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Fire is one of the most dangerous phenomena causing major casualties and financial losses in hospitals and healthcare settings. In
order to prevent and control the fire sources, first risk assessment should be conducted. Failure Mode and Effect Analysis (FMEA)
is one of the techniques widely used for risk assessment. However, Risk Priority Number (RPN) in this technique does not take
into account the weight of the risk parameters. In addition, indirect relationships between risk parameters and expert opinions are
not considered in decision making in this method. The aim is to conduct fire risk assessment of healthcare setting using the
application of FMEA combined with Multi-Criteria Decision Making (MCDM) methods. First, a review of previous studies on fire
risk assessment was conducted and existing rules were identified. Then, the factors influencing fire risk were classified according to
FMEA criteria. In the next step, weights of fire risk criteria and subcriteria were determined using Intuitionistic Fuzzy Mul-
tiplicative Best-Worst Method (IFMBWM) and different wards of the hospital were ranked using Interval-Valued Intuitionistic
Fuzzy Combinative Distance-based Assessment (IVIFCODAS) method. Finally, a case study was performed in one of the hospitals
of Shiraz University of Medical Sciences. In this study, fire alarm system (0.4995), electrical equipment and installations (0.277),
and flammable materials (0.1065) had the highest weight, respectively. The hospital powerhouse also had the highest fire risk, due
to the lack of fire extinguishers, alarms and fire detection, facilities located in the basement floor, boilers and explosive sensitivity,
insufficient access, and housekeeping. The use of MCDM methods in combination with the FMEA method assesses the risk of fire
in hospitals and health centers with great accuracy.

1. Introduction

Fire is one of the most dangerous phenomena causing major
casualties and financial losses [1]. Hospitals and medical
centers are among the places where a large number of fires
occur annually [2]. According to statistics from the US Na-
tional Fire Protection Agency (NFPA), between 2011 and
2015, 5750 fires occurred each year in the US hospitals [3].
Incidents around the world include the 1929, 1949, and 1950
fires in the United States that killed 125, 74, and 41 people,
respectively, and the 2005 fire in Costa Rica with 19 deaths,
the 2011 fire in India with 91 deaths, 2013 fires in Russia with

38 deaths, 2013 fires in Japan with 10 deaths [4], and fires in
2016 at 17 Shahrivar Hospital in Borazjan and Razi Hospital
in Tabriz with one death [5]. Fire occurs in hospitals for many
reasons, the most important sources of which are trash fires,
clothes, and curtains in nurses’ rooms, spark lights in nurses’
rooms, sparks from fluorescent lamps in warehouses, defects
in electrical systems and heating appliances, smoking in
personnel restrooms, kitchen fires, and intentional fires at the
site of waste collection [2]. In hospitals and healthcare centers,
fire safety is very important because evacuation of people with
disabilities and illnesses may be slower, resulting in more
deaths and financial damage. Therefore, fire risk assessment is
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important for identifying fire sources and selecting and
evaluating fire control methods [6, 7].

Different methods have been used to assess fire risk in
hospitals, including Analytic Hierarchy Process (AHP) [8],
checklist [9], NFPA101 [1, 10], Fire Risk Assessment Method
for Engineering (FRAME) [2, 11-14], and Failure Mode and
Effect Analysis (FMEA) [5]. One of the methods widely used in
hazard risk assessment, including the fire risk assessment, is
FMEA. The method was first formally applied in the US
aerospace industry in the 1960s. In this method, all paths that
may be malfunctioning under the system and the effect of these
defects on the system are investigated [15]. Traditional FMEA
used the Risk Priority Number (RPN) along with three pa-
rameters of detectability, probability, and severity to rank
defects [15-17]. However, traditional FMEA has some dis-
advantages as follows:

(1) In this method, the values of Severity (S), Detect-
ability (D), and Probability of occurrence (P) are the
same, although their degree of significance may vary,
so different combinations of S, P, and D can result in
an RPN value, defects with the same RPN may be due
to different factors and the nature of the risks created
[16, 17]

