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Abstract

Jouni Björkman. 2005. Risk assessment methods in system approach to fire safety.
Seinäjoki Polytechnic Publications A. Research papers 2. 113 p.

A world-wide initiative to move toward performance-based fire safety engineering

is a process, which started about 15 years ago in developed industrial countries.

This system approach to fire safety has been under development also in Finland

since the beginning of 1990. This tendency has placed performance-based fire safe-

ty codes beside conventional prescriptive codes. In Finland, performance-based

fire safety design has been allowed according to national fire safety regulations

since 1997. Performance-based codes define fire safety objectives and safety crite-

ria and allow means for the designer to achieve the required fire safety level. This

approach allows more flexibility, innovation and functionality in design reducing

cost without reducing fire safety. This requires the application of reliable and vali-

dated calculation models. Hereby, this system approach to fire safety was not pos-

sible in practice until significant advances were made in fire and engineering scien-

ce as well as computing technology. The utilization of modern tools in performance-

based fire safety engineering requires fire safety designers (engineers) and fire

officials, who are well educated in fire safety engineering.

Performance-based fire safety engineering needs deterministic and stochastic cal-

culation methods in order to carry out analysis in quantitative form. One very impor-

tant type of modern methods applicable to performance-based fire safety design are

risk assessment methods. Risk assessment describes the overall fire safety system

in a building. Risk assessment methods require as its elements numerous inputs

from many sources as statistics and deterministic calculations, e.g. the response of

fire detectors to smoke discussed in this dissertation. Input data from various sour-

ces for those deterministic models e.g. numerical fire simulations may make further

simulations and calculations necessary. Searching input data for risk assessment

methods is often a very tedious and time consuming process.

The aim of this study was to investigate the applicability of fire risk assessment

methods in Finnish buildings and hereby, hopefully, to promote the adaptation of

the new fire safety assessment culture in Finland. A development of performance-

based fire safety engineering and especially the development of risk assessment

methods are introduced in this study.

The study is based on scientific papers which present application of two risk as-

sessment methods FIRE and CRISP on large Finnish case buildings. The programs

were chosen to represent different eras in the development of risk assessment

method and performance-based fire safety. The FIRE represents one of the first
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computer based fire risk assessment methods. The CRISP2 represents a very ad-

vanced and modern complex risk assessment model. On the other hand both met-

hods represent readily available miscellaneous risk assessment methods contai-

ning stochastic and deterministic parts.

The chosen case buildings were 4-storey community centre and 4-storey timber

framed apartment buildings. The method is the same in both cases. A case building

was simplified taking into account only technically essential fire features of the

building. Fire risks of different design variations were calculated. The reference

design variation was always deemed to follow the conventional prescriptive fire

safety regulations.

Smoke detectors were discovered to have a significant impact on reducing risk and

thus proved to be an essential component of a fire safety system. A dynamic smoke

detector response model was introduced. The dynamic model parameters corres-

ponding to a wide variety of ionization and photoelectric smoke detectors were

determined experimentally. Application of the model is also presented. The dynamic

smoke detector model is suggested to be incorporated to risk assessment models,

especially to CRISP. Thus the risk assessment model would also include the dyna-

mics of a detector instead of responding at the external response smoke density as

at the present version of the model.

Keywords: fire, fire safety, risk analysis, methods, performance based design
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1 Introduction

Fire is one of the oldest technologies used by mankind. On the other hand it is one

of its oldest enemies, which may destroy man’s creations and even cause loss of

life. Man can use fire for his own benefit. Many engineering disciplines, such as

energy and propulsion engineering use “wanted” fire. The destructive “unwanted”

fire, now called just fire, causes life and property losses directly and indirectly. This

(unwanted) fire is defined in ISO 13943 (ISO 13943, 2000) as “self-supporting com-

bustion, which spreads uncontrolled in time and space”.

Thus it has raised a strong need to study this (unwanted) fire not only as a combus-

tion phenomena but also its development and effects in order to improve the fire

safety. During the last few decades, scientific information concerning the fire pheno-

mena, its development and its consequences have increased rapidly. In the same

time information and communication technology (ICT) has developed and enabled

calculating fire development and consequences and overall issues concerning fire

safety. There are now new established disciplines: fire safety science and fire safety

engineering. Fire safety engineering is synonymous with the often used terms “fire

engineering” and “fire protection engineering”. They have achieved their status

among various branches in science and engineering. The modern fire safety science

or fire safety engineering is a strong  multidiscipline science and its basic science is

physics, especially fluid mechanics and heat transfer, which for example describe

how hot smoke flows and how heat will be transferred to structures or a heat detec-

tor will be activated. A fire is a highly complex combustion system. Thus the com-

bustion phenomena itself is based on chemistry. Fire safety engineering also inclu-

des contributions from structural engineering, behavioural psychology, toxicology

and statistics. Quantitative analysis of this needs large contributions from mathe-

matics and computer engineering. (Cox 1995)

Fire is scientific and very much a physical phenomenon. This scientific develop-

ment enables a system approach to fire safety problems. That means that systems

that encounter a fire in a built environment should be investigated from the perfor-

mance point of view instead of following conventional prescriptive fire regulations,

which specifies what to do in a given case e.g. wall thickness as a tool against the

spreading of a fire. Those views of fire safety regulations are based on experiences

that occurred during hundreds of years, and they often may have very little to do

with real scientific fire behaviour. In this modern system approach to fire safety,

called also performance-based fire safety engineering, one should study the hazard

and expected consequences of a fire, which can be incorporated in fire risk analysis

(DiNenno et al 1995) in the case of complex built systems, where numerous factors

contributing to the system can be taken into account. Performance based fire safety

evaluation can be carried out in many ways (Luo 1999), but one effective, widely
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used method is fire (safety) risk analysis. The rules of performance-based fire safety

evaluation are written in form of performance-based fire regulations, which describe

the desired objective to be accomplished and allow the designer to use any accep-

table approach to achieve the required results, which may be expressed for example,

in the form of value of risk (Hadjisophocleous & Benichou 2000).

Quantitatively risk is often expressed as a product of the incident frequency and the

magnitude of the expected loss. Loss may include loss of life, damage to property

and environment, etc. Risk assessment is commonly used, for example, in the nuclear

power industry, chemical process industry or offshore industry (McCormic 1981).

Recently the system approach to fire safety through risk analysis has become im-

portant in ordinary buildings like shopping malls, arenas, warehouses, hotels, hos-

pitals, office buildings and apartment buildings. Fire risk analysis methods can be

applied by comparing different fire safety designs in a building to be built or repai-

red or even evaluating the absolute fire risk level of the building. On the other hand

risk analysis methods can be applied on evaluating fire codes. The conventional fire

codes are mostly based on tradition, on old experiences from building fires, or non-

technical “thumb rules”. A modern system approach with calculation methods based

on science may reveal requirements, which have no significance on fire safety, but

to become fulfilled they require a lot of money (Hadjisophocleous & Benichou

2000). Regulatory systems to be developed should be able to deal with the funda-

mental uncertainties of fire-engineered designs (Brannigan & Kilpatrick 2001).

The tendency to move building regulations from prescriptive codes toward perfor-

mance-based requirements (Zhao 2001) is a world-wide development during the past

15 years in advanced industrial countries. This is due not only to the above mentio-

ned advances in science and engineering but also to the negative aspects of pre-

scriptive codes and desired global harmonization of regulation systems. The perfor-

mance-based code approach gives clear code objectives and safety criteria and lea-

ves the means of achieving these objectives to the designer. Prescriptive codes presc-

ribe specifically what to do in a given case. Many countries have already modified

their regulations to embrace the concepts of performance-based codes and some are

planning the modification. A covering survey of development of performance based

codes, performance criteria and fire safety engineering methods in different countries

is presented by (Meacham 1999) and (Hadjisophocleous & Benichou 2000).

In Finland, the current regulations (Finnish Building Code: Part E1. 2002, Finnish

Building Code: Part E2. 1997) allow performance-based design, provided validated

tools are available. In Sweden performance based building regulations have been in

force since 1994. Different design strategies still complying with Swedish building

regulations were demonstrated for example in (Marberg et al. 1998). The same deve-

lopment has happened throughout Scandinavia (Anon. 1995, Larsen 1993).
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Two of the start-points of the performance-based fire safety are in New Zealand and

Australia. Five years of performance based fire safety in New Zealand, one of the

pioneers of performance-based fire safety, is given by (Buchanan 1999). A pilot case

study carried out to examine the feasibility of a performance based fire safety design

system to be developed in Japan is presented in (Koya et al. 1998). In Japan the

performance-based code is already incorporated into the Building Standard Law

(Takeichi et al. 2002). The older industrial countries like USA, Canada and United

Kingdom have been strongly involved in the development since the beginning

(Hadjisophocleous & Benichou 2000).

Development of performance based fire safety codes has been rapid recently in the

Far-East, especially in Hong Kong (Chow 2001, Chow 2002). A comparison with the

fire regulations for high-rise buildings in mainland China, U.K. and USA has been

presented by (Hung & Chow 2001). Standardisation organisations like International

Standard Organization (ISO) and Conseil International du Batiment (CIB) have also

been involved in the development of performance-based fire safety codes. (Had-

jisophocleous & Benichou 2000).

The adoption of successful performance based risk analysis and the scope of its

application area depends heavily on education. If engineers and fire safety authori-

ties are not open to the risk assessment approach and other performance-informed

analysis for fire safety and do not understand and adopt the new concept: fire

safety engineering in practice, this system approach to fire safety cannot be suc-

cessful. If fire safety officers do not understand and rely on performance-based fire

safety assessments, the conventional code-complied fire safety will remain in prac-

tice. Accordingly, massive efforts should be made in order to educate fire safety

engineers and fire safety authorities; so that good designs can be made by engin-

eers and fire safety designs can be understood and evaluated. On the contrary fire

safety engineers, who are the link between fire research and its application in built

environments, have a unique insight on needed fire research (Hurley 2001). There is

some education available in fire safety engineering in industrial countries, mainly in

the form of different short courses. In some countries it is possible to achieve a

university degree in fire safety engineering. Views and perceptions for the use of

performance based fire engineering of building officials has been studied by (Lo &

Yuen 1999, Lo et al. 2002, Ho et al. 2002). It is usual that fire authorities or clients

send performance-informed fire safety designs to research institutes like VTT or

National Institute of Standards and Technology (NIST) for ensuring the calcula-

tions. (Overall 1999, Hadjisophocleous & Benichou 2000).

