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The probabilistic approach to the evaluation of fire hazard and the effectiveness of
fire-precaution measures enables a rational response to the randomness of fire outbreaks.
This article employs the statistical analysis methods to elucidate the causes for the ignition
of fire on a random sample of industrial buildings in the Republic of Slovenia. The analy-
ses are based on the Structural Equation Modeling (SEM), which is a well-established and
important statistical analysis technique in the fields of biology, psychology and medicine,
but hitherto rarely applied in safety research. The results of the study demonstrate that for
the analyzed random sample of industrial buildings the frequency of fire outbreaks statisti-
cally significantly depends only on the presence and the probability of exposition to the
heat sources (flames, sparks, and hot surfaces), but does not significantly depend on the

available quantity of flammable materials within the industrial structure.
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Introduction

Over 2000 fires of various extents break out
annually in the Republic of Slovenia (RS).!? Many
of these fires are not predictable, especially those
that break out in the private residential areas (apart-
ments, houses, dumpsters, etc.). The fire outbreaks
in the industrial structures and areas often occur
due to some inappropriate action(s) by the workers
employed there.

Therefore, it is important to ask whether there
exist some predictable causes for the ignition of in-
dustrial fires. Based on the reports on some 75,000
work-related accidents, Seo® established that 88 %
of accidents were caused by the inappropriate ac-
tions of workers. However, when discussing the
“human factor”, one is well advised to exercise cau-
tion. Petersen* concluded that the key causes for the
majority of work-related accidents are linked to ac-
tions of the management, control, or to their qualifi-
cations. This conclusion is echoed by Heinrich et
al.,’ who suggested three fundamental causes of ac-
cidents. “While we often think of hazardous acts
and conditions as the basic causes of accidents, they
are actually only symptoms of failure. The basic
causes are usually traceable to poor management
policies and decisions, and personal and environ-
mental factors”. In the USA work-related accidents,
the “human factor” exerts the most important influ-
ence (in order of their importance) on the condi-
tions of preventive rescue, conditions before injury,
activities during the accident, location of the fire

*The corresponding author; E-mail: joze.srekl@fkkt.uni-lj.si
Phone: + 386 1 5007604 Fax: + 386 1 5007610

outbreak, and causes of injury.® Like many other
natural processes the fire sequence can be under-
stood as a stochastic process, in which every event
is mainly characterized by its spatial location, time
of occurrence, and size of the fire affected area.’

There are two fundamentally different ap-
proaches to the fire hazard analysis: the deterministic
and the probabilistic. The deterministic approach
considers the fire outbreaks to be connected directly
to the preceding mistakes. The general methodology
of the probabilistic approach to the fire hazard analy-
sis, on the other hand, enables connecting the vari-
ous aspects of fire safety precautions and the ignition
of fire. The probability approach offers rational
methods of dealing with the inherently random na-
ture of fire hazard and ensuring effective fire safety
measures. In this approach, the fire hazard is defined
as the product of the probability of fire ignition and
the probable damage in the event of fire outbreak.

Most of the fire-hazard analysis models focus
on the possible extent of damage and the concomi-
tant economic loss, the size of the affected area or
the duration of the fire. Therefore, the goal of this
study is to elucidate the relation between the proba-
bility of the fire outbreak and the conditions within
the industrial structure by employing the Structural
Equation Modeling (SEM) technique.

Fire ignition

For a fire outbreak to occur three basic precon-
ditions are necessary: a source of ignition, fuel
(flammable materials), and oxygen. The main
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source of oxygen is normally freely available in the
surrounding atmosphere and no additional source is
usually required. Even in closed industrial struc-
tures fresh air is supplied via the ventilation sys-
tems.

Thus, we can conclude that the main cause of
fire ignition lies in the combination of ignition
sources and flammable materials. Ramachandran®
opines that the probability of a fire outbreak de-
pends on the nature and number of ignition sources
in the structure. His analysis of fire statistical data
for the groups of structures with similar fire hazard
demonstrates that the probability of a fire outbreak
depends on an exponential function of the structure
area.