(2) The FMEA calculation does not consider the indirect
relationships between the parameters affecting risk
estimation [16]

(3) The parameters affecting the calculation of FMEA do
not cover the whole range of failure state factors such
as errors, inconsistencies and uncertainties [16]

Many studies have found that the FMEA method alone is
not sufficient and should be combined with other methods to
address the above limitations: Omidvari et al. [7] and Sar-
Abadani and Ghiysai [18] used the AHP method to weigh the
risk parameters. However, AHP has its own limitations and
was applied to the BWM method by Rezaei [19] in 2015. The
advantages of the BWM method over the AHP are that BWM
requires fewer comparisons and its final weights are highly
reliable and provides more consistent comparisons. More-
over, in the BWM pair comparison matrix, only integer
numbers are used which are much easier to use [19, 20]. Song
et al. improved the FMEA method by rough set theory to
assess human risk factors, which does not need much prior
information, but the proposed model assumes that each
failure mode is independent of one another [21]. Rezaee et al.
[22] and Chang et al. [23] used the fuzzy Data Envelopment
Analysis (DEA) model combined with FMEA for risk analysis
but this study did not consider the casual relationship be-
tween risks. There are other studies that have used MCDM
techniques in combination with MCDM methods including
tuzzy FMEA [24-26], fuzzy set theory and MULTIMOORA
[27], fuzzy linguistic theory [28], new fuzzy FMEA based on
fuzzy set theory and the VIKOR [29, 30], interval 2-tuple
hybrid weighted distance [31], interval-valued intuitionistic
fuzzy sets and the Multi-Attributive Border Approximation
Area Comparison (MABAC) method [32], Triangular Fuzzy
Number (TEN) with the BWM and fuzzy Multi-Objective
Optimization by Ratio Analysis (fuzzy MOORA) [33].
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As the review of the above studies has shown, the MCDM
techniques used in previous studies have not been able to
consider all the limitations of FMEA. Moreover, none of the
above mentioned studies have been conducted specifically to
assess fire risk in hospital and healthcare settings. Therefore, a
new approach based on Intuitionistic Fuzzy Multiplicative
Best-Worst Method (IFMBWM) and Interval-Valued Intui-
tionistic Fuzzy Combinative Distance-Based Assessment
(IVIFCODAS) was proposed for fire risk assessment in
healthcare buildings. Intuitionistic fuzzy was used to eliminate
the limitations of uncertainty in the FMEA because this set
examines uncertainties better than the fuzzy method. The
advance of intuitionistic fuzzy which first introduced by
Atanasovo in 1986 [34] over the fuzzy introduced by Zadeh in
1965 [35] is that in the fuzzy set theory, the membership degree
of the fuzzy number is between zero and one, and the degree of
nonmembership is only a complement of the membership
degree of one. But when the decision maker expresses his
opinion in the form of an element of the fuzzy set, he/she does
not consider the nonmembership degree as a complement to
the membership degree of one, and indeed there may be some
degree of doubt. Therefore, intuitionistic fuzzy sets are in-
troduced which are represented by two concepts of mem-
bership degree and nonmembership degree. These sets are a
good tool for describing ambiguous and inaccurate decision
information and addressing the uncertainty and ambiguity of
the decision making process [36]. The CODAS method, in-
troduced by Ghorabaee et al. in 2016 [37], is one of the MCDM
techniques in which the relationships of indirect parameters are
considered to calculate the utility of alternatives which makes
the results closer to reality compared to fuzzy MOORA,
MULTIMOORA, VIKOR, and fuzzy VIKOR. IFBWM have
also been applied to determine the weight of the FMEA criteria
and eliminate the limitations of AHP, fuzzy FMEA, and
TFNBWM methods.