As mentioned above, the performance-based fire safety regulations are opening

possibilities for the application of risk assessment methods.  Performance based fire

codes require that the overall fire safety of the building should meet certain basic

requirements, but allows a designer freedom in details to change design alternatives
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without reducing fire safety. Roughly said: “a building can be made of paper if

required fire safety level can be achieved, which shall be proved by using some

reliable analysis method e.g. risk analysis method”. By using this system approach

to fire safety instead of conventional component based requirements, monetary

costs can be reduced and more freedom for building designers can be allowed

without reducing fire safety or even improving the fire safety level. Accordingly,

performance based fire safety design and evaluation requires methods, especially

calculation methods, for a reliable system approach to fire safety of buildings or

other built systems. Methods should be reliable, as well as easy and quick to use for

daily use by building designers. There is a wide variety of different calculation

methods, which can be used in performance informed fire safety evaluations. Deter-

ministic and stochastic models are available. Those are briefly reviewed in Chapter

2. Fire risk analysis and assessment methods: generally and applied are reviewed in

Papers I and II, Chapter 3.

The goal of the studies presented in Papers I–II and summarized in the Chapters 4

and 5 was to investigate the applicability of two significant risk assessment met-

hods and related programs especially in Finland’s built environment and hereby

promote adapting performance-based fire safety engineering in Finland. Weaknes-

ses identified in methods and programs would help program developers to improve

programs to be delivered for safety assessments. However, the viewpoint of this

study is users´ not the program developers´. Thus one value of this study is to

apply the programs not only by the program developers. On the other hand the aim

was to identify possible inconsistencies in the current requirements through stu-

dying relative risks of buildings. The purpose of the study is also to demonstrate

how modern risk assessment methods can be applied in evaluating risk levels of

different fire safety designs and even the absolute risk level in buildings. In this

study in Chapter 5 there is presented also a comparative evaluation of the applica-

bility of different applied risk analysis methods.

The method was principally the same in Papers I–II. There was a risk assessment

program from a foreign program developer for application in a Finnish case building.

In some cases the program was improved and developed in some extent for the Fin-

nish environment. Input data was selected and created to correspond to the Finnish

built environment as far as possible. The simulations were carried out and the results

were evaluated and conclusions were made. In Papers III–IV characteristic parameters

for smoke detectors for a simple smoke detector response model to be implemented

into risk assessment were determined experimentally. The smoke detector response

model was evaluated. The applicability of the dynamic smoke detector response mo-

del offering a link to fire risk assessment models is also introduced.

In Paper I, one wing of a four-floor community centre building was selected for

simulation. Four representative room types were chosen and input data was se-
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lected. The impact of different design alternatives to the fire risk of the building was

studied by using the FIRE (earlier the METHOD) computer programme developed

at Worcester Polytechnic Institute in the USA by Professor R. Fitzgerald and his

group. The FIRE was initially used for evaluating the fire safety of ships of the US

coast guard and then used in buildings. (Fitzgerald 1982, Fitzgerald 1993, Fitzgerald

1986)

In Paper II, the fire risk assessment model CRISP 2 (Fraser-Mitchell 1994) was app-

lied to an actual Finnish 4-storey timber framed apartment building. The risk levels

of a few design alternatives of the building were evaluated and compared. Before

this study CRISP2 had been applied and openly reported on by the program deve-

loper Dr Jeremy Fraser-Mitchell to demonstrate the suitability of a simulation appro-

ach, and to perform a fire risk assessment of a typical domestic house in the United

Kingdom (Fraser-Mitchell 1997). CRISP has also been applied to simulate an office

building, as well as the office building of the Fire Research Station located in Gars-

ton in England (Fraser-Mitchell 1998b). After this work the CRISP was also used for

simulating evacuations of an airport terminal building (Fraser-Mitchell 2001). A risk-

assessment for a multi-storey timber framed high-rise buildings using an index met-

hod has been carried out by (Karlsson and Tomasson 2001).

Chapter 5 presents a link between fire risk assessment models and the response of

fire detectors (Papers III–IV). Smoke detectors seem to reduce significantly the

overall fire risk in buildings. It also shows a link to the deterministic fire detection

model, which should contribute risk assessments. In Papers III-IV, the dynamic

performance of point-type smoke detectors is described in the form of a simple

model of a diffusion equation (Newman 1987). The model parameters: characteristic

length and static response threshold of the detector were determined experimental-

ly for several point-type smoke detectors. A method of using the model with those

parameters in fire safety engineering calculations is also presented. Implementing

the dynamic smoke detector model into the CRISP2 or other corresponding models

is suggested in this study. The implementation can be carried out by taking the

dynamics of a smoke detector into account through applying dynamic model para-

meters in calculation of the response time (Newman 1987) or through Monte Carlo

simulation (Vose 1998), where a set of model parameters are used as input for a

Monte Carlo simulation yielding a distribution of response times.

The idea of the model is based on papers by (Heskestad 1975) who first proposed

this smoke detector model. Studying smoke entry problems in smoke detectors was

continued at the National Bureau of Standards (NBS), now NIST, in the USA by

(Bukowski et al.), but the results were not good enough due to unstable smoke

particle size caused by coagulation and aging when using a circulation smoke chan-

nel. This problem is not encountered in the single-pass smoke channel used in this

study.
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A corresponding model is established for heat detectors and sprinklers, but smoke

detector response is a more complex problem to govern than that of heat detectors

and sprinkler heads. A covering review of Recent Developments in Fire Detection

Technologies is presented by (Liu & Kim 2003).
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2 Calculation models in performance
based fire safety engineering

In performance based fire safety engineering the fire safety goals are life safety,

property safety and environmental safety. How the safety goals are achieved should

be explained by using some accepted method. The building, its active and passive

fire safety arrangements, occupants, escaping and the property and environment

under hazard should be modelled. Possible hazards shall be evaluated and a design

fire should be determined. After that the methods shall be chosen and safety requi-

rements shall be modified consistent with methods. The method may be a calculati-

on model e.g. event trees or fire development model or just expert judgements.

Various sub-models e.g. fire detection model, suppression model or egress model

may feed data into the main model. Data to calculation models including sub-models

shall be found from statistics and expert judgements.

Figure 1. The overall logic structure of fire safety analysis and models.

In performance based fire safety engineering there are different types of calculation

methods available. Of course performance-based fire safety evaluation can be car-

ried out without any calculations, for example by using the Delphi method or just by

looking around (McCormic 1981). The calculation methods can be divided by two

main types of theoretical models: deterministic and probabilistic models. A determi-

nistic model predicts a single possible fire development e.g. describes a specific

process. Probabilistic models try to describe a complex fire phenomenon taking into

account all processes in the fire as well as possible or desired. Input data may be

transition probabilities (e.g. probability of sprinkler activation or loss of a bearing

structure) and temporal distributions of (e.g. fire load or fire size) (Beard 1995–96,

Cox 1995). In probabilistic models there are often parts, which are deterministic.

Recently, Monte Carlo -based simulation has become very popular. In those calcu-
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lation methods there is a random fire scenario -space, where probabilistic distri-

butions of input parameters (e.g. fire size, wall thickness or conductivity of wall

material) are applied (Vose 1998). Numerical input and assumptions may be unrealis-

tic and, accordingly, always contain some uncertainty. Accordingly, some sensitivi-

ty analysis in simulations is often desirable.  (Beard 1995 – 96)

Typical deterministic models are numerical simulation models: zone models and field

models (or computerized field dynamics (CFD) -models) and suites of models and

correlations (i.e. simple calculation methods or plain formulas for hand calcula-

tions), which come from some correlation data or basic physical models. Zone mo-

dels assume the formation of one or two zones (upper layer and lower layer), which

are assumed to be homogeneous. This means that the smoke is assumed to form a

homogeneous layer of uniform temperature, smoke density and gas concentration.

The applicability of zone models provides that two clearly defined zones are likely

to form.

When using field models, a compartment to be studied is divided into numerous,

thousands, cells (voxels) and the uniformity of conditions (temperature, smoke

density, gas concentration) is assumed in each cell. Values of field variables (tempe-

rature, smoke density, gas concentration) will be calculated in each cell throughout

of the building under investigation. A very large amount of computing power and

time is required. In the calculations the basic physical conservation laws, Navier-

Stokes equations (Fig. 2), will be solved numerically.

Additionally, many other models e.g. plume model, turbulence models (typically k-

ε -model) and radiation models are incorporated in calculations (Xue et al. 2001). In

zone models those basic physical laws are underlying but often with very robust

assumptions and simplifications, so that much physics will be lost. However, com-

puting is thus less time consuming and cheaper compared to use of field models and

results are good enough in practice (Cox 1995).
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The above mentioned zone models and field models can be used for predicting

smoke layer development and temperature and concentrations of toxic gases against

time in a compartment with established fire. Well known two-zone models are Japa-

nese-American BRI2 (Nakamura & Tanaka 1988) (earlier version BRI1), FIRST (Mit-

ler & Rockett 1987), CFAST (Peacock et al. 2000) (earlier FAST), COMPBRN III (Ho

et al 1988), Hazard (Bukowski et al. 1991), FIRM (Janssens 2000) upgraded from

ASET (Meng & Chow 2002), Ozone (Cadorin & Franssen 2003) and ASET (Cooper

& Stroup 1982). Those first four are evaluated in an article (Duong 1991). Physical

basis of zone model calculations are presented e.g. in references (Cox 1995, Matsu-

yama et al.1999, Mowrer 1999)

In the beginning only general-purpose computer fluid models (CFD-models) such

as PHOENICS (Anon.), CFX (Anon. 2000) or FLUENT (Anon. 1997) were available

for fire applications. Later, CFD-models, specifically intended (developed and vali-

dated) for fire application have been developed. Those are JASMINE (Cox & Kumar

1986) (based on PHOENICS), KAMELEON (Anon.), SOFIE (Rubini 1997), SMART-

FIRE (Wang et al. 2001) and FDS (McGrattan & Forney 2000) that are based on

computerised fluid dynamics equipped with source model.

Well known suites of models and correlations including a zone model are for examp-

le FIREX (Schneider), ASKFRS (Deal 1995) and FPEtool (Nelson 1990), which provi-

de a selection of calculations in an easy-to-use form for a fire safety engineer. A

formula given as an example here, so called Harkeload-Quintier formula (Drysdale

1999), which yields a hot layer temperature as follows

Other important deterministic models developed for fire safety calculations are evacu-

ation models (Gwynne et al. 1998) like EXITT (Bukowski et al. 1991) and building-

EXODUS (Anon. 2000) and a rather new one SGEM (Lo et al. 2004). By evacuation

models one can calculate evacuation time in a building. Fire detection and sprinkler

activation models like DETACT (Evans & Stroup 1986) and PALDET (Björkman et

al. 1989) can be used for calculation of fire detector or sprinkler response time. Fire

.
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endurance models like TASEF (Sterner & Wickstöm 1990) calculate the response of

building structural elements to fire exposure.

According to the current International Survey of Computer Models in Fire Techno-

logy (Olenick & Carpenter 2003) there are 168 computer models available for fire and

smoke. A near complete picture of fire models can be seen there.

