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Abstract. This article presents a risk-based method for building fire safety design.
Because the design fire is the most critical aspect of a building fire safety design, this

article uses reliability theory to derive design fires from the fire risk acceptance crite-
ria. The fire scenarios are modeled by an event tree, where different fire protection sys-
tems are presented as pivotal events. The number of casualties is estimated by the
occupant number and the probability that an untenable condition is reached before

occupants evacuate to a safe location. Using the probability and consequence of each
fire scenario, the expected risk to life is used to integrate the fire risk acceptance crite-
ria into the determination of the target reliability index. A global optimization method

is then applied to the reliability index to obtain the design fires for each scenario. A
case study was conducted to demonstrate an application of this proposed method.
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Nomenclature

a The fire growth rate (kW/s2)

A The floor area of the building (m2)

b The reliability index

C The coefficient of the fitted expression

Ca The power of a
CA The power of A

CH The power of H

Ci The consequence of scenario i

ERLi The expected risk to life of scenario i

ERLi,a The acceptable ERL for scenario i

f The occupant flow rate per unit of exit width (person/(m s))

fA(t) The probability density function of ASET

fig The fire ignition frequency per unit floor area (year m2)

fR(t) The probability density function of RSET

FR(t) The cumulative probability function

G The safety margin
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g(m’) The function of transforming the severity m’ into a measure of fire risk analysis interest

H The height of compartment (m)

m’ The severity measure

M The vector of design parameters

NB The number of the geometry group

Np Number of occupants in the room (person)

Ns The number of fire scenarios

Pf Failure probability

Pi The occurrence probability of scenario i

Pi,f The failure probability for scenario i

Pi,f,t The target failure probability of scenario i

q The occupant density (person/m2)

Ri The risk of fire scenario i

Si The scenario of i

tA Available safe egress time (s)

tmove The movement time (s)

tR Required safe egress time (s)

lG The mean value of safety margin G (s)

rG The standard deviation of safety margin G

W The effective width of the exit (m)

1. Introduction

A large number of buildings are currently under construction in developing coun-
tries such as China. Many of these new buildings are characterized as high-rise or
large-scale structures and have unique exteriors. Due to the large size of these
buildings and their large number of occupants, people may have difficulty evacu-
ating and may be injured or killed as a result once a fire occurs. Many large fires
that have resulted in high death tolls have recently occurred [1]. For example, in
2008, a fire claimed 44 lives and resulted in another 88 injuries in Shenzhen,
China. One of the most important requirements for fire safety implementation is
safe evacuation from the building and the minimization of the fire risk to life to
an acceptable level [2]. A reasonable fire safety design is an essential measure
toward achieving this goal. Traditionally, the prescriptive approach was dominant
in fire safety design. As building complexity has increased, the design results
derived from prescriptive design proves insufficient in meeting building fire safety
requirements. Performance-based fire safety design (P-B FSD), an alternative to
prescriptive fire safety design, is now increasingly employed for high-rise buildings.

In P-B FSDs, design fires are used to characterize the fire growth and fire haz-
ards. The selection of suitable design fires is central to the application of P-B
FSDs. Because the prediction of fire growth in a building is difficult due to the
uncertainties in determining the type, quantity and arrangement of combustibles
[3], the design fires in P-B FSDs are usually prescribed by the fire safety engineers.
There are even recommendations of the prescribed values in some codes. As a
result, this prescription ignores these uncertainties and heavily depends on the fire
safety engineers’ judgement or the recommendation from the codes. Such a pre-
scription is hard to validate, and the design results may vary from engineer to
engineer. In addition, due to the ignorance of the uncertainties associated with the
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selection of the design fire, the concept of fire risk is still not incorporated into P-
B FSDs.