In the continuation of the article, after explaining the
details of the proposed approach in this study, the results of
applying this approach to fire risk assessment in a medical
building will be presented in a case study.

The rest of this study is organized as follows: In Section 2,
the proposed approach of the study including identification of
risk factors for fires in healthcare buildings, determining the
weight of the criteria and ranking the hospital wards based on
fire risk, has been described. A case study is utilized to
demonstrate the proposed method in Section 3. Finally,
Section 4 presents the conclusions and limitations of the study.

2. Method

The study was conducted in two main stages. In the first
stage, the fire risk assessment method was developed based
on the FMEA method and MCDM techniques. Secondly,
this method was used in a case study to assess the risk of fire
in the hospital. Figure 1 shows the phases of the proposed
approach in this study.

2.1. Developing the Fire Risk Assessment Method. In this
section, a proposed fire risk assessment method, based on
FMEA combined with MCDM methods, has been described.
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Identification of factors affecting fire risk in healthcare buildings

Classification of factors affecting fire risk according to severity, probability, and detectability criteria

Designing the intuitionistic fuzzy multiplicative best-worst questionnaire to determine the weight of criteria and subcriteria

L

Completion of the questionnaire by the expert panel

4

Determining the weight of fire criteria (probability, severity, and detectability) based on the intuitionistic fuzzy multiplicative best-worst

Designing a combined distance-based assessment questionnaire for ranking the method

4

Completion of the questionnaire by the expert panel wards

¢

Ranking the hospital wards based on the interval-valued intuitionistic fuzzy combinative distance-based assessment

L

Determining the location with the highest fire risk method

FIGURE 1: Proposed approach steps.

2.1.1. Identification of Risk Factors for Fires in Healthcare
Buildings. At this stage, risk factors for fires in healthcare
buildings were extracted from previous studies [6, 7, 38-45],
using safe hospital standards [46] and national building
regulation [47] and consulting with a panel of ten experts
consisting of occupational safety and health experts working
in hospitals and hospital inspectors; the identified factors
were classified according to the criteria of the FMEA method
including probability, severity, and detectability of fire.

2.1.2. Determining the Weight of the Criteria and Subcriteria.
At this stage, the importance and weight of each fire risk
criteria and subcriteria were determined using the
IFMBWM, as follows [48]:

(1) Forming Expert Comparison Matrix. Fire risk criteria
and subcriteria were provided to the panel of experts using
IFMBWM questionnaire and they were asked to compare
the importance of each criteria and subcriteria by pairwise
comparison in terms of probability, severity, and detect-
ability. Comparisons were made using linguistic terms to
determine the importance of each criterion based on
intuitionistic fuzzy numbers (Table 1). Then, comparisons
matrix of experts was made according to their responses.

For Dbrevity to use Table 1, we denote
N={1,2,---,n}. X = {x;,x5,---,x,}.and S = {1,2,---, s}.
Let X be a fixed set, then an intuitionistic fuzzy multiplicative set
is defined as follows:

D ={(x - p; (x).7;(x))] x € X}, (1)

which assigns to each element x € X, a membership degree
I (x), and a nonmembership degree Vj (x) with the following
condition: 1/9 <y; (x)- 2 (x)<9- I (x)vj (x)<1.V, e X.

TaBLE 1: Linguistic terms to determine the significance of each
criterion based on intuitionistic fuzzy numbers [49].

Verbal expressions Score 7 Y s

Equally important 1 0.02 0.18 0.80
Intermediate 2 0.06 0.23 0.70
Moderately more important 3 0.13 0.27  0.60
Intermediate 4 0.22 0.28 0.50
Strongly more important 5 0.33 0.27 0.40
Intermediate 6 0.47 0.23 0.30
Very strong important 7 0.62 0.18 0.20
Intermediate 8 0.80 0.10 0.10

Extremely more important 9 1.00 0.00 0.00
1/2 0.23 0.06 0.7
1/3 0.27 0.13 0.6
1/4 0.28 0.22 0.5
1/5 0.27 0.33 0.4
1/6 0.23 0.47 0.3
1/7 0.18 0.62 0.2
1/8 0.10 0.80 0.1
1/9 0.00 1.00 0.00

u: degree of membership; v: degree of nonmembership; 7: degree of doubt.

