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Abstract. Ensuring occupants’ safety in building fires is one of the most important aspects for fire safety engineering. 
Many uncertainties are inevitably introduced when estimating the occupant safety level, due to the high complexity of fire 
dynamics and the human behaviour in fires. Safety factor methods are traditionally employed to deal with such uncertain-
ties. This kind of methods is easy to apply but leaves fire safety engineers unsure of the margin by which the design has 
failed. A method of linking safety factor and probability of failure in fire safety engineering is proposed in this study. An 
event tree is constructed to analyse potential fire scenarios that arise from the failure of fire protection systems. Consider-
ing uncertainties related to fire dynamics and evacuation, the traditional deterministic safety factor is considered as a ran-
dom variable. Because there is no target probability of failure accepted by the whole fire safety engineering community, 
the concept of expected risk to life (ERL) is integrated to determine the target probability of failure. This method employs 
a Monte Carlo Simulation using Latin Hypercube Sampling (LHS) to calculate the required safety factor. A practical case 
study is conducted using the method proposed in this study.  
Keywords: probability of failure, safety factor, Monte Carlo simulation, fire safety engineering, uncertainty analysis. 
Reference to this paper should be made as follows: Kong, D.; Lu, S.; Frantzich, H.; Lo, S. M. 2013. A method for linking 
safety factor to the target probability of failure in fire safety engineering, Journal of Civil Engineering and Management 
19(Supplement 1):  S212–S221. http://dx.doi.org/10.3846/13923730.2013.802718 
 

Introduction 
The rapid development of big cities in China has seen the 
construction of a large number of high-rise buildings. 
Due to the complexity of such buildings and the large 
number of occupants in them, once fire occurs, people 
may have difficulty evacuating and suffer injuries or 
death. Many large fires have occurred recently with high 
death tolls (Guo, Fu 2007). For example, a fire at Dongdu 
Mansion in Luoyang, Henan province on 25th Dec. 2000 
caused 309 deaths. Forty-four deaths and 88 injuries re-
sulted from the fire that occurred in a club in Shenzhen, 
Guangdong province on 20th Sep. 2008. On 15th Nov. 
2010, a fire that occurred in an apartment building in 
Shanghai caused 58 fatalities and 71 injuries. One of the 
most essential requirements for fire safety implementa-
tion in a building is safe evacuation from building in the 
event of fire (Papinigis et al. 2010). Reasonable fire safe-
ty design and management are two measures essential to 
achieving this goal. Fire safety management mainly deals 
with the phase when the building is ready to be used (i.e. 
excluding the construction phase), and can be enhanced 
by keeping the fire load density low, allowing the fire 

protection system to work well. As regards of the fire 
safety design, performance based fire protection design 
(PFPD) is now increasingly employed for high rise build-
ings as an alternative to prescriptive fire protection design 
(Hadjisophocleous et al. 1998). In PFPD, two types of 
timelines are compared to determine the occupants’ safe-
ty level: available safe egress time (ASET) and required 
safe egress time (RSET), as shown in Figure 1. Occu-
pants are believed to be safe if the former is larger than 
the latter. Otherwise, fatalities may occur. ASET is usual-
ly estimated by applying fire dynamic models with user-
specified input while RSET is generally estimated by 
using evacuation models or analytical calculations (Nel-
son, Mowrer 2002). Research in the field of the calcula-
tion of ASET relies on physical factors, while the calcula-
tion of RSET mainly depends on human behaviour. Due 
to the complexity of fire dynamics and human behaviour 
during the evacuation from fires, ASET and RSET are 
subject to uncertainties (Magnusson et al. 1996). The 
uncertainties associated with ASET and RSET during 
calculation are an important consideration if reasonable 
PFPD results are to be obtained. 
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Fig. 1. Timeline for evacuation in building fires 
 