A significant amount of effort has been put into quantifying uncertainties rela-
ted to the prescription of design fires and incorporating fire risk into P-B FSDs
since the early stages of P-B FSDs. To quantify the effect of uncertainties on the
P-B FSD results, Magnusson et al. [4] considered the uncertain parameters in fire
dynamics and evacuation and employed the limit state function to determine the
failure probability of occupant evacuation from a building fire. Kong et al. [5]
employed a Monte Carlo simulation to analyze the effects of uncertain heat
release rates on the available safe egress time (ASET). To incorporate fire risk
into P-B FSDs, many researchers have proposed various fire risk assessment
methods. He et al. [6] proposed a probabilistic risk assessment method to estimate
the expected risk to life (ERL). Chu et al. [7] refined this method by considering
additional stochastic factors. With the refined method, a comprehensive quantita-
tive fire risk assessment framework was established. In this framework, the varia-
tion of the fire scenario probability is quantified by a Markov chain [8]. Bayesian
networks [9, 10] and non-probabilistic methods such as fuzzy sets [11] were also
employed to estimate the fire risk to life safety. Many fire risk assessment models
have been developed to calculate the ERL to support P-B FSDs, such as
CESARE-risk [12], FiRECAM� [13], and CRISP [14].

Although fire risk assessment methods have been discussed by many research-
ers, they have yet to be widely applied in real-world P-B FSDs, partly because the
concept of accepting a certain number of casualties as a risk may not fit comfort-
ably in the expression of a law and also because the acceptable level of risk is sel-
dom clarified [15] as well as the time and cost necessary for performing the risk
assessment. Therefore, current P-B FSDs cannot tell the fire safety engineer how
large the design fire should be for an acceptable fire risk level. To solve this prob-
lem, a risk-based method is proposed in this article to derive design fires corre-
sponding to an acceptable fire risk level. Because the definition of risk is different
from one field to another, the concept of fire risk is discussed first. For the defini-
tion of the fire risk, the fire scenarios, which are one of the important components
of fire risk, are generated using the event tree method while considering the relia-
bility of the fire protection systems. Next, to evaluate the consequence of the fire,
the reliability theory of the safe evacuation of occupants from building fires is pre-
sented. The derivation of the design fires based on the acceptable fire risk level is
then described. A case study is also performed to demonstrate the proposed
method.

2. The Concept of Fire Risk

2.1. The Definition of Fire Risk

A substantial amount of effort has been put into defining risk by the society of
risk analysis [16]. However, there are still no generally accepted definitions of risk
[17]. The definition of risk may differ from one field to another. For example,
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engineers may consider risk as a numerical value that is a function of probabilities
and consequences [18], whereas sociologists regard risk as a social product [19].

In this paper, the quantitative definition of risk proposed by Kaplan and Gar-
rick [20] is used. They defined ‘‘risk’’ using three questions: ‘‘What may happen?’’,
‘‘How likely is it to happen?’’ and ‘‘What will be the consequences if it happens?’’
Accordingly, three factors are considered as the components of risk, the scenario,
probability and the consequences of the scenario, and the risk is considered as a
triplet, which is expressed as follows:

R ¼ f Si; Pi;Cih ig; i ¼ 1; 2; . . . ;N ; ð1Þ

where Si is the scenario i, Pi is the probability of scenario i and Ci is the conse-
quence of scenario i.

Based on the definition given by Kaplan and Garrick, the fire risk is defined
based on the fire scenarios and is represented as follows [21]:

R ¼
Z þ1

�1
gðm0ÞP ðm ¼ m0Þdm0; ð2Þ

where g(m’) is a function that transforms the severity measure m’ into a measure
of fire risk analysis interest. For example, let m’ be defined as the number of fatal-
ities in a fire, and let the measure of interest be the number of deaths. Then,
g(m’) = m’. P(m=m’) is the probability that the measure m’ will occur.

In general, fire risk is assessed using a finite set of fire scenarios. Hence, Eq. (2)
may be re-written as follows:

R ¼
XNS

i¼1

Ri ¼
XNS

i¼1

gðmiÞPðm ¼ miÞ ð3Þ

where Ns is the number of fire scenarios, Ri is the risk of fire scenario i and g(mi)
is the consequence of fire scenario i. If the consequence of interest is lives lost due
to fire, g(mi) would be the number of casualties in fire scenario i. P(m=mi) is the
occurrence probability of fire scenario i. The fire risk to life may be calculated as
follows:

R ¼
XNS

i¼1

Ri ¼
XNS

i¼1

Pi � Ci; ð4Þ

where Ci is the number of casualties for fire scenario i and Pi is the probability of
occurrence of fire scenario i. It may be observed from Eq. (4) that there are three
key factors in the quantification of fire risk, i.e., the fire scenario, the consequence
and the occurrence probability of the fire scenario.
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2.2. Fire Scenarios Generated by an Event Tree