Scale

(2) Formation of Intuitionistic Fuzzy Aggregate Matrix.
At this stage, the intuitionistic fuzzy matrix was formed
using the following equation:

A=TFWA, (A, 49,..., 49)

L wj n w}. (2)
= 1=[TC(=w)" - TT0)™ )

j=1 j=1



where p represents the membership degree and v represents
the nonmembership degree and w represents the weight of
each expert.

(3) Determining the Most and the Least Important Cri-
teria. After forming the matrix network of comparisons, the
most and least important criteria were finally determined. In
this step, according to Figure 2, all the effects (degree of
membership and nonmembership) of the matrix aggregated
between two criteria were recursively shown. In this case,
there will be two reciprocal vectors between two criteria that
were compared between them. Then, by selecting the vector
with the highest membership, the other vector will be deleted.

(4) Determining the Weight for Membership Degree Part.
At this step, the optimal weights of the set of vectors for
membership degree were calculated by the following equation:

* % = \T
(r) .1, 1, ),
Min £
Tb
s.t et~ Pbest.j Sf,
T
T
J
_Pj.worst SE’ (3)
Tworst

ZT]-:I,

=

21,2 2T,

sz,TjZO.foralljeN,

where 77 is the membership degree of importance.

(5) Determining the Nonmembership Degree Weights.
The optimal weights of the set of vectors for the nonmem-
bership degree were calculated using the following equation:

* * #\T
(v, )
min (,
V)
s.t oot O-best.j < (:
V)
- oj.worst < (a (4)
vworst

V<V, < - <Y,

(>0,7;>0.forallj € N,

where v} is the nonmembership degree of importance.
(6) Calculating the Consistency Ratio (CR). CR can be
taken as a measure to check the reliability of the weights. At
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9,1/9)

C_T)

(1/9,9)
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(9,1/9)

(b)

Ficure 2: Comparison between two criteria.

first, we identified the values of
Mpest.worst € {1,2,3,---,9} Vbest.worst € {1,1/2,1/3,---,1/9}.
Then, we obtained the smallest consistency and the corre-
sponding maximum possible values of
8" (i.e., max d) and ¢* (i.e., maxe) using Table 2. These
maximum values can be considered as the consistency index
1 (CI,) and the consistency index 2 (CI,). Consequently, by
maximizing the two ratios of the optimal values * to CI,,
and ¢* to CI,, we can obtain the consistency ratio as shown
in equation (5).

Consistency ratio = max{é—l1 . é—lz} (5)

The CR is a number between 0 and 1 that the smaller the
value, the greater the compatibility [48].

2.2. Ranking the Hospital Wards Based on Fire Risk. After
determining the weight of the criteria, the different hospital
wards were ranked using the IVIFCODAS method as
follows.

2.2.1. Forming the Fuzzy Decision Matrix. First, using a
questionnaire, experts were asked to rate the hospital wards
according to the criteria of probability, severity, and de-
tectability using linguistic terms in determining the im-
portance of the alternative based on Interval-Valued
Intuitionistic Fuzzy (IVIF) numbers (Table 3). Then, the
IVIF decision matrix (X;) was computed for each expert and
the fuzzy decision matrix will be calculated according to the
following equation:

5zlll“.‘sglml
X=Xl =| = 1)
anl'”Xnml

Xij = (el [ i)

where X,»jl represents the value of the IVIF function ith
alternative (i € {1,2,---,n}) with the jth criteria
(j e{1,2,---,m}) and Ith decision maker (I € {1,2,---,K}).
For each x € X, y;; and v;; are closed intervals whose lower
and upper end points are denoted by y;;, ¢, v;; and v,
Determining the IVIF weight of each criteria:

(6)
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TaBLE 2: Compatibility index 1 (CI, -
index 2 (CI, - maxe).