There are two main methods of factoring uncertain-
ties into fire safety engineering. The traditional method 
considers the safety factor. This method is generally em-
ployed by considering a limited number of fire scenarios 
using deterministic methods. The selected fire scenarios 
are considered to represent the most likely or most severe 
scenarios. All possible uncertainties associated with de-
sign parameters are determined and deterministic values 
for these uncertain parameters are employed. Fire safety 
engineers then evaluate these uncertainties using their 
experience and assign a safety factor to represent each 
one. ASET is compared with the product of the assigned 
safety factor and RSET. Hence, the safety factor method 
can be considered a deterministic method. Safety factors 
have been widely employed in fire safety engineering due 
to their simplicity. However, the selection of safety fac-
tors is subjective and depends heavily on the fire safety 
engineers’ experience. Such subjective selection is diffi-
cult to confirm or disprove and may introduce additional 
uncertainties into results, leaving decision makers dissat-
isfied with the results. Furthermore, even if a sufficiently 
accurate safety factor can be assigned, the probability of 
failure and fire risk still cannot be quantified: this method 
leaves fire safety engineers unsure of the margin by 
which a design has failed. Correspondingly, the changes 
which must be made to satisfy the required safety level 
and how best to effect these changes are also unknown.  

Probability-based methods have been proposed as 
an alternative way to allow for uncertainties in fire safety 
engineering. Such methods allow available uncertain data 
to be incorporated into ASET and RSET and evaluate the 
probability of failure, i.e. the probability of ASET being 
smaller than RSET. One probabilistic method, the Beta 
method (Frantzich 1998), is increasingly accepted in fire 
safety engineering. Although the probability-based ap-
proaches are superior to the safety factor method when 
considering uncertainties, they are seldom employed by 
fire safety engineers, many of whom fear that such meth-
ods will prove complex (He 2010). Therefore, we seek to 
propose a method which will combine the best features of 
safety factor and probability methods, in order to provide 
fire safety engineers with a guide to selecting reasonable 
safety factors. The proposed method should be able to 
answer the following two questions: 

(1) What is the probability of failure of a given safe-
ty factor? 

(2) How large a safety factor should be assigned to 
ensure the required acceptable probability of 
failure falls within the required range? 

Even though the necessity of relating safety factors 
and probability of failure in fire safety engineering has 

long been recognized, progress in this research area has 
been very slow. 

Ramachandran (1995) proposed a method of calcu-
lating the safety factor when the mean and standard devi-
ation of fire resistance and severity are known. In this 
study, both fire resistance and severity are simply consid-
ered as two normally distributed variables. He (2010) 
made some attempts to link safety factor and probability 
of failure in performance-based fire protection design. He 
found that the probability of failure is not only a function 
of the safety factor, but also depends on other parameters, 
such as the variation coefficient of RSET. However, as in 
Ramachandran’s study, ASET and RSET are simply 
treated as two uncertain parameters in He’s work, rather 
than a function of uncertain input parameters, such as fire 
growth rate and pre-movement time.  

In general, ASET and RSET cannot be described by 
only two random variables, but rather by functions of a 
set of random variables. Hence, a method of linking safe-
ty factors and the target probability of failure is proposed 
in this study, in which ASET and RSET are described by 
functions of a set of uncertain input parameters. Since fire 
scenario design is essential to fire safety engineering, the 
event tree method is employed to construct possible fire 
scenarios. Considering uncertainties associated with 
ASET and RSET, the safety factor is treated as a random 
variable, rather than a traditional deterministic variable. 
Then a specific safety factor can be identified on its prob-
ability distribution, whose probability corresponds to the 
target probability of failure. Monte Carlo Simulation is 
employed to calculate the safety factor corresponding to a 
target probability of failure.  

The following sections describe the steps of the pro-
posed method. In Section 1, probable fire scenarios from 
an event tree are analysed with consideration of the relia-
bility of fire protection systems. In Section 2, the calcula-
tion method for the safety factor corresponding to the 
target probability of failure is illustrated. A method of 
setting the target probability of failure with regard of the 
expected risk to life is proposed. The concept of the ran-
dom safety factor and a method of calculating the safety 
factor based on Monte Carlo simulation are also de-
scribed in this section. In Section 3, a case study is given 
to demonstrate the method in detail. The final section 
presents the conclusions and a discussion of future re-
search. 