In his study, Holborn® showed that flames are
the main cause for almost half (44 %) of all fire
outbreaks in London. The high frequency of fire
outbreaks and the concomitant damage, injuries,
and fatalities is intimately related to the presence of
flames is the conclusion that applies to all kinds of
structures. In industrial buildings and warehouses,
the most commonly encountered sources of flames
include various tools and industrial (especially
welding and cutting) equipment. The next most
common cause of fire outbreaks are electrical in-

number of fires

1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004
year

. 1 — The number of fire outbreaks in non-residential structures

in the RS during the 1991-2004 period'?

on the fire outbreaks occurring in industrial struc-
tures, we must bear in mind that the activities there
are normally conducted in accordance with strict
professional rules and regulations. Failures and
mistakes are rarely the cause of fire outbreak. In
fact, there is no unambiguous answer in the fire sta-
tistics to the question as to why the fires in the in-
dustrial structures occur. Since a fire outbreak is a
relatively rare event, it is difficult to find any corre-
lation between the working process conducted in
the industrial structure and the causes of ignition.
Therefore, we have analyzed a random sample

comprising 134 different industrial structures (met-
allurgy 25 %, chemical industry 20 %, wood indus-
try 17 %, food industry 7 %, hotels and restaurants
13 % and warehouses 16 %) with the sole purpose
of establishing whether there exists any connection
between the activity conducted in the structure and
the fire frequency. The areas of the analyzed in-
dustrial structures range between 40 m? and
125,000 m?, with 57 structures with areas smaller
than 1,000 m2, 41 structures with areas between
1,000 m? and 10,000 m?, and 15 structures with

stallations.

Lizhong'® analyzed the fire statistics in China
and concluded that faulty electrical installations are
the leading cause of fire outbreaks, followed by
open fires in everyday use, smoking, and disregard
for fire safety precautions.

According to Hashofer and Thomas,® the avail-
ability of flammable materials (fuels), such as tex-
tiles, gasoline and other oil derivatives, gas, wood,

flammable synthetic (polymer) materials etc., is an-
other important cause of fire outbreaks. In indus-
trial structures and warehouses, flammable materi-
als are the main cause of fire outbreak and spread-
ing.

Fire statistics in the Republic of Slovenia

The number of fires has increased 60 % over
the last 15 years. This number is excessively high
for a small country with some two million inhabit-
ants. Excluding the residential areas, statistics show
a much smaller increase, which still exceeds 30 %
during this period. It also worth noting that the total
damage associated with industrial fires dwarfs the
damage to the residential structures.

The most common cause of fire outbreak is the
presence of open flames, followed by spontaneous
ignition, and finally various smoking (tobacco)
products. In approximately 30 % of the fires, the
cause of the outbreak is unknown. When focusing

areas greater then 10,000 m?.

The area of structures
and the frequency of fires

A review of statistical studies on this subject

shows that the probability of fire ignition can be
given as:?

P(A) = K A° (1)

where A denotes the structure area, and K and « are
the constants for the specific group (risk category)
of the structure. This conclusion was reached on
the basis of the fire statistics in the UK, and does
not include influence of the number of people,
or their activities in the area under consideration.
Brandyberry and Apostolakis,'! however, claim that
the frequency of fire outbreaks depends on the fre-
quency of exposition to various sources of heat.
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In the Slovenian case, the area of structures ex-
erts only a very weak influence on fire frequency.
By applying the statistical multivariate regression
on our sample of structures, we tried to find a con-
nection between the fire frequencies, the area of
structures, the daily working hours, and the number
of people employed in the structure. This resulted
in the regression equation (computing with
LISREL):

f+=00397 — 002514 + 0.609¢ + 0.00111n + error(2)

S ... fire frequency, 4 ... structure area, ¢ ... daily
working hours, and #n ... number of employees. All
variables are standardized.

The fire frequency statistically significantly de-
pends only upon the daily working hours (i.e. “ex-
position time”). By applying the SEM technique on
our studied random sample, we obtained a statisti-
cally significant covariance between this parameter
of the structure and the fire frequency (Table 1).

Table 1 — Covariance between fire frequency and structure

parameters
A t n
f 0.00 0.40 0.00

On the basis of these results, we can conclude
that the fire hazard in industrial structures is not
significantly related to the area of the structure, but
rather to the working hours. The most acute risks
are posed by early morning and late night work.
The statistical data showed that the majority of fires
broke out during these two critical periods. Longer
working hours thus also include more “critical
time”, hence the longer workday also poses greater
risk of a fire outbreak.

