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ABSTRACT

A fire risk analysis method based on the use of time-dependent event trees is
presented. To concretize the method, a simple example case, a property-loss
risk analysis for a fire in a one-storey industrial hall, is presented. The method

incorporates explicitly the time dependence of the fire and its consequences.

This is achieved so that the fire incident is divided to time intervals and the
events within each time interval are analyzed with a separate event tree. The
event trees form the basic structure of the analysis and it is shown here how
to connect them to a description of the evolution of the fire. This description
can be expressed as a stochastic Markov process and it is shown how to link
the branching probabilities of the event trees to the transfer matrices of the
Markov chain.

KEYWORDS: Fire Safety, Risk Assessment, Time Dependent, Event Tree,
Stochastic Process, Markov Chain, Monte Carlo

INTRODUCTION

The development of fire safety engineering into a well-defined engineering
discipline has enabled administrations around the world to make a change
towards performance-based fire safety regulations. In performance-based de-
sign, the most rigorous way to assess the acceptability of a design solution
is to use quantitative risk analysis, which, in addition to quantifying the
resulting risk level, can also identify the critical factors of the design.

In addition to the use in design of buildings and constructions, fire risk anal-
ysis can also be used to examine the fire regulations to establish whether the
requirements are in accordance with their role in reducing of the fire risks.
The method presented in this article is a tool for such a study with focus on
the fire resistance requirements.

The method lays emphasis to the fire resistance requirements of load-bearing
structures. The balance between the level of fire resistance requirements and
their impact on the fire risks are of great economic concern because they of-
ten are a significant factor influencing the selection of construction materials
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Figure 1: Overview of the method. The items encircled by dashed line are
still being developed and thus are not included in the presentation given in
this article.

and construction costs. Presently in Europe, the fire resistance requirements
vary considerably between different countries, or even between different au-
thorities within one country, often for no obvious reason. The regulatory
diversity derives from the fact that the requirements are based more on, e.g.,
historical development rather than science and also the rationale behind the
national requirements may vary considerably, which implies that there is a
definite need to establish arational risk-motivated basis for the fire resistance
requirements.

There exist several fire risk analysis methods, such as crisp [I],FiRECAM™
[2], and CESARE-RISK [3]to mention some of the recent methods. However,
mainly due to the strong fire-resistance orientation of the end-use of the
particular application related to the present work, it was decided not to resort
to use of any of the above mentioned methods, but to develop a new method.
The method is not yet completed, but is in a state of continuous development.
For example, a sufficiently versatile and reliable evacuation model is not yet
implemented. Thus, only the potential consequences to property arising from
failure of structures are considered here. The presentation is made concrete
by applying the model to atarget building, a single-storey industrial building.

OVERVIEW OF THE METHOD AND ITS APPLICATION

The time-dependent event tree model and the other methods used to examine
the risks of a chosen fire scenario are shown schematically in Fig. 1. The basic
idea of the model is to analyze the fire incident by using the stochastic design
fire concept developed in this work. Some of the events and processes inves-
tigated during a fire are described with computational models. The inherent
variations in some processes are modeled by Monte Carlo simulations. The
fire incident is divided to a relatively small number of discrete time intervals.
At each time interval an event tree is constructed to describe the evolution
of the fire and the potential actions (by humans or automatic systems) to
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Figure 2: The basic event tree used to analyze the fire in the target building at
different times. Shown are also the labels of the time dependent probabilities
associated with the branching points. A bar means the complement of the
probability, e.g., h=1—h.

detect and fight the fire. The event trees are accompanied with analysis of
the consequences of the fire at each time interval.

The example event tree structure used in this work to concretize the method
is shown in Fig. 2. The branches of the event trees correspond to the follow-
ing three events: detection of the fire (probability h),manual extinguishing
(probability k), and burning out of the fire load (probability f). The system
can be only in five mutually exclusive states at each time interval t:

Al- No fire (detected, manual extinguishment)
A%: Fire (detected)

A3: Fire (undetected)

A% No fire (detected, fire load has burnt out)
A3, No fire (undetected, fire load has burnt out)

The system is at state A* when the fire breaks out at time ¢, = 0. Note, that
in the states A% and A* there has been at least one failed extinguishment
attempt, because extinguishment actions are supposed to be started as soon
as the fire is detected.

The event trees that are describing the progress of a fire at a given time in-
terval are subjected to a condition that the fire is not extinguished before the
interval. The determination of the time evolution of the fire can be carried out
either by employing conditional probabilities or by a state transition process
description of the system, which can be described as a Markov process. This
process is shown schematically in Fig. 3. The transition probabilities corre-
sponding to a transition between successive time intervals are also marked in
the figure.