 
1. 
. . 
. Fire scenario analysis based on event tree 
Designing appropriate fire scenarios is very important in 
PFPD and fire risk analysis. The traditional approach is to 
select one or a few “credible worst scenarios”. A set of 
ASET and RSET is calculated for these scenarios to de-
termine the safety level. This method seemingly makes 
sense. However, it is difficult to select a “credible worst 
scenario” which is agreed on by all stakeholders. As there 
are many factors influencing fire spread and smoke 
movement, such as fuel characteristics, building geome-
try and fire protection systems, various fire scenarios may 
occur. For a given building, the fire scenarios differ sig-
nificantly depending on whether the fire protection 
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Fig. 2. Fire scenario generated by event tree 

 
systems, such as sprinklers and smoke control, function 
as expected. Hence, the reliability of fire protection sys-
tems plays an important role in the occurrence of differ-
ent fire scenarios (Chu 2007). When considering the in-
fluence of the reliability of fire protection systems on 
different fire scenarios, the event tree method is em-
ployed to generate various fire scenarios according to the 
success or failure of these fire protection systems. Given 
that the majority of casualties in fires are caused by inha-
lation of smoke, three basic events influencing smoke 
movement are considered here: sprinklers, automatic 
smoke detection and alarm, and manual smoke detection. 
The fire scenarios generated by event tree are displayed 
in Figure 2. 

 
2. Calculation of safety factors to target probability  
of failure  
2.1. The target probability of failure  
As stated above, the safety level of occupants in building 
fires is evaluated by comparing ASET and RSET. Where 
ASET is smaller than RSET, fatalities may occur. If we 
define the safety margin as follows: 
 .G ASET RSET= −  (1) 

Failure occurs when G < 0. The equation G = 0 is de-
fined as the limit state equation. More details of the limit 
state equation can be found in Magnusson et al. (1996).  

Due to the complexity of fire dynamics and the hu-
man behaviour during the evacuation from fires, there are 
many uncertainties associated with the input parameters, 
which make ASET and RSET uncertain. Considering 
these uncertainties, the limit state equation can be formu-
lated as: 
 1 2( , , , ) 0Mg X X X =� ,  (2) 
where: 1 2, , , MX X X�  are uncertain parameters, such as 
fire growth rate and occupant pre-movement time.  

The function form of g is usually unknown explicit-
ly or very complicated, the response surface method may 
be employed to derive the relationship between the uncer-
tain input parameters and the output. An introduction of 
response surface method is presented by Myers and 
Montgomery (2002). 

If uncertainties relating to ASET and RSET are con-
sidered, the event that ASET is smaller than RSET, i.e. 
the failure of occupants to escape to safety, should also be 

uncertain. The probability of failure exists if the distribu-
tions of ASET and RSET overlap, as shown in Figure 3. 
The probability of failure can be determined as:   

 ( ) 0
( )  ,

g
p f d

<

= ∫ X
X

x x  (3) 

where: p is the probability of failure; and ( )fX x  is the 
joint probability density function of the uncertain parame-
ters 1 2( , , , )MX X X=X � . 

 

 

Fig. 1. A schematic representation of uncertain ASET and 
RSET 

 
In order to ascertain the safety factor corresponding 

to the target probability of failure, the first step is to de-
termine the target probability of failure. There is currently 
no generally accepted target probability of failure, so a 
method of determining this target probability, integrating 
expected risk to life (ERL), is proposed in this study. 

Fire risk to life can be measured as the combination 
of the occurrence probability and the number of casual-
ties in a fire scenario (Sekizawa 2005), and can be ex-
pressed as follows: 

 ,i i iRisk C f= ⋅  (4) 
where: if is the probability of fire scenario i occurring; 
and Ci is the number of casualties for fire scenario i. 

When calculating the occurrence probability of a 
fire scenario, the first step is to determine the occurrence 
probability of basic events, in this case, activation of the 
fire protection systems. The occurrence probability of 
basic events can be broadly equated with the operational 
reliability of the fire protection systems. Although it is 
still difficult to acquire the accurate operational reliability 
data, some data are available from several sources, such 
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as fire reports and maintenance records. Using the event 
tree shown in Figure 2 and the operational reliability of 
the fire protection systems, the occurrence probability of 
each fire scenario can be estimated. 