Poest worst 1 2 3 4 5 6 7 8 9
CI; - maxd 0.00 0.44 1.00 1.63 2.30 3.00 3.73 4.47 523
Opestwors 19 1/8 17 1/6 1/5 14 1/3 12 1
CI, - maxe 0.08 0.08 0.09 0.10 0.11 0.12 012 0.12 0.00

max §) and compatibility

TasLE 3: Linguistic terms in determining the importance of the
alternative based on intuitionistic interval fuzzy numbers [50].

Verbal phrases
Certain low (CL)

IVIF numbers
{[0.1, 0.25], [0.65, 0.75])

Low (L) ([0.2, 0.35], [0.55, 0.65])
Exactly equal (EE) {[0.5, 0.5], [0.5, 0.5])
High (H) {[0.55, 0.65], [0.2, 0.35])

Certain high (CH) {[0.65, 0.75], [0.1, 0.25])

W, =W ] (7)

where Wﬂ = ([y;j, ‘u}j], [7/17]-, v;rj]) is the Ith decision maker’s
(DM’s) judgement on the importance of the jth criteria.

Ixm’

2.2.2. The Expert Judgement Matrix Aggregation. At this
point, the expert judgement matrix aggregation was cal-
culated using the following equation:

A=TFWA,, (A", 4%,...,A9)
= 11=-T](1- f’”f,l—n 1-ut)”
([-11e-wrafro-ar]
e 11607])

j=1 j=1

Here, w; can be considered as the ith DM’s opinion,
important in the decision making process.

2.2.3. Forming IVIF Weighted Matrix. The IVIF weighted
decision matrix was formed using the following equations:

R=[7] (9)
7= W;®%;, (10)

where W ; represents the IVIF weight of the j-criteria.
The multiplication of two IVIF numbers was calculated
according to the following equation:

Aro Ay = ([up wii], [y +9; =97y, ) +9; = 9{0]).

(11)

2.2.4. Determining the Negative Ideal Point. At this step, the
negative ideal point was determined using the following
equations:

NS = [ﬁsf]lxm’ (12)
ns; = min;7;, (13)

miniij :([minyLij, mininj], [maxvij, mavaij]).
(14)

2.2.5. Calculating Euclidean and Hamming Distance. To

calculate the normalized Euclidean distance and the nor-

malized Hamming distance of the alternatives from the

negative ideal point, equations (15) and (16) were used:
Let us assume A and B are two IVIF numbers.

ED35 =

n

1
4 &

1 n

HD = 1 Z [I#AL(X:’) - #BL(X:')| +|.”AU(X1’) - .”BU(X:')| +|7’AL(X1') - VBL(X:')| +|VAU(X1') - vBU(Xi)”-

i=1

2.2.6. Relative Assessment (RA) Matrix. At this stage, the RA
matrix was calculated through the following equations:

RA = [Py] (17)

P, = (ED; - EDy) + (t (ED; - EDg) x (HD; - HDy)),
(18)
where K = {1,2,---,n} and t is a threshold function which

recognizes the equality of the Euclidean distances of two
alternatives and defined as

(P‘AL(X:‘) - AuBL(Xi))Z +(!"AU(X:') - .“BU(Xi))

2

2 2
+(VAL(Xi)—VBL(Xi)) +(VAU(Xi) _VBU(Xi)) ]’ (15)
(16)
) {1, if |x| > 0, (19)
t(x) =
0, if|x|<0,

where 0 is the threshold function that is determined by the
decision makers. This parameter is between 0.01 and 0.05.