All models should be validated (Guide AIAA G-077-1998) by comparing the calcula-

tion results to the experimental data from real fire experiments e.g. (Yeoh et al. 2003)

and (Li 2003).

Those above mentioned deterministic models are mainly used for fire hazard as-

sessment purposes. Probabilistic models, which are developed for overall fire safe-

ty assessments or risk assessment taking into account various fire safety elements,

will be introduced in Chapter 3. Together with probabilistic models deterministic

models form an integrated fire modelling environment (Chitty & Kumar 1998).
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3 Fire risk assessment methods and models

Fire risk assessment methods can be divided into elementary methods, index met-

hods, reliability methods, system analytical methods and simulation methods. An

elementary method may contain some qualitative ranking, e.g. fire risk is “low”,

“medium” or “high”. Scoring as an elementary method gives a subjective evaluati-

on as numbers carried out by an individual or an expert panel. In the index method

the risk is evaluated e.g. by the scalar products of the parameter weights and grades

producing a single numerical value representing the level of fire safety of a building

or building design variation. Weights indicate the importance or significance of fire

risk parameters. For each specific structure or object, parameter grades (amount of

degree that a parameter is present) are determined from information collected in

detail at a building to be investigated (Watts & Kaplan 2001). Reliability methods

are taken from e.g. reliability of structures, e.g. (Frantzich 1998). For example, those

methods when applied to egress calculations, the time required for evacuation and

the time available for evacuation are probability distributions. Overlapping of those

distributions determine the safety. The system is safe if time available for escape is

larger than time required it takes to escape. Fault- and event trees are system analy-

tical methods. Simulation methods may contain parts of previously mentioned met-

hods e.g. event trees and deterministic models (DiNenno 1995). The FIRE and CRISP2

discussed in this study can be classified to the type “simulation methods”.

Methods mentioned above are not exclusive. On the contrary they can be used to

complete each other. Risk assessment may first be carried out by some rough met-

hod, and thereafter it may be completed and improved by using some more sophis-

ticated model. A typical feature for risk analysis is that instead of deterministic

measures, probability distributions for measures are used. Measures like fire load or

fire size are not one single value. They vary between some interval according to

even, normal or another distribution. Monte Carlo -simulations use an abundant

distribution of each input parameter e.g. stochastically designed fires, which will be

randomly taken into thousands of calculations. This means that instead of one

single design fire, a large set of design fires representing one possible fire are used.

By using this type of technique a time dependency in event tree analysis can be

taken into account (Korhonen et al 2003). Cumulative probability functions will be

gained as a result. The results may show that the probability for structure failure

(Clancy 2002) in a building deviates from zero after one or two hours from the

beginning of fire. On the other hand the results may give the probability 1.0 for

extinguishing the fire after an hour. This example could show that fire resistance of

more than 60 min will not be necessary.
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3.13.13.13.13.1 Concepts of fire risk and methods usedConcepts of fire risk and methods usedConcepts of fire risk and methods usedConcepts of fire risk and methods usedConcepts of fire risk and methods used

There are various measures available for risk. Risk is often given as a risk product,

which is the product of the probability of an undesired event f and its costs D,

including economic losses in structures and contents of the buildings as well as

damage to business (Mc Cormic 1981)

R = f · Dn (1)

An index n refers to severeness of consequences. Actually the risk in the Equation

(1) is a sum over the risk products of all event scenarios. A risk analysis may be

carried out by using various methods (McCormick 1981). Actually, a risk analysis is

only one part of the risk management process. Risk management is the complete

methodology within which the qualitative and quantitative analysis methods are

implemented. According to Frantzich (Frantzich 1998) risk analysis can be separated

into at least three levels depending on the details and resources. The levels are:

qualitative methods, semi-quantitative methods and quantitative methods.

Probabilistic models can be used for risk assessment of an entire fire safety system.

However, a risk analysis model may contain deterministic parts. A basic paper which

discusses problems in coupling both deterministic and stochastic approaches for

solving the fire protection problem is (Williamson 1980/81). Advanced fire risk ana-

lysis models typically incorporate contributions from deterministic models and sta-

tistical data in order to calculate some value for risk. A number of fire risk assess-

ment methods have been applied in various fire related problems. Those include the

Delphi method and the fault tree and event tree methodologies brought from other

fields of risk analysis. Each branch of the tree is related to a probability. The result

can be calculated by following the stochastic calculation rules (Mc Cormic 1981).

A risk analysis itself is not a new issue in fire technology. There has been risk analysis

in modern fire technology to some extent for about forty years, (Beck 1983) especially

in structural fire safety (Kersken-Bradley 1983 and 1986). As well, the basic idea of

performance-based fire safety has been known for about 20 years, but those ideas and

relating calculations risk analysis and other calculation methods were difficult to

apply in practice due to lack of scientific data in fire safety engineering and lack of

computers. The rapid development of computing allowed for the possibility to apply

risk assessment in fire safety in a larger extent at the end of 1980. Since that time the

development of risk assessment programs have been rather rapid and efficient.

Methods developed especially for fire risk applications include FIRE (Fitzgerald

1986), CRISP (Fraser-Mitchell, J. N. 1994), FiRECAM™ (Yung 1997a), FIERAsystem

(Benichou et al. 2002), CESARE-RISK (Beck 1998, Hasofer & Odigie 2001) and

MOCASSIN (Hognon & Zini 1991). A number of more simple point scoring met-
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hods, like SIA 81 and FRAME both with an origin in the work of Gretener in the

1960’s, are also available (SIA Documentation 1996; Hoffman 1995). A risk-based

version of zone model FireMD developed at the University of Maryland is FriskMD

(Mowrer). Risk ranking model RiskPro was developed in Australia (Simenko).

In the vast international survey of (Olenick and Carpenter 2003) miscellaneous

models are defined as suites of programs which have several separate models which

each address an individual aspect of fire in one program package.  Other programs

model unique aspects of fires like radiation or risk. The CRISP, FiRECAM and its

close relatives FIERAsystem, RISK-COST and CESARE-RISK are complex advan-

ced risk assessment methods. The FIRE can be a considered as an early stage,

miscellaneous model for example due to its deterministic heat release model. Frisk-

MD and RiskPro are in an infancy stage and under development.

FiRECAMTM has earlier been applied in some case studies in Canada. FiRECAMTM

has been applied to a 6-storey Canadian federal office building (Yung et al. 1997a,

Yung et al 1997b), a large 4-storey office building (Yung et al. 1994) and a large 40-

storey office building (Yung et al. 1998). Comparative risk assessment has been car-

ried out for a 3-storey wood-frame and masonry construction apartment buildings

(Yung et al. 1993). The FiRECAM was also used to identify cost-effective fire safety

design options for upgrading eight Canadian government office buildings resulting

cost was 1.2 million Canadian dollars and standards of the levels of life safety in the

eight buildings were not lowered (Yung & Hadjisophocleous 1999). Risk-cost assess-

ment for non-residential buildings has also been carried out (Cornelissen 1993).

The Australian stochastic CESARE-RISK – model has very many features typical

for the computer risk-cost assessment model FiRECAM™ developed in Canada in

close co-operation with an Australian group and its features are compared to those

of the FiRECAM™ in (Abraham et al. 1997). The predecessor of those models were

the RISK-COST – model (Beck & Yung 1989), which computes the expected risk to

life and the fire cost expectation. Recently the FIERAsystem developed in Canada

(Benichou et al. 2002) is a risk assessment model especially used for industrial

applications including a suite of correlations. Some preliminary results made by

using CESARE-RISK are published in (Beck and Zhao 1999).

A concept paper on dynamic reliability via Monte Carlo simulation has been pre-

sented for example by (Marseguerra et al. 1998). The CRISP2 to be described in more

detail in Chapter 3.4 and Probabilistic fire simulator (PFS) (Hostikka & Keski-Rahko-

nen 2002 and 2003) are based on Monte Carlo -methodology. Simple correlation

functions and the CFAST (zone model) are implemented fire models in PFS. The PFS

is developed at VTT as part of the fire safety research of nuclear power plants. It is

built using the Microsoft Excel workbook and the commercial Monte Carlo software

@RISK (Hostikka & Keski-Rahkonen 2002 and 2003).
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In a novel approach to fire risk analysis is a method developed at VTT (Technical

Research Centre of Finland), in which the temporal development of fire is taken into

account in event tree analysis. In the model the events and processes during the fire

incident in the system are described by an event tree and the time development is

calculated by treating the system as a Markovian process (Hietaniemi et al. 2002).

The method has been developed further and has now established a Monte Carlo –

based time-dependent event-tree method for fire risk analysis presented by (Korho-

nen et al. 2003). Stochastic approaches dealing with the uncertainties in building fire

conditions and the occupant egress model is discussed by (He et al. 2003). An event

tree analysis is applied to complex fire safety systems with multiple fire scenarios.

The work deals with stochastic modelling of the occupant egress process without

going into analysis of individual occupant characteristics based on the behaviour

assessment, functional analysis and intervention in detail.

Some miscellaneous applications of risk assessment: An introduction to theory and

tools provided by functional analysis is presented by Peacock et al, (Peacock et. al.

1999). Probabilistic modelling of offshore fires is given by (Guedes Soares & Texeira

2000). Development and evaluation of fire risk assessment and expenditure prioriti-

sation method for university buildings is presented by (Kilpatrick et al.). Quantita-

tive fire risk assessment applied to cultural heritage is presented by (Watts & Ro-

senbaum 2001). A new computer model for risk assessment SAFiRE (Simple Analy-

tical Fire Risk Evaluation) and its testing at a major multi-occupancy building in

Denmark is presented in (Charters et al. 2001). A fuzzy fire safety assessment appro-

ach based on fire risk ranking techniques that may form part of the safety evaluation

tool for existing buildings is given in (Ming 1999). A decision analysis based appro-

ach to assessing community fire risk has been presented by (Fernandez et al. 1998-

99). The Norwegian computer based risk assessment hazard tool, SAEBRA was

developed to evaluate fire control measures to reduce the fire risk in the Norwegian

Defence distinct building applications (Eriksen et al.).

In this study, fire risk assessments in case buildings are carried out by using CRISP 2

(Paper II) and FIRE (Paper I) which will be presented in the following chapters in a bit

more detail. Those simulation models can be considered the only significant advan-

ced miscellaneous models for risk assessment except for the methods belonging to

the FiRECAM -type programs (Olenick & Carpenter 2003).  The CRISP is a rather new

method and program under further development. The FIRE is an older one developed

during the early stage of performance-based fire safety engineering. Both programs

could be received for applications from the program developers and their source code

is open. Both programs could be considered relevant and interesting, and they were

assumed appropriate for available applications at that time. Thus the usability and

possible limits of the programs were also interesting to investigate.
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3.23.23.23.23.2 Fire detection modellingFire detection modellingFire detection modellingFire detection modellingFire detection modelling

A fire detector shall give an alarm as early as possible in order to make occupants

aware of a fire and evacuate in time. On the other hand, fire detection shall restrict

the damages to buildings and its contents to a desired level by the building owner

and insurance company. Thus fire detection is one of the key factors in fire safety

engineering. The development of fire detectors has been rapid during the last deca-

des. New physical phenomena have been applied in fire detection instead of con-

ventional heat detection. Fire detector types are heat detectors, smoke detectors,

flame detectors and gas detectors, according to the input message from a fire. When

a fire detector responds, the alarm signal will be transmitted to the alarm centre,

which alerts the fire brigades.