For example, one can end up in the state A* (fire is detected, manual extin-
guishment has failed, fire load has ended) by two different ways: 1)from state
A? by detecting the fire, failing manual extinguishment, and by burning out
the fire load giving a transition probability kkf; 2) from state A by burning
out the fire load which has a transition probability f. Similarly all the other
transition probabilities between the different states shown in Fig. 3 can be
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Figure 3: The state-transition process described by the time-dependent event
tree. When the fire starts (time zero) the system is in the state A%. States
denoted by the sharp rectangles are final states of the system, i.e. states where
the fire is extinguished. The fire is still burning in states which are denoted
by the rounded rectangles. The time-dependent transition probabilities are
related to the branching probabilities of the event trees as shown.

found. Note, that there is only one extinguishment trial allowed during each
time interval and that this attempt is “instantaneous”,i.e. if the attempt is
successful then there fire is already regarded extinguished at the beginning
of the next time interval.

Branching probabilities of the event trees

The branching probabilities of the event trees are calculated by using design
fires. A design fire is characterized by the time evolution of its heat release
rate (HRR).In this work, a design fire is considered to be of stochastic
nature, where its growth, maximum size, and duration are varying within
some specific ranges (see Fig. 4a). These input design fires to the system are
assumed to be freely developing fires, i.e., there are no extinguishing attempts
performed (neither by humans nor by automatic devices) [4].

The probability of detection by senses depends on the fire size at a given
time. For a t2-fire growing with normal speed (growth time 300 s) detection
probability is assumed be 0, 0.5, and 0.9 after 5, 10, and 15 minutes from the
ignition, respectively (the times correspond to fire sizes 1 MW, 4 MW, and
9 MW). All fires are assumed to be detected during the first 30 minutes of the
fire. These values are obtained by heuristic reasoning rather than estimation
based on exact data. The values are then interpolated and the probability of
fire detection by senses as a function of time is calculated by a Monte Carlo
average over the stochastic HRR curves.

The probability of automatic detection by heat detectors is modeled by cal-
culating the activation times of the detectors. The gas temperature and flow
velocity in the ceiling jet are modeled using Alpert’s empirical correlations [5]
and the activation time of the detector is obtained by solving the differential
equation describing its heating. This is done for each simulated HRR curve
and thus, a probability distribution of the automatic detection is obtained.
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Figure 4: a) Stochastic design fires used in this work, b) Corresponding steel
temperatures calculated for an 1-beam (section factor #/V = 150 m™).

The probabilities of the burning out of the fire load are obtained from Monte
Carlo simulations by counting the fraction of fires whose HRR has started to
decrease from its peak value. In this work, the fire load is supposed to be
finished when the HRR of a freely developing design fire has decayed to half
of its peak value.

The probabilities of the manual extinguishing (both by personnel and the fire
brigade) are calculated similarly to the probability of detection by senses,
i.e., values for a few fire sizes are obtained via reasoning based on expert
judgments and then a Monte Carlo average is formed. If the extinguishing
is done by the personnel, the values 0.9 and 0.5 are used for fire sizes 1 MW
and 4 MW, respectively. For the fire brigade the values 0.99, 0.8, and 0.1 are
used for fire sizes 9 MW, 15 MW, and 36 MW, respectively.

Structural failure

Heating of structures is modeled using the localized fire exposure descrip-
tion by Hasemi et al. [6]revised by an additional parameter introduced by
Myllymaki and Kokkala [7] to describe the proportions of convective and
radiative heat transfer. An example of the calculated steel temperatures
is shown in Fig. 4b for a bended simply supported I-beam (section factor
F/V = 150 1/m). In this paper, a simple structural failure mode is used.
The steel beams are assumed to fail if their temperature rises above a critical
temperature of 600 °C. The probabilities of structural damage (denoted v in
the following) as a function of time is then simply obtained by tabulating
the times when the steel temperature reaches the critical value in each of the
calculated curves.
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APPLICATION OF THE METHOD TO THE EXAMPLE CASE

Target building and fire scenario

The building examined is a one-storey industrial building with floor area of
5040 m? and height of 8m. The load-bearingstructures (columns and beams)
are made of unprotected steel and the walls of lightweight concrete. The hall
is practically a single open space. As an example, we considerer only fires
igniting during the afternoons-evenings of working days (2P™ —10P™), when
there are only about 5 occupants in the building.