Fire scenarios are a key feature of the definition of the fire risk. Designing appro-
priate fire scenarios is essential to the fire risk analysis and the P-B FSD. The tra-
ditional way of designing fire scenarios, i.e., ‘‘credible worst scenario’’, is actually
difficult to apply in practical engineering situations due to the difficulty in select-
ing a ‘‘credible worst scenario’’ agreed upon by all stakeholders. In practical P-B
FSDs, fire safety engineers are usually most concerned with how to specify appro-
priate fires in the following fire scenarios:

(1) All the fire protection systems work well.
(2) One or some of the fire protection systems, such as the sprinklers and smoke

exhaust systems, fail to work well.
(3) All the fire protection systems fail to work well.

To consider the variety of fire scenarios that may arise, depending on if the fire
protection systems function as expected, the event tree method with consideration
of the fire protection system’s reliability is employed. Here, two types of fire pro-
tection systems are considered as a simplified demonstration: the sprinkler and
smoke detection systems. The fire scenarios generated by the event tree are pre-
sented in Fig. 1.

Each branch of the event tree represents one possible fire scenario. At each
branch point, different alternatives may occur with a certain probability. For
example, for the situation in which a fire has occurred, the smoke detector will
either function successfully or fail. Success and failure are two alternatives.
These alternatives at the branch point affect the subsequent parts of the tree.
Each branch outcome is evidence of the chain of events leading to the final
event.

3

2

1

Fire ignition Sprinkler Smoke detector Scenario

success

failure
success

failure

Figure 1. Fire scenarios generated by event tree.
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2.3. The Probability and the Consequence for Each Fire Scenario

Because the fire scenario has been generated by the event tree method as described
in Sect. 2.2, the occurrence probability of each fire scenario may be easily esti-
mated as the product of the probability of each node based on the event tree.

The consequence of each fire scenario may be any concerned variable, such as
property loss, casualties or environmental effects. Because ensuring people’s safety
is usually the objective in P-B FSD, only the number of casualties is considered
here. Casualties associated with fires are the result of events occurring in a certain
sequence. In P-B FSD, the safety levels of occupants are usually determined by
comparing two times: the time elapsed until the fire develops to an untenable con-
dition, namely, the ASET, and the time elapsed until occupants evacuate to a safe
location, namely, the required safe egress time (RSET). If the ASET is larger than
the RSET, an untenable condition will be reached after the occupants evacuate to
safe locations, and casualties will not occur, as shown in Fig. 2. The margin where
the ASET is larger than the RSET is a safety margin and is defined as follows:

G ¼ tA � tR; ð5Þ

where tA is the ASET (in s) and tR is the RSET (in s).
This method ignores the uncertainties of the ASET and the RSET and considers

both of them as deterministic. Due to the complexity of the fire dynamics and the
evacuation process, uncertainties are inevitably associated with the ASET and the
RSET. For example, the heat release rate, one of input parameters for the calcula-
tion of the ASET, may vary due to the various fire loads. If uncertainties in the
ASET and the RSET are considered, the ASET and the RSET should be stochastic
and may be characterized by certain probabilistic distributions, as shown in Fig. 3.
In this case, the safety margin in Fig. 2 is also uncertain. The probability that the
ASET is less than the RSET is defined as the failure probability

Pf ¼ P ðG< 0Þ: ð6Þ

The number of casualties in scenario i may then be determined as follows [6]:

Ci ¼ Np � Pi;f ; ð7Þ

Figure 2. The traditional deterministic timeline of estimating the
casualties in building fires.
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where Np is the number of occupants in the room and Pi,f is the failure probabil-
ity for scenario i. Because the number of occupants in the room can be calculated
by the product of the occupant density and the room area, the main task is to
determine the failure probability to enable the calculation of the number of casu-
alties.

3. Determination of the Failure Probability Using Reliability
Theory

To quantify the number of casualties for each fire scenario, the failure probability
has to be determined. The derivation of the failure probability using reliability
theory will be presented in this section.