According to He et al. (2002a), the number of casu-
alties of fire scenario i, iC , may be determined as fol-
lows: 

 ,i p iC N p= ⋅  (5) 
where: pN  is the number of occupants in the building 
and ip  is the probability of failure of fire scenario i. In addition, the expected risk to life is defined as follows:  

 
,

ig
p

f Risk AERL N
⋅ ⋅

=  (6) 

where: igf  is the fire ignition frequency, /(m2·year) and A 
is the area of the building, m2. Substituting Eqns (4) and 
(5) into Eqn (6), the target probability of failure, pti, can 
be determined as follows: 

 
,

acc
ti

ig i

ERLp f f A=  (7) 

where: ERLacc is the acceptable ERL. Once the acceptable 
ERL has been determined, the target probability of failure 
can be obtained. Hence, the only concern is to find an 
acceptable ERL value.  

Although code equivalency is one potential method 
of determining this value, it would involve a difficult 
task, due to the complexity and multiplicity of existing 
fire codes (Tanaka 2011). Another possibility is to use 
fire statistical data. When fire statistics are employed to 
determine an acceptable ERL value, it should be noted 
that acceptable ERL may vary among different societies. 
In this paper, the acceptable ERL calculated by the fire 
statistical data service in Beijing is adopted. 

 
2.2. The random safety factor 
As stated above, both ASET and RSET are associated 
with uncertainties. In order to allow for these uncertain-
ties, fire safety engineers normally introduce a safety 
factor, λ, which is usually defined as the ratio of ASET to 
RSET: 

 
.

ASET
RSET

λ =  (8) 

Traditionally, the safety factor is a deterministic parame-
ter and its value is determined by fire safety engineers’ 
subjective judgment based on their experience. However, 
the safety factor should be a random parameter rather 
than a deterministic one as both ASET and RSET are 
associated with uncertainties. In this way, the safety fac-
tor may be characterized by a certain distribution form as 
follows: 

 
2~ ( , ) ,ASET D

RSET
λ = µ σ  (9) 

where: D is the specific distribution form of λ, such as 
normal, uniform or log-normal distribution; µ and σ are 
the mean and standard deviation of λ, respectively. Given 
a target probability of failure pti for fire scenario i, a spe-
cific safety factor *

iλ  can be identified along with its 
probabilistic distribution, of which the cumulative proba-
bility equals tip , i.e.:  

 * *( ) ( ) ,i i tiF P pλ λ = λ ≤ λ =  (10) 
where: Fλ  is the cumulative distribution function of λ.  

Using inverse transformation, the safety factor cor-
responding to the target probability of failure can be de-
termined as follows: 

 * 1( ) .i tiF p−
λλ =  (11) 

Hence, once the safety factor distribution form is 
determined, it always corresponds to the safety factor for 
any specified target probability of failure. 

 
2.3. The calculation of the safety factor by Monte 
Carlo simulation using Latin Hypercube Sampling 
In order to calculate the safety factor corresponding to the 
target probability of failure, Monte Carlo simulation will 
be employed here. In Monte Carlo simulation, the proba-
bility of failure can be estimated as follows: 

 
,fi

np N=  (12) 

where: n is the number of samples for which λ<1, while 
N is the sample size. In other words, in order to satisfy 
the probability of failure, the number of samples which 
fail should be no more than n, i.e.: 

 .fin p N= ⋅  (13) 
The required safety factor can be determined as fol-

lows (Qu, Haftka 2004): 

 { }*
1 2( ) min , , ,th

Nn nλ = λ λ λ�  (14) 
where: nth min is the nth smallest safety factor among N 
safety factors by Monte Carlo simulation. This suggests 
that in fact the calculation of the required safety factor 
only requires sorting the lowest safety factors according 
to the required probability of failure in Monte Carlo sam-
ples.  

In practical fire safety engineering, the target proba-
bility of failure is usually very small, which means that 
the sample size of the Monte Carlo Simulation should be 
sufficiently large to obtain a good estimate of the corre-
sponding safety factor. In this situation, efficient sam-
pling technique is important for Monte Carlo Simulation. 
In this study, the use of Latin Hypercube Sampling (LHS) 
technique is recommended. 