The SEM analyses

Data acquisition

The main goal of this study was to construct a
theoretical model relating the frequency of fire out-
breaks to different parameters of the structure (sur-
face area, share of flammable building materials),
the working processes conducted in these structures
(with particular emphasis on the available source of
ignition in these processes), and the flammable ma-
terials utilized in them. The most pertinent question
in our analysis is why the fire occurs. Our expecta-
tions are that the answer to this question lies in the
combination of available quantities of flammable
materials, and the presence of open flames or

sparks (sources of ignition). The technological pro-
cesses are conducted in a work environment where
many different factors influence fire safety. There-
fore, the multiple regression method would ostensi-
bly seem to be the most appropriate statistical anal-
ysis method. However, this method ignores the pos-
sible mutual dependence of different factors.
Hence, we believe that the SEM offers a superior
approach to fire statistics analysis. If we disregard
the extent of damage incurred in the fire, we must
focus our analysis on the causes of fire ignition.
The statistical study of the sample attempts to find
the correlations between the conditions in the struc-
ture, and the number of fires during a certain period
(fire frequency). Thus, our studied random sample
of 134 structures included the gathered data regard-
ing the type of activities within the structure, num-
ber of employees, area and volume of structure,
types of construction materials, types of materials
utilized in the work processes (with special empha-
sis on dusts and flammable materials), transport of
flammable materials within and between the struc-
tures, availability of heat sources (open flames,
sparks, hot surfaces), electrical installations (age,
maintenance, condition), the number of smokers in
the workforce. This data is analyzed for any possi-
ble correlations with the fire statistics — i.e. the
number of fire outbreaks within the last 5 and 10
years. Since many of these variables in our sample
showed no correlation (i.e. the correlation coeffi-
cient was nearly zero) with the fire frequency —
they were either independent or negatively dependent
— they had to be eliminated from further analysis.

A characteristic of the studied random sample
is that it contains structures in which the mean value
of the fire frequency during the 5 year period exceeds
1 (averagel = 1.0672 and average2 = 1.2164).
This average includes all known fire ignitions, re-
gardless of whether they escalated to a sizable fire.
About one third of the studied structures suffered at
least one fire outbreak, and more than half of these
had multiple fire outbreaks during this period (Fig.
2).
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Fig. 2 — Number of structures related to the number of fire
outbreaks over two 5-year periods
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The sources of ignition are present in two
thirds of the studied structures. Twenty percent of
the structures have total exposition time (number of
sources multiplied by the average monthly exposi-
tion time) higher than 1000 h, which in average
translates to more than one permanent source of ig-
nition (Fig. 3).
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No flammable materials are utilized in 41 % of
structures. In the rest of our studied sample, the
average value of flammable materials utilization is
157 t y!, with the standard deviation of 1242 t.

The model construction

The multiple regression method contains the
dependencies between the endogenous variables,
which measure the probability of ignition, and the
exogenous factors of the work process. However,
the regression does not take into account any possi-
ble interconnections between the exogenous fac-
tors. We expect that some interconnections exist be-
tween the working time, exposition to the sources
of ignition, quantity of flammable materials, num-
ber of workers etc. Therefore, we have decided to
apply the SEM approach with the LISREL (linear
structural relationship) model to the fire statistics
analyses, since this approach enables the analysis to
encompass the internal interdependencies between
the various factors. The LISREL model consists of
two basic components:!?

1. The structural model with a matrix equation:

n=Bn+IE+¢ 3)

2. Two measurement models:
y=Amn+e 4)
x=A&+0 (%)

In the above equations 7 and & denote the vec-
tors of latent variables, x and y the vectors of ob-
served variables, ¢ and & the vectors of measure-
ment errors, and  the vector of structural errors. y
and 5 denote the endogenous (dependent) variables,
while &, x, €, 0, and ¢ are the exogenous (independ-

ent) variables. Ay and A, are the matrices of the
factor weights between y and #», and between x and
&, respectively. From the eq. (3) we obtained:

n=0-B) ' Té+(-B)'¢ (6)

Where B (beta, BE) is the matrix of the regres-
sion coefficients for #, and I" (gamma, GA) is the
matrix of the regression coefficients between # and
. Tt can be assumed that the mean value of ¢ is 0,
with no loss of generality.

The first SEM model

The first step in the construction of SEM
model is the selection of several characteristic vari-
ables. As emphasized previously, the preconditions
for the ignition of a fire are the exposition to vari-
ous sources of ignition, and fuel (flammable materi-
als), since the source of oxygen is normally already
provided by air. In this analysis we have neglected
the flammable construction materials, thus focusing
on the materials utilized in the work processes. The
next step is to select the measurement model for the
exogenous variables x and the latent variables §
(Table 2).