3.1. The Calculation of the Failure Probability

A failure occurs when the safety margin is less than 0, i.e., the ASET is less than
the RSET. Considering the safety margin G as a function of tA and tR, the failure
probability can be characterized by a joint probability distribution function

Pf ¼
ZZ

tA < tR

gðtA; tRÞdtdt ¼
Z 1

0

Z tR

0

gðtA; tRÞdt
� �

dt: ð8Þ

As stated above, the RSET mostly consists of the evacuation time or the pre-evac-
uation time, which depends on the occupant behavior. Clearly, the evacuation
from a fire is influenced by the fire. However, the ASET is less dependent on the
evacuation process than on the fire dynamics, such as the ignition, fire load, fire

fR(t)

fA(t)
Pr

ob
ab

ili
ty

 D
en

sit
y

Time/s

Figure 3. The schematic of the distributions of ASET and RSET.
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growth and the materials in the building. Therefore, these two variables are
assumed to be independent. Based on this assumption, the failure probability may
be estimated from the area where the distributions of the ASET and the RSET
overlap, as shown in Fig. 3. The failure probability may be estimated by the fol-
lowing equation:

Pf ¼
Z 1

0

Z 1

t
fRðtÞdt

� �
fAðtÞdt; ð9Þ

where fR(t) and fA(t) are the probability density functions of the RSET and the
ASET, respectively. This equation may be rewritten from the definition of the
cumulative probability as follows:

Pf ¼
Z 1

0

ð1� FRðtÞÞfAðtÞdt; ð10Þ

where FR(t) is the cumulative probability function.

3.2. The Reliability Index

The failure probability is determined by the double integral of the ASET and the
RSET when they are treated as two independent variables. However, it is difficult
to determine the results unless fR(t) and fA(t) are very simple. Otherwise, it is
almost impossible to calculate the failure probability. Here, the reliability index b
method will be presented.

The reliability index b method was proposed by Cornell [22] and is extensively
applied to solve structural engineering problems [23]. Some efforts have also been
made toward applying this method to fire safety design [4, 24]. The reliability
index b method utilizes information about the mean value and the standard devia-
tion of the safety margin. For example, the reliability index b for Eq. (5) may be
calculated as follows:

b ¼ lG
rG

: ð11Þ

If tA and tR are normally distributed, G is also normally distributed. The failure
probability is then calculated using the following equation:

Pf ¼ P ðG< 0Þ ¼ 1� PðG � 0Þ ¼ 1� UðbÞ; ð12Þ

where lG and rG are the mean and standard deviation of the safety margin G and
U is the cumulative probability function of the standard normal distribution.

The reliability index b method provides an efficient way of calculating the fail-
ure probability and avoids the complex integral calculation process. However, it is
not straightforward to obtain the failure probability from Eq. (12) unless the state
function G is linear. For nonlinear state functions, the first order and second
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moment (FOSM) method should be employed to determine the failure probability
[25]. Details of the FOSM method may be found in Ref. [26].

4. Integrating Fire Risk Into Current Fire Safety Designs

The failure probability may be determined by the reliability index b method,
FOSM method or by the Monte Carlo simulation method. Once the failure prob-
ability is obtained, one question will arise: Is the failure probability acceptable? If
not, what design values should be improved to meet the required level of failure
probability, and how should this be accomplished? To answer these questions, the
first step should be determining the acceptable failure probability.

4.1. Determining the Target Failure Probability by Integrating Fire Risk

The failure probability for each fire scenario, Pi,f, should be less than or equal to
the target failure probability, i.e.,

Pi;f � Pi;f ;t: ð13Þ

Because the fire risk to life safety for each fire scenario has been determined based
on the above description, the ERL may be calculated as follows:

ERLi ¼
fig � Ri � A

Np
¼ fig � Pi � Pi;f � A; ð14Þ

where fig is the fire ignition frequency and A is the floor area of the building. If
the ERL is the acceptable ERL, the target failure probability for scenario i may
be written as follows:

Pi;f ;t ¼
ERLi;a
figPiA

; ð15Þ

where ERLi,a is the acceptable ERL for scenario i.
The next step is to determine the acceptable ERL for each fire scenario. The

acceptable ERL for each fire scenario may be arbitrarily allocated provided that
the following constraint is met:

XNS

i¼1

ERLi;a � ERLa; ð16Þ

4.2. Determining Design Fires Using Reliability Theory

Once the target failure probability has been determined using Eq. (15), the target
reliability index b may be obtained as follows:
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bi;t ¼ U�1ð1� Pi;f ;tÞ: ð17Þ

In practical fire safety design, the principal objective is not to determine the target
reliability index but to identify a set of design values that can bring the calculated
reliability index as close as possible to the target reliability index.