In this study, the main emphasis has been on the ability of the load-bearing
structures to carry their load. The most severe fire scenario for this purpose
is a large powerful fire which is heating the structures strongly. The selection
of design fires used in this work is based on the study of Paavilainen [8],
where she concludes that the burning of empty wooden pallets stored in piles
represents a severe fire scenario in the target building. Due to the low fire
load and the large size of the building as compared to conceivable sizes of
fires, the probability of a flashover is negligible, and thus localized fires are
chosen as the example fire scenario studied here. Fires which evolve to a
flashover could as easily be studied using the same event trees but then the
probabilities of the branches should be calculated differently as compared to
localized fires.

According to Babrauskas [9], the maximum heat release rate (HRR) of burn-
ing wood pallets can be evaluated from the properties of the pallet pile, i.e.,
its floor area, height, wood moisture, and effective heat of combustion. The
variability of the design fire is modeled by treating these parameters as well
as the growth time and decay time constant of the fire as a stochastic quan-
tities. In the calculations moisture was fixed to 10 % while all the other
parameters were selected from suitable distributions. The time evolution of
the fire, which develops freely without external interruptions, is modeled us-
ing a t2-design fire with the growth time varying randomly between 300 s
and 600 s and the height of the pallet pile and its floor area varied uniformly
between 1-5m and 2-20 m?, respectively. As a result we obtain a multitude
of HRR curves (see Fig. 4a), from which, e.g., the probability that the fire
stops to fire load burn out can be derived.

Only the first 120 minutes of a fire are considered in the risk analysis of the
target building. This time period is divided to 6 time intervals, where the
end points of the intervals are t; =5, t3 = 10,t3 = 15,4 = 30, t5 = 60,
and t¢ = 120 minutes. The event tree structure is shown in Fig. 2 and the
branching probabilities of the event trees are summarized in Table 1. Note,
that the fire brigade is assumed to appear at the fire location during the third
time interval (10-15min). The driving distance is 7.7 km and according to
Tillander and Keski-Rahkonen [10] the travel time is then just over eight
minutes in the Uusimaa region in Southern Finland.

The probability of detection (H;) and the probability that the fire load has
finished (F;) are tabulated as cumulative probability distributions. (Cumu-
lative distributions are labeled with uppercase letters whereas the branching
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Table 1: The time dependent probabilities associated with the branching
points of the event trees. Also shown is the probability of damage to the
structures. The symbols used are explained in the text.

5rmin 10rnin  15min 30 min 60 min 120 min

Detection, H; 0.08 0.79 0.95 1.00 1.00 1.00
Manual ext., k;  0.95 0.75 0.97 0.68 0.39 0.39
No fire load, F/;  0.00 0.00 0.00 0.00 0.65 100

Damaged, v 0.00 0.00 0.00 0.35 0.93 0.93

probabilities with lowercase letters.) Cumulative distributions like these can
not be directly used as branching probabilities, because one should use con-
ditional probabilities at the branching points of the time dependent event
trees. For example, in order to detect the fire at time interval 5-10 min, it
should not be detected during the first 5 minutes. To calculate the condi-
tional probability that the fire is detected, a2, during the time interval t1 — %o
Bayes’ theorem should be used:

a; — P[detected t1 — t2|not detected to — tl] :P[tl,zl%—al—]
Plto]t1,2]P[t1,2]
Plto,1]to1]P[to,1] + Pl#o,1]t1,2]Pt1,2] + P[t0,1]t2,00] Plt2,c0]

1. Pltys] H, — H,
2 = = 0.77 1
0-Pltoa] + 1-Pltia) + L Pltace]  1- H; (1)

Calculation of the time evolution of the probabilities

The probabilities of the states A7 after the break out of a fire are calculated
by using the time dependent branching probabilities of the event trees h;,
ft, and k:. The following notation is used for the probabilities of the states:
P[A]] is the probability that the system is in the state A7 at time t. At time
to = 0 the fire ignites and the system is in the state A3 (fire, not detected).
The probability P[A3] is thus equal to one and the probabilities of all the
other states are zeros.