The primary problem in fire detection is getting an early response. The response

time of a fire detector can be calculated by using a detection model. The fire signa-

ture for a detector can be calculated by using fire plume and ceiling jet models or

numerical field modelling. Generally the response of a fire detector can be described

by using the first order diffusion model (Newman 1987).

(2)

Depending on the type of fire detector, the instant measure of a message sent by the

fire (fire signature) may be different e.g. temperature or smoke density. If the time

constant τ and transient time of the message from the fire is known the response

time of a detector can be solved from the Equation 2. The transient time can be

calculated by using fire plume models (Evans 1995). The time constant is the appa-

ratus constant of the detector e.g. RTI for heat detectors and L for smoke detectors.

One problem in fire safety engineering is to determine reliable parameters in order to

calculate response time as accurately as possible. The fire detection model can be

applied also in R&D of detectors and testing.

3.33.33.33.33.3 Description of the FIRE -programDescription of the FIRE -programDescription of the FIRE -programDescription of the FIRE -programDescription of the FIRE -program

The FIRE-program (Fire Simulation Program) itself and the closely related Building

Fire Safety Engineering Method (BFSEM) were developed by Professor Robert W.

Fitzgerald and his group at Worcester Polytechnic Institute in the USA. The FIRE

program and underlying BFSEM are applicable for evaluating fire safety of multi-

room complex buildings and the spreading of the fire in the building is evaluated by

using event trees and related probabilities concerning fire growth hazard potential,

barrier performance, and suppression in the room of origin and adjacent rooms. The

fire growth, success of the fire brigade interventions, automatic extinguishment and

barrier performance in the building are described by probabilities in I-curve, M-

dm
i 
| dt = (m

o
 – m

i
)|τ
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curve, A-curve and T&D-curve, respectively. Those curves can be synergically

combinate into the cumulative limit of flame spread, L-curve, which gives the proba-

bility of fire development in the building under investigation. The FIRE is a program

written in Pascal language. The above mentioned BFSEM is implemented into the

FIRE (Fitzgerald 1986).

The FIRE -program calculates the probability of fire to propagate from a room of origin

to other rooms in the building. Each room in the building may be in one of the follo-

wing four states: no fire in the room, established fire in the room, fully involved fire in

the room (i.e. flashover occurred) and burnt down room. A simulation starts when

there is an established fire in one room. An event tree incorporated in the program

describes how the established fire is developed to flashover in the room of origin.

When there is a fully developed fire in a room the fire propagates to adjacent rooms.

Then there will be an established fire in adjacent rooms. The analysis goes further as

described previously from one room to another. The probabilities related to the bran-

ches of the event tree will be determined according to the fire technical properties of

the building given as information in the above mentioned curves used as inputs.

In the beginning, the floor plan of the building is given by the drawing program of the

FIRE. The following information is given for each room: the fire load, probabilities for

self-extinguishing and manual and automatic suppression concerning the I-, A- and

M-curves. The evaluated time from the beginning of fire to flashover is given as input

parameter for each room. It can be evaluated e.g. by using some deterministic zone

model or by other means. The information about the existence of automatic sup-

pression system and manual extinguishing are given in form of A- and M-curves.

For walls and ceilings the T&D-curves are given, which contain the probability of a

fire to penetrate through a barrier (door, window or opening) as a function of heat

energy absorbed into the barrier as well as the percentage of heat transferred into

the adjacent room. The dimensions, height from the floor level and status: open or

closed are given for openings like doors and windows and other openings. The

simulation time and the room of origin are also given.

The program presents graphically the fire propagation on the floor plan of the

building in the worst case during simulation. The program yields all possible fire

propagation routes from room to room as well as probability for ignition and fully

developed fire of each room. Probabilities of thermal and destructive failures of each

barrier are also reported as results. The probabilities for failures and losses are

calculated by multiplying probabilities relating to each branch of the event trees

according to normal calculation regulations of probability. After each simulation

step new probabilities and values are calculated. There are four different heat re-

lease models available in the FIRE program (Fitzgerald 1986).

The method can be used for comparing different fire safety designs. Comparison

can be made between relative values corresponding to the fire safety level of each



29

design. Then the building owner can select from several fire safety alternatives. The

architect has design flexibility. Government may use the BFSEM as a basis to set

minimum performance standards of fire cover. And the last but not least, fire officers

can use the method to enable them to understand the complete building or fire

interface and thus improve their decision making (Winkworth & Harvey 1999).

The usability of the original FIRE -program developed at Worcester Polytechnic

Institute (WPI) was found to be not very good, due to many bugs encountered

when running the program. Many bugs were corrected at VTT. American units in

the program were changed to corresponding SI-units. For example the heat release

model in the original FIRE given in BTU/ft2 was changed to MJ/m2. The help-file was

completed and written in Finnish. Implementing the building plan into the FIRE was

found to be a very time consuming task. Accordingly, an adapter program FIRE-

ACAD was developed in order to get a simplified CAD-plan from general use CAD-

system AutoCAD to the FIRE as structure file. The modification of FIRE-program to

Finnish engineering environment is described in more detail in (Björkman & Keski-

Rahkonen 1994).

3.43.43.43.43.4 Description of the CRISP2 -programDescription of the CRISP2 -programDescription of the CRISP2 -programDescription of the CRISP2 -programDescription of the CRISP2 -program

The structure of the fire risk assessment model, CRISP2 is based on object oriented

programming techniques. It means that a system can be treated as a collection of

objects. The objects usually correspond to a physical component of a real-world

system.  A section of the program, which defines the object’s behaviour in response

to input data, represents each object. The objects may interact in many ways, de-

pending on their mutual exchange of information. Thus the system is complex due

to the large number of interactions occurring simultaneously.

CRISP2 is based on a fire zone model. People are represented as individuals. The list

of object classes in CRISP2 is: items of furniture, hot gas layers, cold air layers,

vents between rooms and those going outside, walls, rooms, smoke detectors and

occupants.

The main behaviours of a burning item object are: 1) the conversion of fuel to the

pyrolysed state, 2) the conversion of pyrolysed fuel to fire products, and 3) the

transport of fire products to the hot layer via the plume. All fire loads are modelled

as cylindrically-shaped stocks of fuel. Flame is assumed to propagate from the

centre point of the upper surface, spreading with a constant radial speed until it

meets the edge. The rate of pyrolysis from the surface covered by flame as mass

loss in case of steady fire is given by

(dm´´/dt)
p
 = (λΦ(dQ/dt) + (dq

ext
´´/dt))/2L

vap
(3)
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The symbols are defined in the List of symbols and abbreviations. Equation 1 gives

the target (steady-state) pyrolysis rate. The actual pyrolysis rate approaches the

target rate by means of an exponential growth or decay, representing time delays

required to raise the surface temperature, etc. The pyrolysed fuel from the burning

item is converted into combustion products, releasing heat. The heat output of the

flames is proportional to the rate of oxygen consumption and mass loss as follows

(dQ/dt) = (dm´´/dt)
p
πR2 Y

O2
 ∆H

comb
(4)

The fraction of heat lost as radiation and inward radiation impinging on the pyroly-

sing surface are taken into account in terms of appropriate factors, the latter one the

configuration factor for a conical flame surface. The height of the flame is determin-

ed using Heskestad’s correlation (Heskestad 1983), a function of heat output and

fire radius.

The plume entrains air from the cold layer and feeds it and combustion products and

heat into the hot layer. The plume model implemented into CRISP2 is developed by

Zukoski and Heskestad (Zukoski 1978).

The flow of hot gases through vents is driven by buoyancy-induced pressure

differences. In the CRISP2 model the flow rates are calculated by the Bernoulli

model. The flow rates may be calculated by integrating the Bernoulli equation over

the entire area of the vent. First, the pressure in each room at the four heights (vent

top and bottom, and the smoke/air interfaces on either side) and then the pressure

difference and its derivative with height for the three regions (formed by the four

heights) are calculated. Flow rates of hot and cold gases from the rooms on either

side of the vent are then calculated for each of the three regions. Obviously, if a

region lies above or below the open area of the vent there will be no contribution to

the flows, so no further calculation is required for it.

In the CRISP2-model, vents have an important function to permit the passage of

people, in addition to serve as openings for the flows of gas layers. Vents may

present both a physical and psychological barrier to people. Data on the vent type

(door, window, etc), physical or psychological traversal difficulty and status (open

or closed) are available to the people objects to determine transit time and desirabi-

lity of use.

In rooms, heat from the hot layer is simply absorbed by walls, which remains at

ambient temperature due to an assumed infinite heat capacity. The size of the room

is determined by the wall positions. The dimensions of the room affect the beha-

viour of other objects, such as the hot layer depth.

The rooms have a variable known as tenability level, which reflects the degree of

undesirability of an occupant remaining in the room. It takes integer values between
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0 and 5. These values correspond to vent degrees of difficulty, and affects people

choosing a route from one room to another. The basic degree of difficulty (DOD) is

physical. The DOD may be increased, if the tenability of the room on the far side is

higher than the basic DOD. The DOD therefore depends on the direction of travel.

The basic DOD for internal doors, and front door to outside, is 1.  A tenability level

of 3 is as undesirable as leaving a house by a ground-floor window rather than the

front door. A level of 4 corresponds to jumping out of a first-floor window (only use

if desperate). Windows above the first floor have DOD 5 (impassable, due to cer-

tainty of injury or death). Factors affecting the tenability are the radiation level, the

temperature and obscuration of the smoke, and the difficulty of breathing (repre-

sented by the increased respiration rate as the concentration of CO
2
 rises). The

thresholds implemented in the CRISP program are in Table 1. The tenability level is

calculated separately for hot and cold layers, and is reached when any one factor’s

threshold is exceeded. The overall tenability of the room is a weighted sum of the

layer tenabilities, with the weighting dependent on the clear layer depth relative to

a nominal value of 1.8m (Fraser-Mitchell 1998a).