Let M = (xd,1, xd,2,…, xd,M) be the vector of the values of the design parame-
ters. The objective is to derive a vector that minimizes the following objective
function:

minðbiðMÞ�bi;tÞ2; ð18Þ

where the reliability index may be calculated using the FOSM method. The con-
straint for the objective function is as follows:

A ¼ fM; giðMÞ � 0g: ð19Þ

This procedure may be interpreted as follows: Because each set of design values
corresponds to one reliability index, the set of design values may vary in their
space until the corresponding reliability index approaches the target reliability
index to the greatest extent possible.

A design guide should cover a large group of buildings under various condi-
tions, such as variations in floor area, compartment height, and the occupant type
in a given compartment. To cover various conditions, a geometry group with dif-
ferent compartment heights is considered. Hence, the objective function should be
formulated as follows:

XNB

j¼1

ðbi;jðMÞ � bi;tÞ2; ð20Þ

where NB is the number of the geometry group.
The proposed method of deriving the design values may be summarized in the

three steps illustrated in Fig. 4.

5. Deriving Design Fires for a Group of Buildings in
Various Fire Scenarios

Specifying appropriate fires is a crucial issue in fire safety design, where the
assumption that a fire grows following a time-squared law is commonly applied.
Hence, the fire growth rate is considered as a design parameter. Our objective is
to derive design fire growth rates for different fire scenarios using the proposed
method.

We consider a single hypothetical commercial compartment with an area of
2500 m2 and different compartment heights, as shown in Table 1.
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Step 1 Designing probable fire scenarios 
based on event tree

Step 2 Determining the target reliability index 
integrating fire risk

Assigning the acceptable ERL

Scenario i=1 to Ns

Calculating the occurrence probability 
for scenario i

Determining the target probability of 
failure of scenario i

Calculating the target reliability index 
for scenario i

Step 3 Determining the design values

Scenario i=1 to Ns

For j=1 to NB

Calculating the value of reliability 
index j

Initial guess of the design values

j=NB?

No

Calculating the objective function

Yes

Using the optimization procedure to 
determine the design value 

i=NS?

Yes

End

No

i=NS?

Yes

End

No

Figure 4. The flow chart of the proposed method for deriving design
values.
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5.1. Determining the Target Reliability Index for Each Fire Scenario

To derive design fires in different fire scenarios, the fire scenarios are modeled in
the event tree, as shown in Fig. 1.

It may be observed from Eq. (15) that there are three principal parameters that
must be confirmed: the target ERL for each fire scenario, probability of fire igni-
tion and the probability of fire occurrence for each fire scenario.

As described in Sect. 2, the probability of occurrence for each fire scenario may
be evaluated from the event tree. The probability for each fire protection system
can be estimated from the statistical data shown in Table 2. Using the event tree
and the data in Table 2 [27], the probability of occurrence for each fire scenario
may be determined. The results are listed in Table 3.

Another parameter that needs to be determined is the target ERL for each fire
scenario. Because there is no generally accepted fire risk level, statistical fire data
from Beijing are adopted. According to the statistics from Beijing from 1998 to
2004 [28], the annual fire casualty rate is 1.02 9 10-5 /year, which may be consid-
ered as the target ERL in this case. Using Eqs. (14)–(16), the target ERLs for
these three fire scenarios are assigned as follows:

ERLað1Þ ¼ 0:1� 10�5

ERLað2Þ ¼ 0:3� 10�5

ERLað3Þ ¼ 0:6� 10�5:

ð21Þ

The fire ignition frequency is taken to be 4.12 9 10-6 /(year m2) [29]. The com-
partment area is 2500 m2. The target failure probability for each fire scenario is
obtained from Eq. (15). The corresponding reliability index for each fire scenario
is determined and detailed in Table 3.

5.2. The Limit State Function for Each Fire Scenario

To derive values for the design fires using the proposed method, the limit state
function for each fire scenario should be determined.