At the end point of the first time interval, t; =5 minutes, these probabilities
can be deduced from the event tree shown in Fig. 2

P{A}] = h, - ky - P[A3] = 0.08-0.95-1 = 0.076 (2)
P[A})=hy - k1 . f1 - P[A}] = 0.08.0.05-1.00 .1 0.004 3)
PlA})=hy - fi .P[43]=092-1.00.1 = 0.920 (4)
P[AY]=hy .k - fi . P[A}] =0.08-0.05-0.00 - 1 0.000 (5)
P[A}] = h, - fi - P[A3] = 0.92-0.00.1 = 0.000 (6)

The probabilities P[A%] and P[A}] are zero because the fire load does not
burn out during the first 30 minutes. Note, that the sum of the probabilities,
Z] _, P[A4]] is equal to one as it should be.
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Table 2: Probabilities of the states at different times. The numbers are shown
to a greater accuracy than there are physically significant numbers. In this
way, it is demonstrated that the probabilities at each time interval add up
to one exactly as they should. The probability P[A?] is always zero because
the fire is detected by senses before the fire load might end.

S5min 10 min 15min 30 min 60 min 120 min

P[A}] 0076 0.6115 0.939845 0.980750 0.988258 0.989861
P[4%] 0.004 0.1785 0.010155 0.019250 0.004110 0

P[A%] 0920 02100 0.050000 0 0 0
P[AY] 0 0 0 0 0.007632 0.010139
P40 0 0 0 0 0

At the beginning of the later time intervals the fire could be in some other
state than in the state A%, so the probabilities of the all five states are cal-
culated for an arbitrary time point t; as (see Fig. 3)

PlAj] = PAL ]+ ki PAZ,] + hi - ki - P[A])] (7)

PlA]] = ki fi- PIAL)) + hi ki fi PIAL] 8)

PlA}] = h;-fi- PlA}] 9)

PlA]] = PlAL]+ki fi PIAL ]+ bk fi- PAL,] (10)

PIA7] = PlAL]+hi fi- PlAL], (11)
where ¢;; is the previous time point (the beginning of the corresponding time
interval). These probabilities at the times ¢;, i = 1,...,6, are tabulated in
Table 2.

The probability that there is no fire at time t is the sum of the probabilities
of the states A}, A%, and A} at this time. The probability that the fire
continues according to the input design fire curve at time t is the sum of
the probabilities of the states 4%, A, Af, and A}. These probabilities are
listed in Table 3 together with the probability that the fire will be manually
extinguished during a time interval.

Probabilities of consequences

It is seen from Table 1that during the first three time intervals (up to 15
minutes) no structural damage is formed, i.e. the steel structures have not yet
reached the critical temperature. If there still is fire at 30 minutes after the
ignition, then there is a non-zero probability (v3 = 0.35) that the structure
will have a damage.

The probability v; is a conditional probability. It is the probability of a failure
provided that the fire is still design fire at the time ¢;, i.e. extinguishment has
not been successful,

P[damaged AND design fire ;]
P[design fire t;]
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Table 3: The state of the fire and the building at different times given as
probabilities of the states at the end points of the time intervals. ‘Manual
Ext.” isthe probability that the fire is extinguished manually during the time
interval corresponding to the given end point.

5min 10min 15min 30min 60 min 120 min

Bamaged 0.000 0.000 0.000 0.007 0.014 0.014
No fire 0.076  0.612 0.940 0.981  0.996 1.000
Design fire 0.924 0.388  0.060 0.019 0.012 0.010

Manual ext. 0.076  0.536 0.328 0.041  0.008 0.002

The probability that the structure will have a damage at a given time is thus
v; P|design fire ¢;] if there would be no manual extinguishment actions.

The probability that there will be a structural damage at time ¢; and that
the fire is extinguished manually during the next time interval ¢;+; is

P[damaged t; AND ext. during ¢;+1]
= P[damaged t; | ext. during ¢;4+1] Plext. during t;41]
P[damaged t; | design fire ¢;] Plext. during ti1i] (13)
= v;Plext. during t;41] ,

because if the fire will be manually extinguished during the time interval
ti+1, it will be a design fire at time t;. By summing the above values up to
a time ¢; the probability that the structure is damaged at that time point
is obtained. These values are tabulated on the first row of Table 3. The
value corresponding to the last time point 120 min, which is about 0.014,
is the overall risk that the building will have a structural damage after the
fire incident. By examining the spatial ranges of heat exposures it can be
concluded that most of the damages are likely being restricted only to the
vicinity of the fire.

FORMULATION OF THE METHOD BY USING MARKOV
CHAINS

By examining the equations above it is noticed that the probabilities of the
states at a given time step ¢; depend only on the probabilities of the previous
time step t;.; and on the known time-dependent branching probabilities. If
the probabilities of the states are considered to be random variables then the
system is a Markov process. A Markov process does not have memory, i.e., its
future states are fully described by the present values of the random variables.
The process is shown schematically in Fig. 3. The transition probabilities
corresponding to a transition t:t; — t;41 between different states are also
marked in the figure.

