pfll@[, 4

4 :[705'%)_ 1 Fl P/ﬁ 1 P/il(’,]‘ 1 PacL 1 P/iv. L3 P/)asx(:;'f 1) P/iw,/. 3 Pfu 3,4 Ppam(4’ 1) P_/iml 4

o

fo, before, 1, 3,




Pfo before, 2, 1, 3=pOSSf0 E P1f2Pﬁl€1 2Pact,2 w2, leass(l l)Pﬁzel lPﬁL 1, 3Ppasv(

Pfo before, 2, 4,3 pOSSO FPI/‘"’Pfuel2PucL2wa"’4 pass(4 e fuel, 4 ﬁt43Ppass(

Pio, afier,3,1,2 =058, 3E3 Py 3 Py 3 Psy 5 pass(l 1) Priet 1 Pact 3 ﬁv12Ppass(2’
Pio afien 3,4 27P058, 3 F3 Pip 3 Py 3 Py 3 4 Pss (4 1) Py 4 acLSPﬁv42Ppavs(2’
Pfo,uﬁer,472,]=poss FPlf4Pfuel4 fin, 4,2 pass(’ )P firel, 2 L ﬁv21Ppass(1’
Pfo after, 4,3,1 - POSSp,, 4F4Plf4pfuel4pfw43 pass( P “fuel, 3 acL4PﬁA/31Ppass(1’

fo,before,1243 po‘ssfalFPlfl fuel, 1 acl,l ﬁ»lZ pass(z I)PfueIZ w24 pass(4 1)Pﬁ{el4 ﬁ»43Ppass(3

D) Pl 3

fo,before,l342 po‘ssfalFPlfl fuel, 1 acl,l ﬁ»13 pass(3 I)Pfuel3 w34 pass(4 1)Pﬁ{el4 ﬁ»42Ppass(2

D) Py

Pfo, before, 2, 1, 3,4:pos‘¥fa,2F2Pb€ ZPﬁ:e/,ZPacI,ZPﬁv, 2,1 Ppass( 1’ 1) Rfuel, 1 Pﬁv, 1,3Ppass(3’ 1) Rfuel,}Pﬁv,.’» 4Ppass(4

1) Py 4

Pfo,befora2,4,3,1:pos‘sfo,ZFZPb‘,ZPﬁIEI,ZPacl,ZPﬁv,Z4 pavv(4 1)Pfuel4 fn 43 pavv(?’ I)Pﬁ{el} S 3, lppafv(l

1) Py 1

Py afien,3,1,2,4=PO5Sg, 3 E5 P 3 Py 3 Ps 31 P (1) Prior 1 Pacy 3 P 1,2 Poass
1) Py 4

P afier,3,4,2,1 =P84, 3 F3 Py 3 Py s Py 3 4 P (A 1) Proor 4 Py 3 Py 4, 2 P
1) Py 1

Pfo, after; 4,2, 1,3 TPoss, 0,4F4PU’,4Rfuel,4Rﬁ\', 4, ZPpas.v(2’ 1) Rfuel, ZPact, 4Pﬁv, 2,1 Ppass
1)Pfuel.3

Pfo,qﬁen4,3, 1,2:posso,4F4Plf,4Rfuel,4Rﬁ\',4,3Ppas.v(3’ I)Rﬁ{el 3Patt,4 fin, 3, leass

1 ) Pfuel. 2

(2,1) P, fuel, 2 fw24Ppass(4

(2,1) P, fuel, 2 fw2 leass(l

(L 1) Py 1 P13 Prass (3

(L) Py 1 Pry 1, 2 Pass(2:

104
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From the constructed event tree in Figure 36 itlmaseen that all possible fire spread scenarios

are considered in Table 40.

ignition
v
1 2
v | v v | v
2 3 1 4
e T
1 4 1 4 2 3 2 3
T I
2 3 2 3 X 4 1 il
v v
3 4
v | v v | v
1 4 2 3
e R
3 2 3 2 A 1 4 1
I
X 4 1 4 2 3 2 3