The time that elapses until the smoke layer descends to (1.6+0.1H) m is consid-
ered as the ASET. Because an analytical expression of the ASET is required in the
limit state function, a multiple linear regression of ASET calculated from a two-
zone model CFAST was conducted. More details about the multiple linear regres-
sion can be found in Appendix. The smoke layer descent duration may be approx-
imated using an empirical function of the fire growth rate and the height and area
of the compartment as follows:

ASET ¼ CaCaHCHACA : ð22Þ

Where, a is the fire growth rate (kW/s2); H is the compartment height (m). C is
the coefficient and Ca, CH and CA are the powers of a, H and A. The task of mul-
tiple linear regression is to then determine the coefficient C and the three powers.
The results for these three fire scenarios are summarized in Table 4.
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The RSET is usually composed of three components: the detection and alarm
time, pre-evacuation time and the evacuation time. For the smoke detection time,
there is no commonly accepted calculation model. In the practical engineering
application, three methods are usually employed to approximately predict the
smoke detection time, i.e., the optical density method, critical velocity method and
the characteristic temperature rise method [30]. For above three methods, it is dif-
ficult to derive the limit state function for the smoke detection time. Since it is an
initial work and a hypothetical building, a smoke height-based method is used to
predict the smoke detection time here. In this method, a smoke detection system is
assumed to be activated as the smoke layer descends below the ceiling by 5% of
the compartment height [31]. When a smoke detection system fails to be activated,
the detection time is assumed to correspond to when the smoke layer descends
below the ceiling by 10% of the compartment height [32]. Because the detection
time is determined by the smoke layer, as with the ASET calculation criteria, the
analytical expression of the detection time may also be approximated in the form
of Eq. (22). The only difference lies in the criteria: the ASET is calculated as the

Table 1
The Different Compartment Heights Employed to Vary the Geometrical
Conditions

Height (m) Area (m2)

4 2500

5 2500

6 2500

7 2500

8 2500

9 2500

10 2500

Table 2
The Reliability of the Fire Protection Systems in this Study [27]

Fire protection system Operational reliability

Sprinkler 0.93

Smoke detection 0.72

Table 3
The Target Failure Probability and Corresponding Reliability Index for
Each Fire Scenario

Fire scenario Occurrence probability (Pi) Target failure probability (Pi,f,t) Target reliability index (bi,t)

1 0.93 1.044 9 10-4 3.71

2 0.0504 5.779 9 10-3 2.53

3 0.0196 2.972 9 10-2 1.88
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time from when the smoke layer descends to 1.6+0.1H m, whereas the detection
time is determined as the time from when the smoke layer descends below the ceil-
ing by 5% or 10% of the compartment height. The expressions of the detection
times are presented in Table 5.

The pre-evacuation time is influenced by occupant characteristics. A more accu-
rate representation of the pre-evacuation time may be found using a probabilistic
distribution rather than a deterministic value. In this article, the pre-evacuation
time is considered as an uncertain parameter. The distribution form and the range
of the pre-evacuation times will be discussed in the next subsection.

As for the movement time, there are essentially two approaches available for
the estimation of the evacuation time: the more traditional analytical calculation
approach and the modern use of evacuation modeling. Because a one-story single
compartment is analyzed and because an analytical expression is required for the
limit state function, an empirical formula from Togawa [33] is used to calculate
the movement time of the occupants. Because a commercial compartment presents
a high occupant load, the traveling time to the exit may be neglected, and only
the following time to flow through the final exits is used:

tmove ¼
q � A
f � W ; ð23Þ

where q is the occupant density in person/m2, f is the occupant flow rate per unit
of exit width in person/(m s) and W is the effective width of the exit in m.

From the above analysis, the expression of the limit state function for each fire
scenario may be obtained.

5.3. Uncertain Parameters

As an iteration procedure is needed to determine the final design point in the
uncertain parameter space, there may be a convergence problem if more than two
uncertain parameters are considered. Therefore, as a preliminary study, only two
uncertain parameters are considered: the fire growth rate and the pre-evacuation
time.