LHS is a type of stratified sampling technique, orig-
inally proposed by Mckay et al. (1979). With the ad-
vantage of efficient stratification, LHS allows a large 
amount of information to be extracted from a relatively 
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small sample size. Moreover, LHS can generate random 
samples from the ranges of all possible values, thus giv-
ing insights into the tails of the probability distributions. 
LHS operates in the following manner to generate a sam-
ple size N from input variables x1, x2, …, xM with distribu-
tions D1, D2, …, DM. The random space for each input 
variable is exhaustively divided into N non-overlapping 
intervals of equal probability. One value is then randomly 
selected from each interval, with cumulative probability 
taken into consideration. The N values for x1 are paired 
without replacement and in a random manner with the N 
values of x2. The N pairs are combined randomly without 
replacement with N values for x3 to produce N triples. 
This procedure continues until the set of all input varia-
bles is combined.  

The method of calculating the safety factor corre-
sponding to the target probability of failure proposed in 
this paper can be concluded as shown in the flowchart, 
Figure 4. 

 

 
Fig. 2. The schematic framework for linking safety factors and 
target probability of failure 

 
 
 
 

3. Case study 
In order to demonstrate the method in more detail, a case 
study is presented. The building environment is a single 
fire compartment of a commercial building in accordance 
with the Chinese Code of Design on Building Fire Pro-
tection and Prevention (GB 50016-2006). The height for 
the single fire compartment is 6 m and the area is 
1100 m2.  

Using the event tree shown in Figure 2, four proba-
ble fire scenarios can be determined from the event tree 
analysis.  

 
3.1. Setting the target probability of failure 
As described in Section 2.1, the first step in setting the 
target probability of failure is to calculate the occurrence 
probability of each fire scenario. The occurrence proba-
bility of each basic event can be obtained from statistical 
data concerning the operational reliability of the fire pro-
tection systems, as shown in Table 1 (Bukowski et al. 
1999). The occurrence probability of each fire scenario is 
calculated as shown in Table 2. 
 
Table 1. Operational reliability of fire protection systems in the 

event tree (Bukowski et al. 1999) 
Fire protection system Operational reliability 

Sprinkler 0.93 
Smoke detection 0.72 
Manual detection 0.70 

 
In order to determine the acceptable ERL, statistical 

fire data from Beijing are adopted. According to statisti-
cal fire data from Beijing from 1998 to 2004 (Fire Ser-
vice Bureau 1998–2004), the annual fire casualty rate was 
1.02×10–5/year. Since about 1.9% of total fire casualties 
results from commercial building fires, the fire casualty 
fate in commercial buildings can be estimated as 
1.94×10–7/year, which can be considered as an acceptable 
ERL in this case. 

We take 4.12×10–6/ (year ·m2) (Ohmiya et al. 2002) 
as the fire ignition frequency. Using Eqn (7), the target 
probability of failure for each fire scenario can be esti-
mated. The results are shown in Table 2. 

 
Table 2. Occurrence probability and target probability of failure 

Fire scenario Occurrence 
probability 

Target probability of 
failure 

1 0.00588 7.28×10–3 
2 0.0132 3.24×10–3 
3 0.0504 8.49×10–4 
4 0.9300 4.60×10–5 

 
3.2. Calculating ASET and RSET with consideration 
of uncertainties 
ASET is usually calculated by fire dynamic models, such 
as field models and zone models. Field models are more 
accurate, but time-consuming. Compared with that of 
field models, the computation time of zone models is 
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rather short; however, the results are less accurate. None-
theless, zone models are still widely used in fire safety 
engineering because of their short computation time and 
acceptable level of accuracy. Since thousands of runs of 
fire models for Monte Carlo simulations are required, a 
two-zone model, CFAST, is adopted to predict fire and 
smoke movement.  

In PFPD and fire risk analysis, thresholds should be 
defined to determine the tenability limit, i.e. ASET. The 
tenability criteria may be smoke layer height, tempera-
ture, visibility and/or toxicity. For example, British 
Standards (2003) deemed that the threshold for the onset 
of untenable conditions is usually an upper layer interface 
position 2.1 m above the floor, average upper layer tem-
perature of 200 °C, or optical density of 0.1 m–1 with an 
upper layer interface position 2.1 m above the floor. 

From the hazard standpoint, smoke descent to a 
chosen level may be a reasonable criterion (Peacock et al. 
1993). Therefore, the time when smoke descends to 2.1 m 
is considered as an ASET in this paper. 