2.2.7. Calculating the Assessment Score (AS). Finally, in
order to rank the alternatives, the AS for each alternative was
calculated as follows:

AS; = Z Dik-

k=1

(20)



2.2.8. Ranking the Alternatives. The ranking of alternatives
was based on lowering the assessment score, considering the
alternative with the highest assessment score as the most
desirable alternative [51].

3. Case Study

The proposed approach was used for fire risk assessment in a
166-bed hospital in Shiraz, Iran. This hospital was estab-
lished in 1963 and had 17 wards. The main activities of this
hospital were in the field of obstetrics, neonatology, rheu-
matology, and neurology. In general, the hospital building
does not have an emergency exit door, fire alarm, and
extinguishing systems and there is lack of emergency exit
signs.

3.1. Results and Discussion. Table 4 shows the identified
factors affecting fire risk in the studied hospital.

In order to determine the weight of criteria and sub-
criteria affecting fire risk, the criteria and subcriteria af-
fecting fire risk were first evaluated using the IFIMBWM
questionnaire by a panel of ten experts consisting of key
members of the Crisis Management Committee with at least
one year of experience in hospital. They were asked to
compare the importance of each criteria and subcriteria by
pairwise comparison of each of the criteria related to
probability, severity, and detectability and their subcriteria.
Table 5 presents the intuitionistic fuzzy matrix for proba-
bility, severity, and detectability criteria. Figure 3 also shows
the pairwise comparisons matrix grid for the studied criteria
and calculations for subcriteria are similar to the criteria.

Membership grade weights were calculated for the
probability, severity, and detectability criteria as follows:

Min &

st 510 <é,
Tp
S_0.2|<¢,
Ts
Ts _g <¢,
Tp
P _02|<é, (21
Tp
LT\ P
Tp
™ _o|<¢,
Tp

(tp - 14 - 7) =(0.08-0.82-0.1),

& =0.82.
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The weights of nonmembership for the probability, se-
verity, and detectability criteria were calculated as follows:

Min {

st -0 <(,
Vp
S_18|<¢
Vs
ﬁ_l S()
YD
Y _18|<¢, (22)
Vp
¥s_o <,
Vp
™ _o|<q,
Vp

(vp> v5> vp) = (0.72, 0.12, 0.11),
" =0.11.

The final fuzzy and di-fuzzy weight of the criteria is as
follows:

W= (Wp: WS) WD)
= ((0.08, 0.77), (0.82,0.12), (0.1, 0.11))  (23)
= (0.425, 0.105, 0.47).

Figure 4 presents the weights of fire risk criteria and their
subcriteria for the studied hospital.

As can be seen from the subcriteria of probability, se-
verity, and detectability of fire, electrical equipment
(Wp, =0.2775), flammable materials (Wg¢, = 0.26), and fire
alarm system (Wp,; = 0.4995) have the highest weight. In the
study of Wu and Tseng conducted in 10 small hospitals with
the FAHP method, the hospital protection factor had the
highest score [8]. In the study by Jahangiri et al., the most
unacceptable risk was in the area of exit routes, considering
the NFPA101 method [1]. Javidifar and Mohammadi used
the fuzzy AHP method to assess fire risk in hospital facilities
and elevators, and the most important fire risk was lack of
fire alarm and fire extinguishing systems [52].

Table 6 presents the aggregation matrix of expert
opinions and Table 7 shows the weighted decision matrix
and negative ideal point for the studied hospital. In Figure 5,
the values of the normalized Euclidean distance and the
normalized Hamming distance of the hospital wards were
presented from the negative ideal point. According to the
IVIFCODAS method, the ranking was based on the longest
distance from the negative ideal point. As shown in Figure 5,
among the different hospital wards, the powerhouse has the
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TaBLE 4: Factors affecting fire risk in the studied hospital.