Prior studies suggest that the fire growth rate should follow a certain probabilis-
tic distribution such as log-normal distribution [34, 35]. Here, the fire growth rate
is assumed to follow a log-normal distribution, and the statistical parameters are
listed in Table 6. Similarly, the pre-evacuation time should also be uncertain and

Table 4
Regression Results of the ASET for the Three Fire Scenarios

No. of fire

scenario

Coefficient

(C)

Power of fire

growth rate (Ca)

Power of

height (CH)

Power of

area (CA)

1 0.13 -0.262 -0.01 0.977

2 1.183 -0.318 0.315 0.541

3 1.183 -0.318 0.315 0.541
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follow a probabilistic distribution such as normal distribution [36, 37], log-normal
distribution [12] or Weibull distribution [38]. Here, a normal distribution is
employed to characterize the uncertainties of the pre-evacuation time. The statisti-
cal parameters are presented in detail in Table 6. The other parameters are con-
sidered as deterministic, and their values are also summarized in Table 6.

5.4. The Derivation of Design Fires

There are seven geometric groups in this article. The calculation method for deriv-
ing the design fire principally involves determining those design values that mini-
mize the difference between the calculated reliability index and the target
reliability index.

For Fire Scenario 1, the objective function is as follows:

min
X7
i¼1

ðbðad ; tdpreÞ � btargetÞ2; ð24Þ

where A ¼ fða; tpreÞ;Giða; tpreÞ � 0g.
The target reliability index for Scenario 1 is 3.71, as calculated in Sect. 5.1. Using

a global optimization procedure, which is available in the Matlab� toolbox, the
design fire growth rate and the pre-evacuation evacuation time are determined to be
0.187 kW/s2 and 119.6 s, respectively. The design widths of the exits for different
geometric groups are also calculated. These results are summarized in Table 7.

In Scenario 1, the sprinklers and the smoke detectors work well. In the other two
fire scenarios, some or all of the fire protection systems fail to function. To some
extent, the calculated width of the exit in Scenario 1 may be considered the pre-
ferred value for the design of the exit. Therefore, for those scenarios in which some

Table 5
The Regression Results of the Detection Time for Three Fire Scenarios

No. of fire

scenario

Coefficient

(C)

Power of fire

grow rate (Ca)

Power of

height (CH)

Power of

area (CA)

1 0.077 -0.257 -0.669 0.876

2 0.077 -0.257 -0.669 0.876

3 0.188 -0.251 -0.609 0.829

Table 6
Details of Uncertain and Deterministic Parameters Used in this Case
Study

Parameter Symbol l r Value Reference

Fire growth rate a 0.0945 0.0312 – Holborn et al. [35]

Pre-evacuation time tpre 100 10 – Jia et al. [39]

Occupant density N0 – – 0.7 Zhang and Jing [40]

Exit flow Fs – – 1.0 Polus et al. [41]
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or all of the fire protection systems fail to work well, the objective is to derive the
design fire growth rate and the pre-evacuation times with the target failure proba-
bility as well as the same design values for the exit width derived in Scenario 1. To
achieve this objective, the values of the design exit width in Scenario 1 are substi-
tuted into the limit state functions of Scenarios 2 and 3. These seven equations are
then considered as the equality constraints in the optimization procedure. The
objective function and constraints for Scenario 2 are formulated as follows:

min
X7
i¼1

ðbiðadi ; tdpre;iÞ � btargetÞ
2; ð25Þ

where the constraints are

Giða; tpreÞ � 0

1:183a
�0:318

d 40:31525000:541 � 0:077a
�0:257

d 4�0:66925000:876 � tpre �
N0 � 2500

7:04Fs
¼ 0

1:183a
�0:318

d 50:31525000:541 � 0:077a
�0:257

d 5�0:66925000:876 � tpre �
N0 � 2500

6:89Fs
¼ 0

..

.

1:183a
�0:318

d 100:31525000:541 � 0:077a
�0:257

d 10�0:66925000:876 � tpre �
N0 � 2500

6:60Fs
¼ 0:

The objective function and constraints for Scenario 3 may be obtained in a similar
manner.