Define a state vectors A; = (4}, 4?,...,47)T and a probability vectors
P[A;] = (P[A}], P[AZ],...,P[AP)T, i = 1,...,n. There are p states in the
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system and n time intervals. Using this notation the above process can be
written as a Markov chain

P[A1] = MiP[Ai-I]a 1= 1, N (14)

where M is the transition matrix describing the evolution of the system from
time t;.1 to time ti.

In our example case is the system is at the state A% initially, so that the prob-
ability vector has a value P[Aq] =(0,0,1,0,0)7 at time zero. Equation (14)
reads as

Pla] mytomys oy gty (LA
Plajl e L SO L A A e Y
P[Ai] = m; m;T  my m; m; P[Ai-l] (15)
P[AY] T R e L R P
P[4}] mi m®? mi m¥ mis )\ Plad]

when the elements of the vectors and the matrix are shown explicitly. Because
the Markov process is dealing with probabilities and the set of states is a
complete one, the columns of the matrix M; should sum up to one, i.e.,

5 1 5 2 5 5
zjzlmg :Z]:Imz :"'=Zj=1m? =1L

Equation (15) represents a system of equations and, for example, the fourth
equation, i.e., the equation for the probability of the state A*, reads as

PlA] = mi'P[A} ]+ m{PP[A] )]+ m{PP[AZ ] +
+mi* P[AL,] + m{®P[A},] . (16)
By comparing this with Eq. 10 it is seen that mi* = 0, m{*> = kif;, m{® =
hikifi, m#* =1, and m#® = 0. By inspection of Egs. 7-11 it is straightforward

to extract all the other matrix elements of the transition matrix, which gives

1 ki hki 00
0 kifi hikifi 0 0
Mi=|[0 0 hfi 00 (17)
0 kifi hikifi 1 0
0 0 hfi 01

The transition matrix M can also be form directly by examining the dynamic
process shown in Fig. 3. For example, the probability of the state A% dimin-
ishes by an amount (hlct hkf +hkf thf) P[A3] at each time step. One is
left with 1 — (hk+hkf+hkf+hf) =1—(h+hf) =h—~hf=h(1-f) = hf,
which is just the factor before P[A?,] in Eq 9.

After the transition matrices M; are formed for each time step it is easy
to calculate the probabilities of states A7 at any time step as follows. One
starts at the initial state probability vector P[Ao] and multiplies this by the
transition matrix Mj in order to get the probabilities P[A,] at time ¢;, and
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the probabilities at all later times are obtained similarly, i.e, by multiplying
previous probability vector with the corresponding transition matrix:

P[A,] = M P[A(],

P[A>] MoP[A] = Mo M P[Ao] ,

(18)

P[A,] MLP[A 1] = M, - Ma M P[A,] .

For example, the transition from the initial state 4 to the state A, at the
first time interval ¢; goes like (hy =0.08, k; =0.95, f1 = 1.00):

P[A}) 1 095 0076 0 0 0 0.076
P[A?] 0 005 0004 0 0 0 0.004
P43 =10 0o 092 0 0 1 |=1 0920 |. 19
P[4} 0 0 0 10 0 0
P[A3] 00 0 01 0 0

CONCLUSIONS

In this paper, a fire risk analysis method based on the use of time-dependent
event trees is presented with tentative results concerning risks to property
quantified simply as the probability of structural failure. The branching
probabilities describing the momentary state of the fire are obtained through
Monte Carlo simulations, where statistics, computational models, and heuris-
tic reasoning are used to determine the course of events at each simulated
design fires. It is shown how to formulate the problem by using a stochastic
process, which forms a Markov chain, and how to relate the transition proba-
bilities of the stochastic process with the branching probabilities of the event
trees. The method is applied to a simple example case in order to show how
the method works and to clarify the connection between both approaches
used to formulate the problem.

Sprinklers, smoke exhaust systems and other fire safety systems are easy to
implement to the present version of the method. In future, a more realistic
manual extinguishing model will be included, which also models the action
of fire brigade better. In the present method the success of the fire brigade is
calculated using the time passed from the ignition, whereas the arrival time of
the fire brigade depends on the time of detection of the fire. The occurrence of
flashover will be implemented as a separate fire scenario and the safety of life
through implementation of models for life hazard and evacuation calculations.
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