Figure 36: hand calculations, i.e. event tree gidfy the possible fire spread scenarios givenheyrhodel in Table
40






Appendix G

Complete list of all used model input parameters

107

Table 41: Input parameters for the building layout

Variable indicator Units Suggested value
N Number of compartments [
ny The compartments in which ignition can occur [-]
[B] NxN Adjacency matrix for specific for the builditagyout [-]
Table 42: Input parameters for the compartment dgioas
Variable indicator Units Suggested
value
[Cy] Nx1 matrix with; [m]
a, 1 = width of comp. 1
a,, = width of comp. 2
ay, = width of comp. N
[Ci] Nx1 matrix with; [m]
a, 1 = length of comp. 1
[Chl Nx1 matrix with; [m]
a,1 = height of comp. 1
[Ow] Nx1 matrix with: [m]
a,; = summation of the vertical opening widths of comp.
1
[On] Nx1 matrix with: [m]
a,, = the averaged vertical opening height of comp. 1
[OH,] Nx1 matrix with: [m]
a,, = summation of the horizontal opening widths of
comp. 1
[OH,] Nx1 matrix with: [m]

a,; = summation of the horizontal opening lengths of
comp. 1




Table 43: Input parameters for the reference $doat

Variable indicator Units Suggested value
Wt Width of the exterior building envelope [m]

Loyt Length of the exterior building envelope [m]

Heyt Height of the exterior building envelope [m]

[Opexe 1 Column matrix with: [m]

a, 1 = width of first vertical exterior opening

[Onexe 1 Column matrix with: [m]
a, 1 = height of first vertical exterior opening

Table 44: Input parameters for the cost-benefityais
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Variable indicator Units Suggested value
y Continuous discounting rate i 0'05'.0'1 (for private
investors)
Reomp Nominal interest rate of compartmentalization Ayr
tmax Useful life of compartmentalization [yr]
Mcomp Maintenance cost of compartmentalization [euro/yr]
Co,comp Installation cost of compartmentalization [eurd/mi
ARE130 1
AREIL60 1.1
AREI120 Cost scaling factors in function of required REI [ 1.2
Agpraeo  Value 1.3
AREI,360 1.4
ARE1480 15
tmaxspr  Useful life of sprinklers [yr]
Mgy, Maintenance cost of sprinklers [eurolyr]
Co,spr Installation cost of sprinklers [eurofimy] 100
Table 45: Input parameters for the maximum posdibleefits
Variable indicator Units Suggested value
Sevent Possible benefits for total loss scenario [euro/yr]
[Swhote,; 1 Nx1 matrix with: [euro/yr]

a, 1 = Possible benefits for comp. 1

[Sc,i]

Nx1 matrix with: [euro/ntlyr]
a, 1 = Possible benefits per unit floor area for cothp.
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Table 46: Input parameters for the equivalent tirhfire exposure

Variable indicator Units Suggested
value
[are 1 Nx1 matrix where: [MI/m?]
a, 1 = Characteristic fire load density per unit fl@yea in function of
occupancy for compartment 1
Mcomp Combustion factor [ 0.8
Oni Factor for fire fighting measures [-]
Table 37
K. Correction factor [-] Table 39
[842 1 Nx1 matrix where: [] Table 36
a, ; = factor that accounts for danger of fire activationcompartment 1
in function of the occupation type
[841 ] Nx1 matrix where: [] Table 36
a, 1 = factor that accounts for danger of fire activationcompartment 1
in function of the floor area
Amat Thermal conductivity of the material [W/mK] 0.041
Pmat Density of the material [kg/m?] 100
Smat Physical thickness of the material [m]
Crnat Specific heat of the material [J/kgK] 800
Table 47: Input parameters for the calculatiorhef HRR and the probability of FO
Variable indicator Units Suggested value
tg Arbitrary time for energy release [s] 200
Dair Density of air [kg/m] 1.2
a Fire growth rate kB Table 7
tint Intervention time of the fire service [s] 15*60
Table 48: Input parameters for the calculatiorhefannual ignition frequency
Variable indicator Units Suggested
value
K, Factor to determine the annual ignition frequeraryifidustrial buildings  [m*yr- 1073
based upon the floor area 1
K, Factor to determine the annual ignition frequermayather non-residential [m2*yr- 1075
buildings based upon the floor area 1
Bivo Falctor to determine annual ignition frequency bagmsh the building [-] Table 6
volume
Bavor Factor to determine annual ignition frequency bagamh the building [-] Table 6
volume
By Factor to determine annual ignition frequency bagamh insured value [-] Table 6
Bav Factor to determine annual ignition frequency bagszh insured value [-] Table 6