Table 1. Factors affecting room tenability level.

tenability heat flux opt. density temp. rise relative
 (DOD) (kW m-2) (m-1) (oC) respiration rate

1 0.5 0.01 20 1.1

2 1.5 0.03 40 1.2

3 2.5 0.08 80 1.5

4 5.0 0.25 150 2.0

5 15.0 0.50 250 2.5

Room conditions will be sufficient to alert an occupant who is awake if the tenability

is 1 or more, based on a clear depth relative to a height of 1.0 m above the floor.

Sleeping people will be alerted if the tenability is 2 or more, based on a clear depth

relative to 0.8 m. People who are awake will also be alerted if the optical density of

smoke exceeds 0.01, regardless of clear depth. The noise level in the room is the sum

of that produced by burning items, breaking glass and activated smoke alarms.

Smoke detector response is modelled simply at the moment. When the optical den-

sity of the smoke in the hot layer of the room where smoke detectors are situated

exceeds a preset threshold value of 0.1 m-1, the detectors gives (sounds) an alarm. A

simple algorithm for noise attenuation is included, to see if the alarm is heard by

people in other rooms. Recent developments in this area have included also heat

detectors and sprinkler response algorithms (Fraser-Mitchell 1999).

The occupant model describing the behaviour of the people is a complex but most

important component of CRISP. It consists of three parts, corresponding to physio-

logical reaction to fire, sensory perceptions and behaviours.
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The uptake of various toxic compounds is expressed in terms of their fractional

effective dose (FED). This is defined for carbon monoxide, oxygen deficiency, car-

bon dioxide and convective heat. Equation (5a) also has an expression for the FED

due to hydrogen cyanide, but as the yield of this substance is not calculated by the

burning item, one cannot include this factor. The dose rates are integrated over each

time step, and unconsciousness occurs when one of the following three conditions

(Equations 5a–5c) are met

(FEDCO + FEDHCN)VCO
2 
+ FEDO

2 
 > 1.0, (5a)

FEDCO
2
  > 1.0, (5b)

FEDheat  > 1.0. (5c)

People may see smoke, hear strange noises, feel heat or notice an increase in their

respiration rate. Most of these perceptions are handled by simply defining thresholds

for room conditions to alert awake or sleeping occupants. People may also sense

the tenability level of an adjoining room, if the door to the connecting room is open.

The noise heard will be the sum of the noise level in the person’s current room, in

addition to noise levels in other rooms modified by attenuation factors due to

distance and door status. Once alerted to the fire, the people may undertake various

behaviours (Table 1 in Appendix B). Each action requires movement to a specified

room, which may be the one currently occupied, followed by a time delay until the

action is complete.

The first stage of initiating a new action requires a destination to be decided. To

make this process easier to simulate, we allow people access to information they

should not have. For example, when investigating the fire, they will know which

room the fire is in. The next stage requires a route to be determined. The program

starts by examining all the doors and windows off the initial room. If the perceived

degree of difficulty (DOD) of these vents is less than or equal to that allowed by the

action being attempted, the rooms on the other side are stored in a list. For each of

these rooms, the door it was entered by, the distance to that door from the person’s

initial position, and the DOD of the route, are all recorded. Each member of the list of

found rooms is then examined in turn, adding further rooms to the list if they are

accessible. The DOD of the route to these further rooms is the highest value of the

perceived DOD’s of all the doors on the route. The distance to a further room is

given by the distance to the previous room, plus the distance from the door that the

previous room was entered by to the door leading to the further room. If a room is

found by more than one route, only the best is recorded. The best route is the one

with lowest DOD; if DOD’s are equal then the one with shortest distance. This route

choosing occurs instantaneously. The person will then move following the route, at

the appropriate movement speed.
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At each time step of the model, the person must decide whether to continue follo-

wing the route, or choose some alternative action. A decision will be made by the

person if the destination has been reached, the room conditions become untenable,

or a vent is found to have a higher DOD (due to untenable conditions in the room

beyond) than believed when the route was chosen. Some other specialised condi-

tions may also cause an action to be changed.

The decision process is at present mainly deterministic, and it is a function of the

person’s behavioural role (eg. Leader, Led or Dependent, for a domestic house:

roles and their associated rules will depend on building type). The rules in Table 2 in

Appendix B apply to the situation in the United Kingdom. Each person works

through the list of rules, starting from their current action until an appropriate new

action is found. A more detailed explanation of these rules can be found in (Fraser-

Mitchell 1996b).

An example concerning two occupants in a house alerted by a smoke alarm is given

in (Fraser-Mitchell 1994). The human behaviour model implemented in CRISP is

presented in more detail in (Fraser-Mitchell 1996a and 1998a).

As described above, the simulation is primarily deterministic. The stochastic as-

pects of the CRISP model fall into two categories: random processes and random

initial conditions (or uncertainty of data). Examples of the former include flame

spread, and pyrolysis growth/decay, noise generation, and the delay times for va-

rious activities. Examples of latter would include the type and location of the item

first ignited, the number of occupants, their location and attributes, whether vents

are open or closed etc. In principle any parameter or process could have random

values. The simulation is intended to work on buildings with a fixed floor plan and

contents for studies. For studies concerning general classes of buildings a typical

example should be chosen. Another possibility is to repeat the simulation for a

number of examples, and average the results.

Four randomly chosen parameters (season, time of day, room and item) define the

scenario. The probability of vents being open or closed depends on the season and

time of day. Once all the input conditions have been defined, the simulation then

predicts how the scenario develops with time, until the fire is put out or all the

occupants are dead or have escaped. The simulation is repeated many times and the

distribution of the number of casualties versus frequency is built up. The mean and

variance of this distribution is calculated after each run (Fraser-Mitchell 1994).

The “seed” of the random number generator should be stored during output, so

that interesting runs identified during post-processing can be examined again in

more detail. During debugging this is essential if the error is to be repeatable. The
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random number generator in fact produces a pseudo-random sequence: given the

same “seed”, the same sequence will be created. Furthermore it means that less

output data has to be stored, since all the stochastic input data can be recreated

once the “seed” is known. A “batch system is employed allowing a number of cases

(each using different input files) to be run sequentially. A variable time step is

important for accuracy as well as efficiency.
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4 Simulations and smoke
detection modelling

Both case simulations have the same basic method: There was a Finnish object

building, where the risk assessment program was applied in simulations with ap-

propriate fire engineering input data. Then the chosen case building model of the

building was taken from blueprints of architects. A simplified building model was

used, where all fire technically essential features were taken into account and put in

the program. This fire technically equivalent buildings as well as created input data

were implemented into the program. Simulation runs were carried out. The relative

risk levels of various design alternatives were calculated. Risk to life and/or econo-

mical risk were determined depending on the program. Conclusions about the app-

licability of the method and related program were made. Possible weaknesses of the

method were identified to support development of those and other risk analysis

methods in the future. The reference design alternative in each case was always the

design alternative, which was built following conventional prescriptive fire safety

regulations. The absolute fire risk level could be evaluated in some cases.

A simple model, based on the well known diffusion equation for the dynamic res-

ponse of point-type smoke detectors is suggested to be implemented into the risk

assessment method e.g. CRISP2 in order to predict the response time of smoke

detectors for risk analysis. The model is based on the two above model parameters:

characteristic length and static response threshold. Those parameters were experi-

mentally determined for various point-type smoke detectors of ionization and pho-

toelectric type. A wind tunnel used in EN54-7 standard smoke detector testing was

applied to determine the model parameters. When the detector response model is

applied the flow and smoke density fields carrying the information about the fire to

the detector shall also be calculated by using plume and ceiling jet models. Finally,

a simple method of applying the model in fire safety engineering is introduced.

4.14.14.14.14.1 Simulations using the FIRESimulations using the FIRESimulations using the FIRESimulations using the FIRESimulations using the FIRE

(Paper I) A four-storey multi-room community centre building under design or

construction was selected for the test building.  An industrial case building would

have been desirable, but it was not available due to the economical period of dep-

ression in Finland at that time. However, community centres and shopping malls

with unique building solutions have rapidly become more and more popular in

Finland. The building is situated in a suburban area of Helsinki. The building is

equipped with sprinklers and an automatic fire detection system. One single (4-

storey) fire compartment (wing) in the building was selected for simulations. The

model of the building was taken from the blueprints of the architect and it was

simplified, taking into account only fire technically features.
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Four main room types were identified in the building: A: restaurant/shopping area,

B: atrium, C: office and D: storage, corresponding to the typical room spectrum of

the building (fire technical equalisation of the building). The simplified building

model with entities for each wall and input data for each room type from the develo-

ped database, including the probability of fire growth potential, automatic and ma-

nual suppression as well as flashover time and fuel load in each room were imple-

mented into the program. Probabilities of barrier failures (walls, doors etc.) given

against released heat in each room were taken from the developed database in the

form of catalogue curves (cumulative failure distributions). All input data for data-

bases were created for a Finnish environment applying BFSEM-method based sta-

tistical data, numerical simulations by using deterministic models, and expert judge-

ments (Delphi method) when quantitative data was not available.

In every case the fire was ignited in the kitchen or the basement. Simulation time was

360 s, which stops at the intervention of the fire brigade in that area. On the other

hand, the first minutes are the most critical for life safety. The applied heat release

mode matched the standard fire curve ISO 834.

In the simulations the original architect’s design according to the current Finnish

prescriptive fire code was the reference. The four architecturally or economically

more desirable design alternatives against the Finnish prescriptive code E1 diffe-

ring the reference were: A) On the ground floor the massive wall between the restau-

rant  and adjacent hall was replaced by a glass-wall, B) As (A), but the restaurant

and kitchen were equipped with sprinklers, C) as (A), but the compartment walls at

the corridor on the second floor towards atrium were removed, D) the same as (C),

but sprinklers were installed in the restaurant and kitchen. The unconventional

design alternatives contained e.g. glass structures and more open spaces than

usual, in order to build according to the prescriptive part of the Finnish fire regula-

tions E1. The design alternatives were proposed by the architect that designed the

building. Accordingly, the alternatives were consistent with the desirable solutions

of the builders.

4.24.24.24.24.2 Simulations using the CRISP2Simulations using the CRISP2Simulations using the CRISP2Simulations using the CRISP2Simulations using the CRISP2

A multi-storey timber-framed apartment building was chosen for a case where CRISP2

was applied. Multi-storey timber-buildings are becoming more and more popular,

and generally a national trend in Finland is to promote the use of timber as a building

material. The building was situated on a housing estate in Helsinki. The timber frame

residential building has a ground floor area of 438 m2, a total floor area of 1 493 m2

and a total apartment floor area of 1 173 m2. The total volume of the building is 4 600
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m3. The case building consists of two separated staircases. One end of the building

has four storeys and the other end three storeys. There is no basement in the

building. Each stairway connects to three apartments on each floor. Each apartment

is a separate fire compartment with a floor area varying from 46 to 55.5 m2 in one

stairway and from 46 to 79 m2 in the other stairway. Each apartment has a balcony.