For further simplification, the response surface for 
ASET is derived using data from CFAST (Magnusson 
et al. 1996). The simplified equation for ASET can be 
expressed by: 
 0.26 0.44 0.541.67 ,ASET H A−= α  (15) 
where: α is the fire growth rate, kW/s2; H is the height of 
the compartment, m; A is the area of the compartment, 
m2. For a specific compartment, the height and area can 
be considered as deterministic.  
 

 

Fig. 3. Heat release rate curves of time-squared fire 
 

The selection of fire growth rate is based on expert 
discretion, often from NFPA’s slow, medium, fast and 
ultra-fast fires with the corresponding values of 0.00293, 
0.0117, 0.0469 and 0.188 kW/s2, respectively (NFPA 
1998). The corresponding heat release rate curves are 
illustrated in Figure 5. However, as Morgan (1998) notes, 
for a given occupancy there will in fact be a distribution 
of possible fire growth curves, depending on factors such 
as variation in fuel layout and location of the initial igni-
tion, etc. Holborn et al. (2004) suggested the observed 
fire growth rates for a range of different occupancy types 
were reasonably well approximated by log-normal distri-
butions, based on Greater London Area data from real 
fire incidents. Deguchi et al. (2011) analysed data for fire 
growth time and burned area in national fire statistics 
from Japan and obtained the distributions for fire growth 

rates in real fire situations. They also discovered that the 
distributions for fire growth rate in four kinds of build-
ings, namely, offices, residences, restaurants and stores, 
follow a log-normal distribution. Log-normal distribution 
is therefore employed to characterize uncertainty associ-
ated with fire growth rate in this study. 

RSET usually constitutes of three components: fire 
detection time, pre-movement time and movement time, 
i.e.: 

 .det pre moveRSET t t t= + +  (16) 
For detection time, the smoke detection system is 

assumed to be activated as the smoke height descends 
below the ceiling by 5% of the compartment height (He 
et al. 2002b). For manual detection success, the detection 
time is assumed to occur when the smoke layer height 
descends below the ceiling by 10% of the compartment 
height. For the scenario where manual detection fails, the 
time when the smoke layer height descends below the 
ceiling by 15% of the compartment height is assumed to 
be the detection time (Chu, Sun 2008). The detection 
times for these three scenarios can be calculated by the 
following equation: 

 

3
2 2 5
3 3

1
3

( 1) ,
0.0227

room room
det

H At
− −

  β − =   α 
 (17) 

where: β is 0.95, 0.9 and 0.85, corresponding to activa-
tion of the smoke detection system, manual detection and 
failure of manual detection, respectively. 

As stated above, the evacuation time mainly de-
pends on the human behaviour. The determination of 
human behaviour in fires has been studied approximately 
for 40 years (Bryan 2002a). Some typical human behav-
iour in fire, such as reentry (Bryan 2002b), panic behav-
iour (Paulsen 1984) and occupant cluster phenomenon 
(Bryan, Dinenno 1979), has been identified and studied. 
Furthermore, different types of human behavioural mod-
els are developed such as the behaviour sequence model 
(Canter et al. 1980), the role-rule model (Tong, Canter 
1985), the affiliative model (Sime 1985), and social in-
fluence model (Deutsch, Gerard 1955).  

Pre-movement time is influenced by occupant char-
acteristics, such as gender, emergency training level, age 
and occupant location (Zhao et al. 2009). This causes a 
variation in pre-movement time from individual to indi-
vidual. Previous studies suggest that pre-movement time 
should be characterized by a probabilistic distribution 
rather than a deterministic value. Some research results 
have confirmed that pre-movement time is a variable 
following a probability distribution, but the specific prob-
abilistic distribution form is still unknown. Previous stud-
ies indicate that a Weibull distribution (Maclennan et al. 
1999), log-normal distribution (Bensilum, Purser 2002) 
or normal distribution (Chu et al. 2006; Chu, Sun 2006) 
may be suitable for characterizing pre-movement time.  
In this study, normal distribution is employed to charac-
terize the pre-movement time.  
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Table 3. Uncertain parameters with their statistical parameters 
Parameter Distribution µ σ Range Reference 