Table 49: Input parameters for the fixed probabit
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Variable indicator Units  Suggested
value
Py Failure probability of suppression by occupants firedservice in a very early [-] 0.04
stage
P, Failure probability of extra measures in a veryhesiage [-] [2]
Py Failure probability of the sprinkler system [-] Tald4
Pget Failure probability of the detection system [-] Tah4
[Prw] NxN matrix where: [-]
a, , = failure probability of the fire wall between cpartment 1 and 2
[Poass] Nx1 matrix where: [-] 1
a, 1 = failure probability of extra passive measuresamp. 1
Y(u,0) Normal distribution to describe the PDF associatétl the failure probability [-] w =200
of the fire service suppression in function of tine area o =40
X(u,0) Normal distribution with meap and standard deviatianto describe the [-] u =250
PDF associated witRHR,,,,, for a fuel-controlled regime o =150




Appendix H

Input and output for comparison with previous model
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Table 50: model input and output for comparisorhlite two compartment scenario of the previous mode

variable indicator units building compl comp2
P[det] failure probability detection system [ 6.2

P[spr] failure probability of sprinkler system [ 0.02

tfint] intervention time fire service [min] 15

t[E] arbitrary time for energy release [min] 3.3

N #comp [ 2

Cw] width [m] 50 50 50

(o] length [m] 100 50 50
Clh] height [m] 5 5 5

Alf] floor area [m"2] 5000 2500 2500
Ofw] vertical opening width [m] 4 2 2

Ofh] averaged vertical opening height [m] 1 1 1
par Alo]*sqrt(H[o]) [m] 4 2 2

Alt] area bounding enclosure inc. openings [m"2] 5aa 6000 6000
Ql[fo] HRR needed for FO [kW] 91212 47556 47556
Q[v] max ventillation contr. HRR [kw] 6000 3000 3Wo
\ volume [m~3] 25000 12500 12500
E Energy content in the room [kJ] 51090000 25545000 25545000
t[E] time needed to release energy content ifo Q[v] [min] 142 142 142
t[E)/tfarb]  ratio (time needed to release E-contewaim - arbitrary time)  [-] 42.58 42.58 42.58
/ is FO possible? [ 1 1 1

alpha fire growth rate [kd/s"3] 0.047 0.047 0.047
a[f] fire area at arrival of fire service (if smadlthan A[f]) mnh2 152 152 152
Q[alpha] supposed HRR at arrival of fire brigade Wik 38070 38070 38070
t[fo] time to FO [min] 23 17 17
tlintJ/t[fo]  ratio (intervention time - time to FO) [ 0.65 0.89 0.89

/ fire service intervention before or after FO? [-] before before before
F(A) ignition frequency [ 0.05 0.025 0.025
P[If] probability that ignition grows to local fire [ 0.04 0.04 0.04
P[fuel] probability that Q[fuel] is bigger than Q]f [ 1.00 1.00 1.00
Plact] failure probability of active measures [ .30 0.34 0.34
FO_prob probability of FO [ 0.01 0.01 0.01
P[fo] annual probability of FO [ 0.000674651 00337325 0.000337325
P[fw] failure probability of fire wall [ 0.0005 0005 0.0005
P[pass] failure probability of extra passive measur [-] / 1 1
gamma continuous discount rate [yr™-1] 0.05



r annual discount rate
tfmax] usefull life

S possible benefits
M[comp] maintenance cost

REI required fire resistance
aa cost scaling factor ifo REI
C[0,comp] installation cost