There are smoke alarms in each apartment, and the whole building is equipped with

a sprinkler system. Staircases are separated by a fire wall of 60 minutes with no

access between them. In one part of the building there are three storeys and in the

other part there are four storeys.  We limited our analysis to one staircase with four

floors. This is based on the following two facts. The lower part is symmetrical to the

higher part and probably less risky than the higher part. The fire wall of 60 minutes

between staircases insures that fire propagation from one staircase to another by

burning through the wall takes so long time that it is not obviously significant to life

safety. The figure of the floor plan of the building is in Paper II.

The large, complex building was first simplified to reveal all essential features sus-

ceptible fire. The figure of the modelled floor plan for simulations is in Paper II.

Inputs: building geometry and wall materials, room contents, smoke alarms, vents

and fire scenarios were defined and fed into the model. Finnish input data was used

as far as possible. For example it was assumed that there were 2 occupants in each

flat, which comes from Finnish statistics (Statistics Finland, 1998). Human beha-

viour was assumed to be the same in Finland as in the UK. The response of smoke

alarms (detectors) in CRISP2 is based on the smoke detection threshold, which is

assumed to be the same, corresponding to the optical density of 0,06 1/m for “grey”

smoke and 0,14 1/m for black smoke, for each detector. Papers III and IV present a

more sophisticated dynamic fire detection model, which is suggested to be imple-

mented into the CRISP2-program. Model parameters for various smoke detectors

have been determined in Paper V and they might be used as input parameters in

CRISP2. Accordingly, the dynamics of a smoke detector could be included into

CRISP2. The details of incorporation of the dynamic response model of smoke

detectors into the CRISP2 are beyond the scope of this dissertation and are left to

the program developer. In simulations presented in the Paper II each apartment was

equipped with one ionization type smoke alarm, the noise level of which is 85 dB.

Each detector in each apartment forms a separate link zone, which is the case in real

apartment buildings. Failure probability for each smoke alarm was 0,24 (Hall 1994).

Detailed description of building geometry, wall materials, room contents, vents and

smoke alarms are in Paper II.

Predetermined fire scenarios were used: The burning item was a sofa (made of PUR),

which ignited in an apartment room on the 4th floor. Its initial mass was 16,78 kg

corresponding to a fire load of 409 MJ. See details in Paper II.
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The relative risks of three different design alternatives were studied:

A) wood structure without smoke alarms,

B) concrete structure without smoke alarms

C) concrete structure with smoke alarms.

Wooden apartments are desired in Finland and usage of wood should be promoted

in Finnish buildings. Simulations corresponding to each case were repeated 10

times in order to get statistical variation. The ignition was predetermined, but other-

wise the simulations were probabilistic with stochastic input values.

The measure of risk in CRISP2 is either the number of deaths or the average FED or

both. People with a FED of 1 or more are effectively dead and those with FED of 0.1–

0.99 will be injured. People who have a FED less than 0.1 are assumed to have no

significant harm due to the encountered fire. Thus, CRISP2 is at the moment inten-

ded only for life risk or human risk assessments. The CRISP2 program always assu-

mes that the ignition probability is 1, but the overall risk of death is possible to

calculate by multiplying the relative risk given by CRISP2 by the general rate of fire

occurrence 7 x 10-6 1/am2 and floor area of the apartment.

4.34.34.34.34.3 Deterministic smoke detection modelDeterministic smoke detection modelDeterministic smoke detection modelDeterministic smoke detection modelDeterministic smoke detection model

Fire detector response is an important deterministic model in fire safety calculations.

On the other hand response of a fire detector is often the most significant element

especially for life safety. As seen in the Papers I–II, risk analysis proved fire detectors

to be a very significant contributor to the fire safety level. If fire detection does not

exist, the occupants in the building are unable to benefit from alarm signals, and the

fire brigade cannot get information about the ignited fire through the automatic fire

detection system, which often activates sprinklers. A fire detector can be considered

thus the key contributor to occupant evacuation and fire brigade intervention. This

makes the response time of fire detectors such an important link in fire safety. Hereby,

it is very well justified that the response of smoke detectors will be taken into more

detailed consideration. In modern buildings smoke detectors are becoming more com-

monly used as fire detectors replacing conventional heat detectors in buildings occu-

pied by human beings. Fire detector response time determine how early occupants in

the building can hear the alarm signal and escape from the building, and how early the

fire brigade is signalled to go to extinguish the fire.

In risk analysis contribution from the fire detection model, the response probability

of fire detectors may be given by means of Monte Carlo -simulations or direct
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response time calculation solving the 1. order differential equation (Eq. 2), where

smoke density outside of the detector and two independent model parameters:

characteristic length and the static response threshold are implemented. Both cal-

culation methods are suggested to be implemented into CRISP2 through a subpro-

gram by the program developer.

In Papers III and IV a simple model based on the well known diffusion equation for

the dynamic response of point-type smoke detectors is described. The model is

based on those two above mentioned model parameters. Those parameters were

experimentally determined for various point-type smoke detectors of ionization and

photoelectric type. Experiments are explained and the method using the model in fire

safety engineering calculations is presented in detail in Papers III and IV. Methods

needed to predict the flow and smoke density fields carrying the information about

the fire to the detector site are also introduced.

The need for a dynamic smoke detector model, taking into account the sensitivity

and possible time lags of the detectors is evident in performance based fire safety

engineering. In evacuation calculations, time to detection is one important time

period in competition against a developing fire. For thermal detectors and sprinkler

heads, the dynamic model based on Response Time Index (RTI) and the response

temperature is already established conventional technology (diNenno 1995). These

values, together with information on the flow velocity and temperature of the ceiling

jet, allow one to estimate the time to detect a fire.  For smoke detectors a model has

been proposed in which the time delay is described by a parameter called characte-

ristic length (L) and the steady state sensitivity by a response threshold (m
r
), i.e.

smoke density at response (Benjamin et al. 1979, Heskestad 1975).  Whereas the RTI

value is based on the heat transfer properties of the sensor, the physics defining the

characteristic length is more complicated.  The first attempt to actually measure the

characteristic length was described in (Heskestad 1975), but very little is known

about values for detectors in use today.

In Paper III it is shown how the wind tunnel used in EN54-7 standard testing can be

applied to determine the model parameters. A limited number of tests were carried

out for one photoelectric and one ionisation detector.

In Paper IV further measurements were made on six different conventional detec-

tors, three ionisation detectors and three photoelectric detectors, widely used around

the world.  To achieve better statistical accuracy more tests per detector are inclu-

ded. Also, a more elaborate fitting method presented in Appendix A of the Paper IV

was applied to determine the model parameters from the experimental data.  Finally,

a simple method of applying the model in fire safety engineering is introduced.



40

4.3.1 Theory

The sensitivity of a smoke detector depends both on the sensitivity of the sensor

and on the flow of smoke into the detector. The dynamic detector performance can

be described by a conventional diffusion equation

, (6)

where t is time, m
i
 is the smoke density (in units of dB/m) inside the detector, m

o

smoke density outside the detector, and τ is the time constant describing the lag

caused by flow resistance in the smoke entry. It has been postulated (Benjamin et al.

1979, Heskestad 1975) that the time constant can be expressed as

(7)

where v is the gas flow velocity at the position of the detector and L the characteris-

tic length of the detector.

At the moment of detector response t
r
 the smoke density outside the detector may

be written as follows

, (8)

where mr is the static response threshold. When dm
o
/dt << m

or
/(L/v), this can be

written in the simple form

. (9)

The static response threshold m
r
 depends on the characteristics of the smoke and

the sensitivity of the detector. If the possible dependence on the fluid temperature

and flow velocity gradients are neglected here the characteristic length is a property

of the detector structure only. Possible directional dependence due to non-symmet-

ry was not studied here.
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4.3.2 Experimental

In the experiments the straight wind tunnel at VTT was used (Ahonen & Sysiö

1983). The tunnel is schematically shown in Papers III and IV. The flow velocity can

be adjusted to a constant value between 0.2 and 0.8 m/s. The test smoke is produced

in a controlled way by an aerosol generator described in (Ahonen & Sysiö 1983).

The aerosol is fed into the tunnel at a variable rate in the range of 0.1 - 2 dB/m/s.  The

smoke density is measured both with a standard ionisation chamber (MIC, measu-

res the smoke density parameter y) (Avlund 1977) and an infrared smoke densitome-

ter (SICK, measures the optical smoke density m) (RM61). The aerosol feeding is

controlled by a data acquisition and control unit connected to a microcomputer. The

experimental arrangements are described in more detail in Paper III.

In the tests, both the rate of the rise of smoke density and the flow velocity at the

detector to be studied were varied. In Paper III, test were carried out by seven

different rates of rise of smoke density at a flow velocity of 0,2 m/s. Additionally,

flow velocities  0,5 m/s and 0,6 m/s were applied, but with fewer rates of rise of smoke

density. Response of one ionisation type and one photo-electronic were studied.

In Paper IV, the method was improved by taking more data points and more stable

test smoke.  Also, more detectors were taken into the study. The flow velocities

covered the whole available range, the values being 0.2, 0.45, 0.6 and 0.8 m/s. The

rate of rise of smoke density was changed at small increments spanning the whole

available range, yielding about 20 rate of rise of smoke densities available for each

constant flow velocity. The rate of rise of smoke density dm
o
/dt was increased up to

the detector response keeping the flow velocity v constant. Smoke density outside

the detector m
or
 was measured at detector response. The model parameters L and mr

of the detector were determined from the Eq. (9). The smoke particle size was kept as

stable as possible: the parameter m/y, which is a measure of the particle size, varied

in the range 1–2 corresponding to smoke in smouldering fires. A smoke typical of

smouldering fires was employed, because a) the thermal lag becomes a problem

only in case of relatively low flow velocities typically found in connection with

smouldering fires and b) because a smoke generator producing this type of smoke

is readily available in test laboratories. Three common commercially manufactured

ionisation smoke detectors and three photoelectric smoke detectors widely availab-

le on the market were included in the study.
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5 Results and discussion

The main results of Papers I–IV are summarized here. Comparison and applicability

of the two applied risk assessment methods are also presented here.

5.15.15.15.15.1 Risk assessment of a multipurposeRisk assessment of a multipurposeRisk assessment of a multipurposeRisk assessment of a multipurposeRisk assessment of a multipurpose
hall by using the FIREhall by using the FIREhall by using the FIREhall by using the FIREhall by using the FIRE

FIRE-program yields the probability for fire extinguishing for each room, the comple-

ment of which gives the loss probability of the room. By multiplying the loss fre-

quency and the floor area of the room and economical value of the room per square

meter the risk as expected loss according to the Equation (1) can be calculated. By

combining expected losses of single rooms the risk of the whole fire can be calcula-

ted. The value of a room per square meter includes furniture etc. and usability loss

due to the fire. On the other hand insurance and inflation have not been taken into

account in the calculations.