Table 2 — Exogenous (x) and latent (&) variables

Latent
Exogenous variables, x variables,
g
LFMAT = logarithm of the total monthly mass
of flammable materials
CLEAN_ M = flammable cleaning materials
(variable range: frequent use-2, rare-1, never-0).
How frequent is the use of flammable cleaning material

materials in industrial structures.

TRANSP = (nominal variable) If transport of
flammable materials within the structure exists,
we have a value-1, otherwise the value is 0.

LNF = logarithm of the product of the number
of open flame sources and the time of exposition

LHA = logarithm of the product of the number initial
of hot surface sources and the time of exposition
LSPA = logarithm of the product of the number
of sparks sources and the time of exposition

The measurement construct for the exogenous
variables — the ignition sources and fuel — is sche-
matically presented in Fig. 4.

All values in the matrix of the regression coef-
ficients (see Table 3), obtained with the LISREL
program package (LISREL 8.1, Scientific Software
International), are statistically significant, as shown
in Table 3 (z-values are greater than critical value).
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Fig. 4 — Measurement construct for the sources of ignition
and fuel

Table 3 — Matrix of the regression coefficients (Values in
table: estimates (standardized solution) t-value)

Ay :
material initial

LFMAT 1.59 (0.85) 5.92

CLEAN M 0.26 (0.32) 3.16

TRANSP 0.40 (0.51) 4.57

LNF 1.10 (0.87) 9.75
LHA 0.69 (0.49) 5.47
LSPA 0.88 (0.72) 8.16
ER _EI —0.14 (—0.28) —2.95

However, the structural model also shows (see
Fig. 5) that there is no statistically significant corre-
lation between the fuel quantity and the fire fre-
quency (#-value is smaller than critical value).

0.32

D

Fig. 5 — LISREL path diagram for the first SEM model

=094

From this model we derived eq. (7), which re-
lates the first latent variable initial to the endoge-
nous variable that measures the fire frequency (/).
The variation of this endogenous variable is 0.94,
which means that the explained variance is barely
6 % !

fr = 025 initial — 016 - material + 094 (7)

The model thus indicates that the available fuel
quantity has no statistically significant influence on
the fire frequency. The latent variable initial that
represents the influence of all sources of ignition,
on the other hand, clearly exerts a statistically sig-
nificant influence on the fire frequency.

However, the results of the model fit are quite
poor, as may be seen from the LISREL program
calculation (Table 4): with the well fitted models
the GFI and AGFI indices both had values higher
than 0.95, which led us to reject this model.

Table 4 — First SEM model fit indices calculated by the
LISREL program package

Degrees of Freedom 24

Minimum Fit Function Chi-Square 48.78 (P = 0.0020)

Goodness of Fit Index (GFI) 0.92
Adjusted Goodness of Fit Index (AGFI) 0.85
Root Mean Square Residual (RMR) 0.15

The second SEM model

The second SEM model was constructed in or-
der to analyze the correlations between the fire fre-
quency and the three exogenous indicators. As
noted, the ignition sources, the work hours, and
flammable materials are most intimately related to
the frequency of fire outbreaks, or at least to the
probability of fire ignition. To elucidate the correla-
tion of the available fuel quantity with these indica-
tors, we constructed a model comprising three inde-
pendent indicators. All sources of ignition were in-
corporated into a single variable (%ot), defined as:

log hot = log(1+ nt, + nyt, + nst;)  (8)

In eq. (8) n, is the average number and 7, the
average time of exposition for the sources of open
flames (1), hot surfaces (2), and sparks (3). The
construct of interdependencies is shown in Fig. 6.

In Fig. 6, time (¢) denotes the work hours (8,
12, 16, or 24 h), material is the logarithm of the
available fuel quantity (in kg). The selected de-
pendent latent variable f; is the expected fire fre-
quency, and the two independent indicators are the
number of fire outbreaks during the two five-year
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)

J5,(5) |-

Fig. 6 — Construct of interdependencies for the second
SEM analysis model

periods: 1996—2000 (/% (5)) and 2001—-2005 (/7 (5)).
In the equation we used the standardized values
without units.

We derived the SEM model equation (see Fig.
7) as follows:

£,=016-log_hot+046-t—016-log m+0.74 (9)

— log_hot \

0.18

-0 .74
100 —  time 0.46

-0.16

/

Fig. 7 — LISREL path diagram for the second SEM model

material

The results of the model fit calculations for this
SEM model show a very good fit, with the NFI in-
dex higher than 0.95, and the GFI index equal 1. As
may be seen, the available quantity of flammable
materials (fuel) has no statistically significant influ-
ence on the fire frequency (z-value is lower than 2).
The reasons for this somewhat unexpected result
may be found in the very strict legislation regarding
flammable materials in the RS. Furthermore, the
observation period is rather short, and the sample is
small, so it will be necessary to collect data for a
longer period to verify this conclusion reliably.