Given the objective function and the constraints, the design fire growth rate and
the pre-evacuation time may be determined by using a global optimization
method and a FOSM method. The design fire growth rates and the pre-evacuation
times for these three fire scenarios are summarized in Table 8. From these data, it
may be concluded that, since all the fire protection systems work well in Scenario
1, a quick fire should be assigned to this scenario. In our calculation, the design
fire growth rate for Scenario 1 is the largest, which is consistent with the practical
P-B FSD. In addition, compared to the design fire for Scenario 1, the design fire

Table 7
The Design Width of the Exit for Different Geometric Groups

Height (m) Area (m2) Design exit width (m)

4 2500 7.04

5 2500 6.89

6 2500 6.80

7 2500 6.73

8 2500 6.67

9 2500 6.63

10 2500 6.60
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growth rate for Scenarios 2 and 3 are very close to each other. The difference
between these two scenarios lies in the issue of whether the smoke detector detec-
tion system operates successfully. The resulting minor difference in design fire
grow rate between them suggests that the influence of the smoke detection system
in determining the design fire growth rate can be ignored in this study.

6. Conclusions

Aiming to incorporate acceptable fire risk levels into current P-B FSDs, a risk-
based method of determining design fires is presented in this article. This method
provides fire safety engineers with a guide for selecting an appropriate design fire
to meet acceptable fire risk levels. To determine the acceptable fire risk level, sta-
tistical data and the concept of ERL are employed. Reliability theory is employed
to determine the target reliability index based on the acceptable fire risk level. A
global optimization procedure is used to determine the value of the design fire in
its space, which corresponds to the minimum of the sum of the squares of the dif-
ferences between the calculated reliability index and the target reliability index. As
a case study, the design fires for a hypothetical single commercial compartment in
different scenarios are determined by the proposed method.

It should be noted that this represents only the first attempt to derive design
fires based on the acceptable fire risk level; further studies should be conducted in
the future.

First, the zone model was employed to calculate the ASET, and an analytical
calculation using an empirical formula was used to determine the evacuation time.
In the current P-B FSDs, the field fire models such as FDS and complex evacua-
tion models are more commonly employed to determine ASET and evacuation
time. Future studies should consider how to employ the current common-used
field fire model and evacuation models at acceptable computation costs to obtain
accurate design fires using this method.

Second, due to the limited statistical data of the acceptable fire risk in China,
statistical data for Beijing from 1998 to 2004 are employed in this case study. The
statistical data are the averages for different types of buildings; however, the
acceptable fire risk for various types of buildings may change. Future studies
should focus on collecting statistical data of fire risk for different types of build-
ings and focus on establishing a complete database for acceptable fire risks.

Table 8
Design Fire Growth Rates and Pre-evacuation Times for Three Fire
Scenarios

No. of fire scenario Design fire growth rate (kW/s2) Design pre-evacuation time (s)

1 0.187 119.6

2 0.037 114.0

3 0.0248 108.0
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Appendix: The Generation of the Analytical Expression
for the Limit State Function

In order to generate the analytical expression of ASET and smoke detection time,
multiple runs of a two-zone model, CFAST, were performed with variations of
the input parameters to generate a number of output values. A multiple linear
regression method was then employed to fit an expression of the calculated ASET
values. There are three input parameters for the calculation of ASET: fire growth
rate, the height and area of the compartment. The variation ranges of these three
parameters are as shown in Table 9.

Scenario 1 is taken as an example here to demonstrate the generation process.
In this scenario, in order to obtain the expression of ASET with fire growth rate
and compartment geometry, 392 runs of CFAST simulation were conducted,
using the values in Table 9. From this regression, the final expression of ASET
was obtained as follows:

ASET ¼ 0:13a�0:262H�0:01A0:977 ð26Þ

The error between the analytical expression results and CFAST simulation results
is shown in Fig. 5(a). The adjusted R2 is 0.907.

In this scenario, the smoke detector works well, and detection time can be
assumed to occur when the smoke layer descends to 5% of the compartment
height. Similarly, the analytical expression of detection time may also be deter-
mined.

Table 9
The selected values of the input parameters for CFAST multiple runs

Parameter Value

Fire growth rate (kW/s2) 0.001 0.002 0.005 0.012 0.027 0.047 0.188

Area (m2) 1000 1200 1500 1600 2000 2500 3000

Height (m) 3 4 5 6 7 8 9 10
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tdet ¼ 0:077a�0:257H�0:669A0:876 ð27Þ

The corresponding adjusted R2 is 0.990. The regression results and original
CFAST results are shown in Fig. 5(b).

The analytical expressions of ASET and smoke detection time for Scenario 2
and 3 can be similarly determined by above process.
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