Relative fire risk levels of those four design alternatives and reference as expected

loss and disutility taking into account building costs and active fire protection

costs were calculated. Risk levels and disutility from highest to lowest follow the

design alternatives in the order C – A – reference – D – B.

The results indicate that building against conventional prescriptive fire safety regu-

lations is possible without reducing the fire safety level (fire risk) or an even higher

fire safety level can be achieved. This normally includes providing active fire safety

equipment (fire detectors and sprinklers). The risk calculations given by FIRE only

deal with economical risk. Risk to life is beyond the scope of the FIRE-program at

the moment. However, the output of the FIRE can be applied in life safety conside-

rations indirectly. The FIRE yields the time, when flaming combustion reaches the

room. The egress time of occupants in the building can be calculated by some

egress model (Olenick & Carpenter 2003). If the fire reaches a room after occupants

have escaped, the safety situation is acceptable. Evacuation calculations for design

variations presented in this study were carried out according to the NKB proposal

(Anon 1995, Larsen 1993). According to all calculations not presented here the

rooms in the case building can be evacuated before being involved in a fire (Björk-

man & Keski-Rahkonen 1994).

By using the FIRE-program it is possible to rather quickly and informatively study

the fire risk of existing and designed buildings. A simulation run takes only about 20

minutes. The time consuming task is to create the building model and select and

create input data. However, in order to gain those advantages the rooms should be
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small enough and damage caused by smoke is not taken into account. The FIRE is

appropriate for comparative evaluation of fire risk of new and renovated buildings

for example in input-output calculations in engineering. The reference is the design

variation following the conventional prescriptive fire safety regulations. Accuracy

and reliability of the results cannot be given quantitatively. All input parameters

give some uncertainty. It can be assumed that uncertainty is about the same for all

calculated risk levels, and relative order of risk levels of all design variations is the

same. Absolute uncertainty of design variations might be some ten percents.

5.25.25.25.25.2 Risk assessment of an apartment buildingRisk assessment of an apartment buildingRisk assessment of an apartment buildingRisk assessment of an apartment buildingRisk assessment of an apartment building
by using the CRISP2by using the CRISP2by using the CRISP2by using the CRISP2by using the CRISP2

The fire was initiated by the ignition of a sofa at 11.46 p.m. in room 16 on the 4th floor.

This room  was the most remote from the escape route through the main room

making it the worst case scenario. A single run with an arbitrarily chosen room and

ignited item would have been statistically very unreliable for determining the risk

level or for making any comparisons between risk levels of different design alterna-

tives. On the other hand it was not possible to carry out massive time consuming

sequences of runs with hundreds of simulations or Monte Carlo simulations repre-

senting all possible fire scenarios in the building in this limited study. The maximum

peak of heat release varied between 55 kW and 1,4 MW depending on the stochas-

tical ventilation trough openings.

According to simulations, there were no significant discovers to risk between wood

and concrete frame building. This is partly due to the fact that fire development is

only slightly effected by the heat capacity differences of the structures. Differences

between wooden and concrete buildings come mainly from different thermal inertia

(specific heat) of structures. In CRISP2, thermal inertia is modelled in its own way.

An effective thermal conductivity of 0,017 kW/Km2 is used in CRISP2. The parame-

ter comes by dividing the thermal conductivity of wood 0,17 W/mK (Drysdale 1999)

by the effective wall thickness 0,01 m including lining and insulation. This effective

thermal conductivity is actually a combined convection and conduction heat trans-

fer coefficient, which represents the conductivity for a 0,01 m thick slab, but it was

realized that this fell in the same range of convective heat transfer coefficient (Fra-

ser-Mitchell, personal communication 1999). Accordingly, the effective thermal con-

ductivity can be considered to describe the effectiveness or rate of thermal penetra-

tion into the walls with infinite heat capacity. Correspondingly, the effective thermal

conductivity of concrete walls is thus 0,14 kW/Km2. For example different thermal

inertia of different structures causes that the time of death in the wood-framed

building can be calculated to be less than 3 min, but it is 5 min in the concrete-framed

building. Possible integrity and structure failures in the frame were not modelled.
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Risk of death can be calculated as 0,058 deaths per population, assuming that the

ignition probability is 1. The overall risk of death can be calculated by multiplying

the general rate of fire occurrence 7 · 10-6 1/a·m2 by the floor area of the fire apartment

and the above mentioned risk of death calculated by CRISP2. This gives the overall

individual risk to life scaled by ignition probability as 2,3 · 10-5 1/a in the wooden and

concrete case buildings with no smoke alarms and 1,3 · 10-5 1/a in the buildings with

smoke alarms. Those risk values can be considered the overall risk of death in

buildings of that size in Finland. The risk of death in fire according to Finnish

statistics in 1980–1996 was 1,9 x 10-5 1/a. Calculated overall risks by using CRISP2 is

rather close to that value. The calculated results are not far from the risk of death of

2,2 · 10-5 1/a obtained in the basic risk calculation of a 3-storey office building in the

United Kingdom (Fraser-Mitchel 1998a). The value of the limit for unacceptable

individual risk of death suggested in a Norwegian study (Mostue 1999) corres-

ponds to a risk of death of 2,6 · 10-5 1/a.  This value and mean risk for three different

fire safety design solutions concerning a hospital in Sweden (Olsson 1999) are not

far from the results given by CRISP2. This all indicates that CRISP2 is appropriate

for the evaluation of the absolute risk to life and not only for comparative analysis.

A review of risk to life in different types of buildings is presented in Paper II.

The risk of injury was calculated to be insignificant in the case building. Occupants

typically die in the room of the fire origin or in the same flat or survive. The results

show that applying smoke alarms in a building reduce fire risk levels significantly.

The risk of death is almost halved. The effectiveness of smoke alarms for evacuati-

on is also clearly shown by the fact that at the end of the calculation there were on

average 94 % of the occupants remaining inside the building if smoke alarms were

not installed. If smoke alarms existed only 43 % of people on average were left in the

building at the end of the simulation. The outputs of simulations are in more detail

described in Paper II. Estimates on the accuracy of the results cannot be given

exactly. However, uncertainty analysis is included in stochastic parts of the simula-

tions through random input value choosing.

5.35.35.35.35.3 Determination of dynamic modelsDetermination of dynamic modelsDetermination of dynamic modelsDetermination of dynamic modelsDetermination of dynamic models
parameters of smoke detectorsparameters of smoke detectorsparameters of smoke detectorsparameters of smoke detectorsparameters of smoke detectors

The dynamic model parameters: characteristic length L and the response threshold

mor for each detector was determined from the measured data by least squares fit

method. Because the parameter L appears also in the variable x-axis, the fit was

carried out iteratively. The results of determining dynamic model parameters for

smoke detectors are in Figures 3 and 4 in Paper IV and in Figures 1–6 in Paper V. As

can be seen in the Eq. (9), the slope of the data set is the characteristic length and

the intersection with the y-axis the static response threshold of a detector.
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In Paper III the characteristic length of the ionization detector is (3,2 ± 0,2) m and of

photoelectric detector (5,3 ± 2,7) m, where uncertainties are the 95 % confidence

intervals of the coefficients. The response threshold values are (0,62 ±  0,01) dB/min

and (0,07 ± 0,03) dB/m, respectively.

In Paper IV the analysis method was improved. The first values for m
or
 and L were

determined by fitting the data to equation (9). The second iteration was done using

equation (8), in which the correction of the rate of rise of smoke density was calcu-

lated by using the m
or
 and L obtained during the first cycle. If repeated without

precautions, the “best-fit” solution will diverge towards non-physical values. To

reach a stable solution, a zeroth order regularisation method (Groetsch 1993, Press

et al. 1992, Hansen & O´Leary 1991) was applied (see Appendix of Paper IV for

details). The results with 95 % confidence limits are given in Table 2. It proved that

especially for the photoelectric detectors the second iteration is required. Further

iterations would not improve the fit significantly due to the inherent scatter in the

data.

The measured characteristic lengths vary in the range 2–10 m. They are typically

shorter for the ionisation detectors than for the photoelectric detectors. The static

response threshold for the ionisation detectors is an order of magnitude higher than

that of the photoelectric smoke detectors indicating a lower sensitivity to the smoke

tested.

Table 2. Characteristic parameters of the smoke detectors – best fit and 95% confiden-
ce intervals - determined from the second least squares fitting. For the ionisa-
tion detectors only data points measured at the velocity of 0.2 m/s were inclu-
ded in the analysis. In case of the detector D only data points measured at rates
of rise of smoke density higher than 0.005 (dB/m)s-1 were included in the analy-
sis. See text for discussion.

DETECTOR L (m) ±±±±±dL (m) mr (dB/m) ±±±±±dmr (dB/m) Correlation r

A(photoelectric) 4.82 0.10 0.09 0.01 0.996

B(photoelectric) 6.91 0.28 0.11 0.02 0.984

C(photoelectric) 9.37 0.69 0.09 0.04 0.952

D (ionisation) 2.19 0.31 0.91 0.04 0.858

E (ionisation) 2.00 0.62 1.27 0.08 0.834

F (ionisation) 5.71 1.17 1.06 0.11 0.845

It can be seen that the validity of the model is good for photoelectric detectors, at

least for the type of smoke and the range of flow velocities studied here.  In this

study the minimum flow velocity was 0.2 m/s. Therefore, the phenomenon observed

by (Brozovsky et al. 1995) at Worcester Polytechnic Institute was not encountered
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here. They found that in case of photoelectric detectors the lag time increases

exponentially with decreasing velocities of less than 0.16 m/s associating with diffi-

culty for smoke entry into a detector yielding very late responses or no responses

at all, even when obscuration is well above the response threshold (Brozovsky et al.

1995).  With the higher velocities used in this study the possible influence of visco-

us effects on the flow resistance were not encountered.

For ionisation detectors the validity of the model is significantly worse, the reason

for which is not quite understood.  With higher flow velocities, increases of the rate

of rise of smoke density did not lead to higher smoke density at response.  The

results (see figure 4 in Paper IV) also indicate that the influence of flow velocity is

stronger than inversely proportional.

Another peculiar effect in case of the ionisation detectors was that at small rates of

rise of smoke density, i.e. lower than 0.005 (dB/m)s-1, the smoke density at response

rises rapidly.  This effect was particularly strong in case of detector D (see figure 4

in Paper IV).  The same trend can also be seen for the other ionisation detectors, but

it is vague. The results of the study in Paper IV are in close agreement with those

presented earlier in Paper III.

The problems with the ionisation detector response may be due to convection

velocity in the ionisation chamber exceeding the mobility of ionised air molecules

keeping recombination as its minimum (Litton 1977).  When number of smoke par-

ticles (aerosol particles) decreases, no loss in ionisation current will happen. Char-

ged smoke particles hit the electrodes and do not contribute to the ionisation cur-

rent. Consequently, the ionisation chamber is not sensitive to smoke density (New-

man 1994).