The reduced SEM model

Since both SEM models, regardless of their fit
results, indicate strongly that the available fuel
quantity exerts no statistically significant influence
on the fire frequency in the researched random sam-
ple, the last step in our SEM analysis entails the re-
duction of the second SEM model to only two inde-
pendent indicators: the logarithms of the work
hours, and the time of exposition to the ignition
sources. The logarithm of time is used because the

1.00— fog_hot 5 0.17
0-15 0.91 A0
0.24
0.34 1.02
I.DU };1(5) DIDq

Fig. 8 — LISREL path diagram for the reduced SEM model

Table 5 — Reduced SEM model fit indices calculated by the
LISREL program package

Degrees of Freedom 1

Minimum Fit Function Chi-Square 0.027 (P = 0.87)

Goodness of Fit Index (GFI) 1.00
Adjusted Goodness of Fit Index (AGFI) 1.00
Root Mean Square Residual (RMR) 0.0081

fitting of model is much better. The LISREL path
diagram for this reduced model is shown in Fig. 8.

The equation of the reduced SEM model is:
f;y =015 log_hot + 034 log ¢+ 084 (10)

As may be seen from Table 5, the results of the
reduced SEM model fit are much better than in the
case of the first SEM model, and the explained
variance is 16 %. These results led us to accept the
reduced SEM model.

The measurement equation gives the relation
between the fire frequency and the number of fire
outbreaks in a five-year period.

f1,(5)=102- f; (11)

With the aid of egs. (10) and (11) we can calcu-
late the boundary functions of the fire frequency,
which correlate the work hours to the time of expo-
sition to the sources of ignition in the work process.
Fig. 9 shows the boundary functions for probable 2,
3, and 4 fire outbreaks during a five-year period.

25

2004 2 fives per § years

25
4 fives per B ears
20 -

3 fires per B mears

15 1

EXpOsUre

10 4

u] a 10 158 20 25 a0

wiorking hours

Fig. 9 — Boundary functions for probable 2, 3, and 4 fire
outbreaks during a five-year period
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Conclusions

The SEM analysis is a statistical method that is
not applied often in the fields of safety and fire
safety sciences. The application of the SEM method
presented in this study demonstrates that it is useful
in the search for conclusions based on sample data.
The result of this method in general does not evalu-
ate a specific situation numerically, but rather helps
explain the correlations between the observed indi-
cators and the consequential values of variables.

Our analyses of the fire statistics of a random
sample of 134 industrial structures in the RS show
that there exists a significant correlation between
the number of fire outbreaks and the exposition to
the sources of ignition. The mean number of fires in
the studied sample is 1.2, which means that each
structure on average suffers at least one fire out-
break in five years. The probability of more fire
outbreaks increases rapidly with increasing time of
exposition to ignition sources. Our model also indi-
cates that longer working hours statistically signifi-
cantly influence the probability of fire outbreaks,
especially during the critical periods of the day, i.e.
in the early morning, late evening, and at night.
These conclusions are well supported by the fire
statistics of the RS for the 1991—2004 period,'?
which show that most of the fire outbreaks occur
during these critical periods. Eq. 10 shows that
there exists a statistically significant relationship
between the frequency of fires and longer working
hours, which includes the critical time of day. The
fire statistics further show that the majority of fires
break out due to the exposition to various ignition
sources (open flames, sparks, and hot surfaces). The
boundary functions give the necessary length of av-
erage monthly exposition to ignition sources in or-
der to expect a specific number (in this study 2, 3,
and 4) of fire outbreaks in the structure within a
five-year period. Thus they can help to identify the
hazardous work processes, and hence the need for
stricter fire safety measures.

List of symbols and abbreviations

A — structure area
B — regression coefficient matrix
fy  — fire frequency

— constant in eq. (1)

= >

— number of employees

=

— average number

~

— probability

~

— time, h

~i
|

average time, h
t — test

observed exogenous vector

observed endogenous vector

exponential constant

regression coefficient matrix

measurement error vector

measurement error vector

structural error vector

X
y
a
r
0
I3
¢
n — latent endogenous vector
&

— latent exogenous vector

A — factor weight matrix

SEM - structural equation modeling
LISREL — linear structural relationship
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