Detectability Probability

Severity

D1: fire alarm system
D2: surveillance cameras
D3: individual report

P1: heating systems and heat sources
P2: electrical equipment and installations
P3: experience, education, and smoking
P4: instructions
P5: safety inspection and accident reporting system
P6: housekeeping

S1: building features
S2: mechanical installations
S3: residential risk
S4: emergency equipment
S5: safety status of equipment
S6: emergency preparedness program
S7: flammable materials
S8: the time of the accident
S9: fire place

TaBLE 5: Intuitionistic fuzzy integrated matrix for fire risk criteria in the studied hospital.

P S D
7 4 7 v U v
p 0.2 1.8 1.92 4.95 2.04 5.31
S 10 0 0.2 1.8 8 1
D 10 0 1 8 0.2 1.8

u=membership; v= nonmemebership; P = probability; S =severity; D = detectability.

FiGure 3: Criterion matrix network of fire risk criteria.

most Euclidean and Hamming distance from the negative
ideal point.

After calculating and comparing the relative assessment
matrix, AS was calculated for all & coeflicients (0.01 to 0.05)
and the values for all © were equal to the values shown in
Table 8. This table shows the ranking of the hospital wards
according to the degree of fire risk. As can be seen, the
highest and the lowest fire risks are related to the power-
house and the supervisor’s office, respectively.

According to the results obtained, the powerhouse has
the highest fire risk mainly due to the lack of fire extin-
guishers, no alarms and fire detection systems, being located
in the basement floor, boilers and location sensitivity in
terms of explosions, inadequate exit, inappropriate house-
keeping, and the vicinity of the switchgear with boilers.
These results are consistent with the first section, which
determines the weight of fire risk subcriteria so that the most
important factors affect the fire risk of electrical equipment
and installations, proper housekeeping, fire alarm system,
flammable materials and emergency preparedness program.
Different studies of hospital risk assessment have been
conducted in different ratings of fire risk in each ward due to
the method of evaluation, the type of the ward and the
studied factors [2, 5, 12, 13, 53].

In this study, the main reasons for the increase in fire risk
are lack of automatic fire alarm systems, lack of fire ex-
tinguishers lack of emergency exit stairs, lack of exit routes in
wards and insufficient safety signs in the building. These
results are consistent with the results of other studies on fire
risk assessment in healthcare buildings
(1, 2, 5, 10, 12-14, 52, 54, 55]. For example, Rahmani et al.
study, conducted in 2018 using NFPA101 in one of the
hospitals in Tehran, showed that the fire risk caused by fire
control and extinguishing is unacceptable in all the 30 areas
studied, so designing sprinkler systems and standardizing
fire control systems are essential to improve fire risk [10].

In our study, there was a slight difference between the
fire risk in the powerhouse and the electrical installation
room, which is due to the sensitivity of these two locations
and the presence of steam boilers and electrical panels.
According to our results, among the subcriteria of proba-
bility, severity, and detectability of fire, the highest ratings
are electrical equipment and installations, flammable ma-
terials, and fire alarm systems, respectively. This indicates
the importance of fire alarm systems, observing the safety of
electrical equipment and installations, and observing the
principles of the maintenance and use of flammable ma-
terials such as gas oil in the installations.

There was also a significant difference between the risk
scores of the institutional and noninstitutional sectors in this
study. The reasons for this can be attributed to the increased
fire load in the installations due to the existence of boilers
and switchboards, the lack of automatic fire alarm and fire
extinguishing systems, and the inadequate exit paths.
Among the clinical departments, the operation room has the
highest fire risk (0.8), due to the location sensitivity of the
bar crowd and the inability to leave the building during the
fire. The risk of fire in the dormitory and office of the su-
pervisor is low due to the lack of combustion sources and the
low fire load.