Further experiments would be desirable to study the effect of particle size and

refractive index (in case of photoelectric smoke detectors) on the response parame-

ters. Also, the effect of very low velocities would be worth studying, it might shed

more light onto the ionisation detector problem of detector response. Due to prac-

tical constraints it was not possible in the present study.

5.45.45.45.45.4 Application of the smoke detection modelApplication of the smoke detection modelApplication of the smoke detection modelApplication of the smoke detection modelApplication of the smoke detection model

Methods for calculating the response time of thermal detectors have existed for

over a decade.  The best known of the available computer codes is DETACT with its

variations (Evans 1986). This method is based on analytical correlations available

for fires with constant (or semi-stationary) heat release rate and for the t2-fires

(Evans 1995). The required gas flow velocity as well as the maximum gas temperatu-

re at a given position in a ceiling jet flow produced by a steady fire can be calculated
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by using the well known Alpert’s correlation formulas (Evans 1995). Heskestad and

Delichatsios have developed correlation functions (Evans 1995) for the ceiling jet

velocity and the rise of temperature that are based on the completed Alpert’s analy-

sis. The correlation functions for the maximum ceiling jet velocities and temperatu-

res for t2 growing fires are based on an extensive series of tests in the Factory

Mutual Research Centre. The analysis of Cooper (Evans 1995) establishes the ver-

tical velocity and temperature profiles around the maxima in a ceiling jet (Evans

1995).

As seen from equations 6–9, the time of the smoke detector response can be deter-

mined, if the flow velocity and smoke density in the vicinity of the detector are

known as a function of time. The flow velocity can be determined as above. A

method to determine the smoke density is discussed below.

The smoke density parameters m and y are both proportional to the number density

of smoke particles. Both parameters are also proportional to the particle size: m is

proportional to the cross section of the particles; y is proportional to their average

diameter. If heat losses and particle agglomeration are neglected, and if the smoke

yield per convective heat output of the fire is assumed constant, it can be postula-

ted (Benjamin et al. 1979) that the smoke density parameters are also proportional to

the temperature rise T-T
o
 as follows

(10)

Figures 7a and 7b, in Paper IV show examples of the correlation between smoke

density and temperature rise. These are taken from the standard large-scale smoke

detector tests for the effluent from polyurethane and heptane test fires (EN 54: Part

9 1982). The k-coefficient is characteristic to each fire type. The values for smoke

from flaming polyurethane and heptane are 0.11 dBm-1/°C and 0.02 dBm-1/°C, res-

pectively (Björkman et al. 1989). As specified in the test standard, the smoke density

is measured at near infrared. Because the smoke density is roughly inversely pro-

portional to the wave length of the light (Newman, J.S. & Steciak 1987), the visible

smoke density is some 20–25 % higher.

The examples above are for flaming fires only.  For smouldering fires, the yield of

visible smoke per energy released is higher.  Unfortunately, no accurate data is

available, but based on the observations in standard tests, values of k the order of

1 dBm-1/oC can be expected (Björkman et al. 1989).

The derivation of the smoke density distributions as a function of time is straight-

forward algebra and shall not be discussed here.  For the case of a constant heat

release rate, i.e. a constant flow velocity and a fixed time constant, one may use the

thermal detector model, and simply apply the correlation to determine a virtual
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critical response temperature.  However, for a time-dependent fire this is not pos-

sible, because the time constant varies with time and the temperature at response is

not a constant. A computer code implementing the model has been published re-

cently, but the user interface is so far in the Finnish language only (Baroudi et al.

2000).

Implementing the above described dynamic smoke detection model to CRISP is

suggested. Characteristic parameters L and m
r
 for would be the two new input

parameters in the program. In this study a variety of those model parameters have

been experimentally determined for typical ionization and photoelectric smoke de-

tectors. The program would thus give the response time taking into account the lag

and sensitivity properties of a detector. With the present version of CRISP, the

smoke detector response is determined directly from the threshold smoke density in

vicinity of the detector without taking into account the detector dynamics. The

implementation of the model into CRISP in practice is left to the program developers.

The implementation of the smoke detector model with model parameters is sugge-

sted to be incorporated into other risk assessment models as well if appropriate.

Another possibility in implementing the dynamic smoke detection model in CRISP

is to carry out a Monte Carlo simulation (Haldar & Mahakevan 2000, Vose 1998) on

the dynamic smoke detector model. A range of model parameters L and m
r
 and

smoke flow velocity and other parameters in Eq. (6) will be fed into the Eq. (6) and a

set of time responses can be calculated. Even distribution for input parameters is

appropriate if more detailed distribution is not known. Cumulative probability distri-

bution can be then determined. Response time of a detector can be presented as the

horizontal coordinate and cumulative probability as the vertical coordinate (Hieta-

niemi et al. 2002).

This type implementation of smoke detector response model has been carried out

by predicting smoke detector activation using the FDS (Fire Dynamics Simulator)

(D´Souza et al 2003).

5.55.55.55.55.5 Comparison and applicability of the riskComparison and applicability of the riskComparison and applicability of the riskComparison and applicability of the riskComparison and applicability of the risk
assessment methodsassessment methodsassessment methodsassessment methodsassessment methods

The two applied fire risk assessment methods FIRE and CRISP2 version 2.3 discus-

sed in Papers I - II are evaluated and compared here.

Both methods and related programs proved to be appropriate to comparative risk

assessment of design alternatives of buildings. CRISP2 and FIRE are also suitable

for determining absolute risk level if ignition probability is available e.g. from statis-
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tics. Those methods are also appropriate for the analysis of the prescribed fire

safety requirements in limited extent.

CRISP2 is a very detailed fire safety evaluation model taking into account human

behaviour and including a wide variety of well known physical fire models (e.g. zone

model and plume) incorporated by the Monte Carlo type approach. Hereby, it is

stochastic combined fire risk analysis method with deterministic fire models, where

modelling the human behaviour is essential. FIRE and its underlying method BF-

SEM are based on event trees with probabilities associated for each branch. It gives

the fire propagation probability from the room involved in the fire to other rooms in

the building, calculating terminating probability, the complement of which is the

damage frequency.

The FIRE program is written in Pascal language and it runs on standard PC micro-

computers. CRISP2 is written in FORTRAN and runs on a standard PC as well. In

CRISP2 there is no user interface and the post-processing interface is under deve-

lopment. The problem is the same in FIRE. Lack of documentation is typical for all

programs. There is no user guide for CRISP2. The BFSEM method is rather well

documented for FIRE, but a program manual does not exist. CRISP2 is a highly

modular program. The modular structure of the model is useful, thus avoiding upda-

ting huge files due to a one individual parameter. Modularity of the program also

keeps different parameter groups in their own places in the program. In FIRE, all

input files shall always be run by the main program although one single parameter

change has been done.

CRISP2 can be applied in risk to life and injury calculations only. FIRE can, on the

contrary be used only for calculating economical risk (no insurance, inflation taken

into account). However, life safety can be considered by using FIRE if evacuation

time can be calculated by using some egress model. Those calculations can be

compared to fire propagation calculation made by using FIRE.

The source codes of FIRE and CRISP2 are available and the programs are open for

general discussion. None of the methods can take into account impact of lining

materials and the frame-material (separating and load-bearing elements) of the buil-

ding in a satisfactory way. Wall thicknesses are dimensionless and/or the heat

capacity of walls is infinite. In CRISP2 only effective conductivity represents heat

response of structures. It was indicated that smoke alarms reduced risk efficiently in

all cases. FIRE considers fire phases as flashover. In CRISP2 there is only a local fire

in a room.

The programs are not suitable for routine engineering applications at the moment of

this evaluation. Due to the lack of user interface and handy post-processing tools

the input of data is a tedious process.
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6 Concluding remarks

Fire risk assessment methods to be applied in modern performance-based fire safety

engineering have been reviewed during its approximate 20 year history. The signifi-

cance and status of fire risk assessment methods among other types of calculation

methods applied in performance-based fire safety has been introduced. The achie-

vements in fire science and engineering and computing technology have made this

progress possible.

Two different stochastic miscellaneous type fire risk assessment methods FIRE and

CRISP2, which also contain deterministic parts, have been chosen to be applied in

a Finnish built environment. The applicability of risk assessment methods were

evaluated by carrying out simulations in case buildings: a multipurpose hall and a

wooden apartment building situated in the suburban area of Helsinki. The relative

risk value was calculated for different design alternatives including active and pas-

sive fire safety arrangements. Those risk values were compared to the risk level of a

reference design alternative, which corresponded to the design alternative desig-

ned according to the conventional prescriptive fire regulations.

The methods and relating programs were discovered to be applicable to performan-

ce-based fire safety design in Finland. Both methods are appropriate for comparati-

ve risk assessments. Resolution of risk levels of the different design alternatives

was clear and reasonable. FIRE is applicable mainly for economical risk assess-

ments and CRISP2 is intended for human risk evaluations. The absolute risk to life

was able to be calculated by using CRISP, and the results matched well with statis-

tics and other studies.  However, the programs are not yet user-friendly enough to

be used as a routine engineering tool. Many improvements need to be made to

programs and suggested to program developers.

The simulation results show that applying smoke detectors and sprinklers in a

building clearly reduce the fire risk. Hereby, it is most important that the fire detec-

tion model implemented in a risk assessment model represents detection physics on

a reasonable level and efficiently. A dynamic smoke detector model suggested to be

incorporated in risk assessment methods is introduced in this study. The dynamic

model parameters for various ionization and photoelectric type smoke detectors

have been determined experimentally. Models parameters can be used as input data

when dynamics of smoke detectors are desired to take into account a risk assess-

ment, for example in CRISP2. However, the technical implementation of the detecti-

on model to risk assessment models is left to program developers.

These results are hoped to promote the adaptation of fire risk assessment methods

and performance-based fire safety engineering in Finland and world-wide. Howe-
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ver, a problem for this progress is lack of education. Education of fire safety engin-

eers and fire safety officers should be well organised in universities and poly-

technics in Finland and world-wide. Adapting a system approach to fire safety is

well developed in principle in industrial countries. This can be seen for example in

the progress of laws and regulations in different countries. But a lot work is left in

practice. More user friendly calculation tools, which better take into account the

complex fire scientific phenomena and human behaviours should be developed and

the fire safety community should be educated.

These models are very useful in practical fire safety engineering. They can be

applied in comparing the risk levels of existing, buildings under renovations or

designed buildings. Risk models should be reliable and practical to use. These

results improve making better risk assessment methods in fire safety engineering.

This work indicates that risk assessment methods are a useful tool in fire safety

engineering. This work encourages engineers to use risk assessment methods.
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