Fire growth rate Log-normal –5.4 1.9 [0.029, 0.1879] Holborn et al. 2004 
Pre-movement time Normal 210 70 [20, 420] Jia et al. 2002 
Occupant density Normal 0.35 0.09 [0.1, 0.6] Zhang, Jing 2004 
Occupant flow of exit Uniform – – [1, 2] Polus et al. 1983; Fruin 1971 
 
For the value of pre-movement time, there have 

been extensive investigations by evacuation drills and 
post fire interviews (Gwynne et al. 2003; Fahy, Proulx 
2001; Gwynne, Boswell 2009). Since the focus of this 
paper is the method of linking safety factor and the prob-
ability of failure and the case study is only employed to 
demonstrate this method, no investigation of pre-
movement time is conducted here. Instead, the investiga-
tion results of pre-movement time for Chinese occupants 
conducted by Jia et al. (2002) are employed here. The 
statistical parameters are shown in Table 3.  

There are essentially two methods available for cal-
culating movement time during the evacuation, the more 
traditional analytical calculation approach and that which 
incorporates the use of evacuation models (Papinigis 
et al. 2010). Although evacuation models can provide 
more accurate results, especially in highly populated 
buildings with irregular geometry, a longer time than the 
analytical calculation is required to obtain the results, 
especially when the continuous evacuation models, such 
as FDS+EVAC, Building EXODUS, are used. As a sin-
gle regular-shaped room is analysed in this case, and 
Monte Carlo Simulation requires thousands of model 
runs, for the sake of efficient calculation, the traditional 
analytical calculation approach using an empirical formu-
la (Melinek, Booth 1975; Togawa 1955) is employed 
here: 

 
,eva

q At f W
⋅

=
⋅

 (18) 

where: q is the occupant density, person/m2; A is the area 
of the compartment, m2; f is the occupant flow rate per 
unit exit width, person/(m · s); W is the width of the exit, 
m. It should be noted that when the occupants move 
through the exit, they usually prefer maintaining a dis-
tance between themselves and the object in question such 
as a wall. Hence, the concept of effective width (Gwynne, 
Rosenbaum 2008) should be employed in the practical 
fire safety engineering design especially when occupants 
move through a corridor or passageways. However, as the 
case presented in this study is on a hypothetical basis and 
the geometry in this study is only a single fire compart-
ment with doors, the value of the width has little influ-
ence on the results. Hence, the effective width is not em-
ployed here. 

For a specific compartment, the area of the com-
partment and the width of exit can be considered as de-
terministic. Therefore, only uncertainties concerning 
occupant density and flow of exit are considered here. 
The distribution form and range of these uncertain pa-
rameters for calculating ASET and RSET are summarized 
in Table 3. 

3.3. Determining the corresponding safety factor for 
each fire scenario 
Having determined the target probability of failure and 
the limit state equation for each fire scenario, the next 
step is to calculate the corresponding safety factor ac-
cording to the procedure described in Section 2.3. As 
shown in Table 2, the target probability of failure for each 
fire scenario is very small; in order to obtain a good esti-
mate of the corresponding safety factor, the Monte Carlo 
Simulation sample size should be sufficiently large. To 
ensure that an adequate Monte Carlo simulation sample 
size is used in this study, a sample size dependence anal-
ysis was conducted. Taking Fire Scenario 1 as an exam-
ple, the analysis independently generated twenty groups 
of samples from the variables in Table 3. The sample 
sizes were 10000, 20000,…, 200000. The relative differ-
ences in these safety factors when using different sized 
samples are shown in Figure 6. It may be concluded that 
when the sample size exceeds 170000, there is no correla-
tion between sample size and the value of safety factors 
with the LHS technique. In order to ensure sufficient 
accuracy, a sample size of N = 300000 is used in the sub-
sequent calculation.  