Clp] PV total installation cost
D[p] PV damage cost

Blp] PV maximum possible benefit
Z[p] PV total net utility
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[yrr-1] 0.051271096
[yr] 40
[euro] 5000000 2500000 2500000
[euro/yr] 0
[min] / 240 240
/ / 1.15 1.15
[euro/m"2]  100.00
[euro] 28,750.00
[euro] 29,181.92 14,590.96 14,590.96
[euro] 58,334.68
[euro] 402.76

Table 51: model input and output for comparisorhwlite four compartment scenario of the previousehod

variable indicator units building compl comp2 comp3 comp4

P[det] failure probability detection system [-] 6.2

P[spr] failure probability of sprinkler system  [-] 0.02

tfint] intervention time fire service [min] 15

t[E] arbitrary time for energy release [min] 3.3

N #comp [1 4

Clw] width [m] 50 25 25 25 25

o] length [m] 100 50 50 50 50

Clh] height [m] 5 5 5 5 5

Alf] floor area [m"2] 5000 1250 1250 1250 1250

O[w] vertical opening width [m] 8 2 2 2 2

Ofh] averaged vertical opening height [m] 1 1 1 1 1

par Alo]*sqrt(H[o]) [m] 8 2 2 2 2

Al area bounding enclosure inc. [mA2] 11500 3250 3250 3250 3250
openings

QIfo] HRR needed for FO [kw] 92724 26106 26106 %10 26106

Q[v] max ventillation contr. HRR [kwW] 12000 3000 (©:0)] 3000 3000

Y, volume [m"3] 25000 6250 6250 6250 6250

E Energy content in the room [kJ] 51090000 1277250Q.2772500 12772500 12772500

{E] time needed to release energy conterllmin] 71 71 71 71 71
ifo Q[v]

{EJark) ~ 'uo(ime needed torelease &- |, 21.29 21.29 21.29 21.29 21.29
content room - arbitrary time)

/ is FO possible? [-] 1 1 1 1 1

alpha fire growth rate [kJ/s"3] 0.047 0.047 0.047 .040 0.047
fire area at arrival of fire service (if

a[f] smaller than A[f]) m"2 152 152 152 152 152

Qlalpha] E‘r‘izggzed HRR at arrival of fire kW] 38070 38070 38070 38070 38070

t[fo] time to FO [min] 23 12 12 12 12

t[int)/t[fo] ratio (intervention time - time to FO) [-] 0.64 1.21 1.21 1.21 1.21
fire service intervention before or

/ after FO? [ before after after after after

F(A) ignition frequency [-] 0.05 0.0125 0.0125 251 0.0125

P[] probaplllty that ignition grows to [ 0.04 0.04 0.04 0.04 0.04
local fire

Plfuel] g[cfxg]abnny that Q[fuel] is bigger than [ 1.00 1.00 1.00 1.00 1.00

Plact] failure probability of active measures  [-] .30 1.00 1.00 1.00 1.00

FO_prob probability of FO [-] 0.01 0.04 0.04 0.04 .00
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P[fo] annual probability of FO [ 0.0006747  0.0005 0.0005 0.0005 0.0005

P[fw] failure probability of fire wall [ 0.0005 0005 0.0005 0.0005 0.0005

Plpass] failure probability of extra passive [ / 1 1 1 1
measures

gamma continuous discount rate [yr~-1] 0.05

r annual discount rate [yr~-1] 0.0512711

tfmax] usefull life [yr] 40

S possible benefits [euro] 5000000 1250000 12500001250000 1250000

M[comp] maintenance cost [euro/yr] 0

REI required fire resistance [min] / 240 240 240 024

aa cost scaling factor ifo REI / / 1.15 1.15 1.15 151

C[0,comp] installation cost [euro/m”"2]  100.00

Clp] PV total installation cost [euro] 86,250.00

D[p] PV damage cost [euro] 43,276.39 10,819.10 198 10,819.10 10,819.10

Blp] PV maximum possible benefit [euro] 58,334.67

Z[p] PV total net utility [euro] -71,191.72
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Compartment size of warehouse buildings and the cost of

sprinkler installation

Table 52: Estimation of the total number of waretehuildings in different size categories. Recarséd from [1]