 

 
Fig. 4. The relative difference of safety factors with twenty 
different sample sizes for Scenario 1 

 
The safety factor calculated for each fire scenario is 

as shown in Table 4. From these data it may be concluded 
that, when the risk of failure of all fire protection systems 
is combined, the target probability of failure in Scenario 1 
is largest. In order to address such a target probability of 
failure, the largest safety factor should be assigned to this 
fire scenario. Though the target probability of failure is 
different for Scenario 2 and 3, the safety factors are al-
most the same. The difference between Scenarios 2 and 3 
lies in the issue of whether the automatic smoke detection 
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and alarm systems operate successfully or not. The result-
ing minor difference in safety factors between these two 
scenarios suggests that the influence of automatic smoke 
detection and alarm systems when determining safety 
factors can be ignored in this case study. It should further 
be noted that there is no need to calculate the safety factor 
for Scenario 4. The reason is that the sprinkler system in 
Scenario 4 operates successfully, which implies that the 
fire can be successfully controlled or extinguished by 
sprinklers, and no casualties will occur. In this case, the 
actual probability of failure can be regarded as 0, which is 
smaller than the target probability of failure. 

 
Table 4. Safety factors with corresponding target failure proba-

bilities 
Fire scenario Target failure probability Safety factor 

1 7.28×10–3 1.87 
2 3.24×10–3 1.84 
3 8.49×10–4 1.83 
4 4.60×10–5 – 

 
Another thing that should be noted is that the 

ASET/RSET method, which is currently employed in fire 
engineering analysis, is a simple approximation of the 
evacuation process. This method ignores the wide varia-
tion in capabilities and physical conditions of occupants 
in fires, i.e. human behaviour in fires, and assumes that 
occupants evacuate in a robotic manner. However, the 
human behaviour in fires is actually very complex, occu-
pants do not evacuate in a robotic manner and their evac-
uation time may be much longer than that predicted by 
the robotic manner (Babrauskas et al. 2010; Chow 2013). 
How to incorporate human behaviour in fire into the cal-
culation of RSET is an important topic that should be 
studied in future. 

 
Conclusions 
A method of linking safety factor and probability of fail-
ure in building fire safety engineering is presented in this 
article. This method enables fire safety engineers to cal-
culate the margin by which a design incorporating a given 
safety factor has failed and to determine the changes 
which must be made to satisfy the required safety level in 
practical PFPD and fire risk assessment. Moreover, this 
method provides the fire safety engineers with a guide in 
selecting an appropriate safety factor to meet the required 
probability of failure. In order to select reasonable fire 
scenarios, an event tree is constructed, with consideration 
of the reliability of fire protection systems. Expected risk 
to life is integrated to determine the target probability of 
failure. The safety factor is treated as a random variable, 
with consideration of ASET and RSET uncertainties. A 
specific safety factor, whose cumulative probability cor-
responds to the target probability of failure, can be then 
found on its distribution. When calculating the safety 
factor, Monte Carlo simulation using LHS is employed. 
Due to the small target probability of failure, thousands 
of samples are required to obtain sufficiently accurate 
safety factor values. To demonstrate this method in detail, 

a case study is presented. Sample size dependence analy-
sis is conducted before the safety factor is calculated.  

It should be noted that this represents only the first 
attempt to combine safety factor and probability of fail-
ure: further studies should be conducted in the future. 

Firstly, given the thousands of model runs conduct-
ed in this study, the zone model was employed to calcu-
late ASET and an analytical calculation by empirical 
formula was used to determine movement time.  Due to 
the limited accuracy of zone models and empirical evacu-
ation formulae, the calculated safety factor is likely to be 
less accurate than that of field fire and advanced evacua-
tion models. Further research should consider how to 
employ more complex fire and evacuation models while 
maintaining an acceptable computation cost, in order to 
obtain more accurate safety factors using this method. 

Secondly, because of the simplicity and efficiency 
of LHS, Monte Carlo Simulation using LHS was adopted 
to calculate the safety factor corresponding to the target 
probability of failure. Though LHS is simple and effi-
cient, a sample size of 200000 was still required in this 
study to obtain sufficiently accurate safety factors values, 
since the target probability of failure is very small. The 
question of how to obtain a sufficiently accurate safety 
factor with a minimal number of simulation runs is im-
portant for the practical application of this method in fire 
safety engineering. 

Last but not least, this study considers some uncer-
tainties when calculating ASET and RSET. However, fire 
dynamics and human behaviour during evacuation from 
fires are highly complex and involve many uncertainties. 
Further studies should incorporate a considerable range of 
uncertainties, especially the human behaviour in fires, 
into ASET and RSET calculation to determine more ac-
curate safety factors corresponding to the target probabil-
ity of failure for reasonable PFPD results. 
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