Size category [/ Size range [} Proportion of current stock [%] Estimated number of warehouses*

100 56-178 8.5 2539+ 810
300 178-560 31.8 9535+ 2575
1,000 560-1780 36.5 109544 2931
3,000 1780-5600 17.8 5328+ 1518
10,000 5600-17800 4.7 1419+ 517
30,000 17800-56000 0.7 224+ 160
100,000 56000-178000 <0.1 25+ 50

*Uncertainties in the estimated number of warehsuset 2 standard deviations

Table 53: Compartment size limitations in otherdp&an countries

Specified maximum compartment sizé][m

Country  Not specified hazarc Normal hazard Higher hazard
Denmark / 5000 2000
France 3000 / /
Germany / 1200 400
Netherlands 1000 / /
Norway / 1800 1200

Table 54: One-off Installation cost per unit flayea and one-off cost of water supplies for speinkistallation.

Reconstructed from [1]

Sprinkler system | Small warehouse <1000%n] Medium warehouse 1,000 -| Large warehouse >10,000
3,000 m 113
inst. Water supply| Inst. [£/nT] Water supply Inst. Water supply
[E/m7] [£] [£] [E/m7] [£]

No racks 26 30k 24 35k 22.50 42k
Single level in- 30 35k 28 38k 27 40k
rack
Two levels in-rack 37 40k 34.50 42k 33.50 45k
Three level in-rack 45 42k 42 45k 41 50k
ESFR at roof level 35 40k 33 42k 32 45k
Average value for | 34.60+ 37.4k+ 6k 32.30k+ 40.4k+ 5k 31.20+ 44 .4k+ 4k
CBA 9.50 9.00k 9.25
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Figure 37: The finite graph interpretations of tu#ldings layouts, number of compartments N=[29}82,16],
used in Section 4.2

Table 55: Calculation of the minimum value per dluior area needed to return a positive CBA

CBA[240]

Alf,ext] A[f,i] Z(p) C(p) ARisk1 s[c,min] s[c,spr]
SC. [m"2] N[-] [m"2] [euro] B[p] [euro]  [euro] D[p] [euro]  [-] [euro/m2] [euro/m2]
1.spi 3,00( spi 3,00( -178,98! 5,04( 183,92« 101 4,93¢ 8,936.8:
1.6 6 500 -323,809 5,040 325,347 3501 1,539 50,747.60 9,980.92
14 4 750 -216,806 5,040 216,898 4948 92 566,022.01 632161
1.2 2 1,500 -111,704 5,040 113,872 2873 2,167 610205 6,065.02
2.spr 10,000 spr 10,000 -388,043 56,001 442,924 0112 54,881 1,936.94
2.€ 9 1,111 -763,63: 56,00: 792,00( 2763: 28,36¢ 6,700.2( -3,160.0:
2.€ 6 1,667 -580,82: 56,00: 623,70( 1312 42,87¢ 3,491.01 -3,614.41(
2.4 4 2,50( -378,34! 56,00: 415,80( 1854¢ 37,45t 2,664.3 373.5%
2.2 2 5,000 -183,819 56,001 207,900 31921 24,081 2,072.04 1,831.31
3.spr 30,000 spr 30,000 -688,993 504,012 1,182,920080 493,931 574.78
3.9 9 3,333 -1,020,251 504,012 1,440,373 83889 420,123822.83 -837.13
3.6 6 5,000 -694,382 504,012 1,080,280 118114 385,898 71.86 228.03
3.4 4 7,50( -383,08¢ 504,01: 720,18 16691 337,09 512.7¢ 708.1:
3.z 2 15,00( -143,36¢ 504,01: 360,09: 28728 216,72! 398.7- 712.3¢
4.sp 40,00( spi 40,00( -674,82: 896,02: 1,5652,92.  1792( 878,10( 424 .4«
4.9 9 4,444 -916,315 896,021 1,663,200 149136 746,885 34.48 -201.70
4.6 6 6,667 -561,359 896,021 1,247,400 209980 686,041 36.38 381.79
4.4 4 10,000 -232,316 896,021 831,600 296737 599,284 3.083 620.90
4.2 2 20,000 -30,51: 896,02: 415,80( 51073: 385,28¢ 259.0: 553.7¢
5.spi  60,00( spi 60,00( -317,19¢ 2,016,04 2,292,92. 4032 1,975,721 | 278.5!
5.¢ 9 6,661 -356,50! 2,016,04 2,036,991  33555¢ 1,680,49 | 290.9: 208.0¢
5.€ 6 10,00( 15,84¢ 2,016,04 1,527,74 47245 1,543,59. | 237.5¢ 424.9°
54 4 15,000 329,891 2,016,047 1,018,498 667658 1,8883181.28 487.56
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5.2 2 30,00( 357,65: 2,016,04 509,24¢ 1149141 866,90: 140.9¢ 386.0'
6.sp  80,00( spl 80,00( 479,47¢ 3,584,08: 3,032,92. 7168: 3,512,40: | 207.2¢
6.1z 12 6,667 182,08! 3,584,08: 2,940,151 46184t 3,122,23' | 226.0( 57.0%
6.9 9 8,889 635,419 3,584,083 2,352,120 596544 2,987|5388.95 311.31
6.6 6 13,333 980,073 3,584,083 1,764,090 839921 2,%34{1154.28 396.39
6.4 4 20,000 1,221,076 3,584,083 1,176,060 1186947 7238 | 117.75 399.59
6.2 2 40,00( 953,12¢ 3,584,08: 588,03( 204292 1,541,151 | 91.5i 297.6%
7.sp 100,00( spl 100,00 | 1,715,20- 5,600,13 3,772,92. 11200: 5,488,12! | 164.9¢
7.1€ 16 6,25( 1,096,34  5,600,13! 3,944,621 55915¢ 5,040,97. | 187.8( -92.1¢
7.12 12 8,33 1,821,721 5,600,13! 3,068,04. 71036: 4,889,76! | 150.5¢ 282.7¢
7.9 9 11,111 2,038,280 5,600,130 2,629,750 932101 4868 135.20 334.55
7.6 6 16,667 2,315,442 5,600,130 1,972,313 1312376 7438 | 110.40 360.01
7.4 4 25,000 2,430,650 5,600,130 1,314,875 1854605 53528 | 84.25 338.53
7.2 2 50,00( 1,750,61'  5,600,13! 657,43t 319207 2,408,05 | 65.52 242.7¢
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Figure 38: Minimum compartment value per unit flaoea needed to make sprinkler and compartmentation

installation viable in function of the number ofrgpartments N and for a building floor aw@,, of

80,000 .

[A] indicates the area where both compartmentadioth sprinkler are not beneficial, [B] indicates #nea where
compartmentation returns a greater net utility Z@n sprinkler, [C] indicates the area where $peinreturns the
greatest Z(p) and [E] indicates the area whereklen return the greatest Z(p) AND risk reductioR
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Figure 39: Minimum compartment value per unit flaoea needed to make sprinkler and compartmentation
installation viable in function of the number ofrepartments N and for a building floor aréa,,, of 60,000 .
[A] indicates the area where both compartmentagiath sprinkler are not beneficial, [B] indicates #rea where

compartmentation returns a greater net utility Z@n sprinkler, [C] indicates the area where $peinreturns the
greatest Z(p) and [E] indicates the area whereklan return the greatest Z(p) AND risk reducti®R
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Figure 40: Minimum compartment value per unit flaoea needed to make sprinkler and compartmentation
installation viable in function of the number ofrepartments N and for a building floor ara,,, of 40,000 .
[A] indicates the area where both compartmentadiath sprinkler are not beneficial, [B] indicates #mea where
compartmentation returns a greater net utility Z@n sprinkler, [C] indicates the area where $peinreturns the
greatest Z(p) and [E] indicates the area wherenklan return the greatest Z(p) AND risk reducti®R