Our results along with the results of other studies
[10, 54, 55] show that most hospitals lack detection, fire
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[ Factors affecting fire risk in healthcare buildings ]

Detectability Probability Severity
(Wp=0.47) ] (Wp = 0.425) ] (Wg=0.105)
R ~ s I
Fire alarm System : Building features
W — 0.4 Heating systems and heat sources utlding —
(Wp, = 0.4995) (W, = 0.1275) (W, = 0.0515)
Ne -
N
. : - s
Surveillance cameras (— Electrical equipment and Mechanical installations
(Wp, =0.2685) installations — _ —
(W, =0.105)
L J (W, =0.2775) ) g y,
Individual )
ndividual report Experience, education, smoking Residential risk
(Wp3 =0.2325) (Wpy = 0.1075) (Wg; = 0.1105) —
\ J
4 .
Instructions Emergency equipment
(Whps = 0.1725) — (Wgq=10.083)
J
. R
Safety inspection and accident Safety status of equipment
reporting system Al (Wg5 = 0.1065) ¢
(Wps = 0.1105) N J
' d 7
. Emergency preparedness program
Housekeeping pu—
(Wps = 0.205) — (Ws = 0.1165)
P6 L )
4 N\
Flammable materials
(Wso = 0.26) .
A
' N
The time of the accident
(W, = 0.054) =
G A
s N
Fire place
(Wgg = 0.1135) —
8 J

FIGURE 4: Calculated weights for factors affecting fire risk in the studied hospital.

alarm, and automatic extinguishing systems and lack of fire
extinguishers. The absence of these systems increases the
severity of accidents and increases the duration of detection.
As a result, the use of such systems to reduce the amount of
casualties and financial losses in hospitals is essential, given
the need for automatic fire extinguishing systems in ac-
cordance with NFPA101 [56]. On the other hand, it is clear
that due to the special conditions of patients, their carrying
away from the fire area will not be the only guarantee for

their lives and there is a need to provide the best possible
follow-up treatment at the time of the accident. Therefore,
reducing the likelihood of death of patients undergoing
treatment is necessary by predicting the appropriate place to
provide treatment at the time of the accident. The hospital
management should also agree with other health centers,
where necessary, and prepare for the possibility of trans-
ferring patients to other centers in the shortest possible time
to provide necessary care.
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TABLE 6: Aggregation matrix of expert opinions.
Probability Severity Detectability
Y- u+ v— v+ U— Y+ v— v+ u- y+ v— v+
Laboratory 0.44 0.32 0.56 0.48 0.43 0.32 0.57 0.50 0.43 0.32 0.57 0.50
Powerhouse 0.46 0.35 0.54 0.47 0.33 0.18 0.67 0.58 0.31 0.15 0.69 0.59
Emergency 0.40 0.27 0.60 0.51 0.52 0.47 0.48 0.45 0.56 0.52 0.44 0.40
Radiology 0.46 0.35 0.54 0.47 0.45 0.33 0.55 0.47 0.48 0.46 0.52 0.51
Server room 0.51 0.41 0.49 0.40 0.46 0.37 0.54 0.47 0.48 0.46 0.52 0.51
Electrical facilities 0.49 0.39 0.51 0.44 0.35 0.19 0.65 0.55 0.32 0.16 0.68 0.58
Dormitory 0.52 0.44 0.48 0.40 0.52 0.44 0.48 0.42 0.58 0.53 0.42 0.36
Office supervisor 0.45 0.35 0.55 0.50 0.60 0.55 0.40 0.34 0.65 0.56 0.35 0.22
NST 0.42 0.32 0.58 0.53 0.47 0.37 0.53 0.47 0.63 0.55 0.37 0.26
NICU2 0.38 0.25 0.62 0.55 0.41 0.26 0.59 0.50 0.55 0.52 0.45 0.42
OB1 0.38 0.25 0.62 0.55 0.47 0.37 0.53 0.47 0.56 0.49 0.44 0.37
Maternity 0.39 0.26 0.61 0.54 0.41 0.26 0.59 0.50 0.57 0.52 0.43 0.37
Operation room 0.39 0.27 0.61 0.54 0.41 0.26 0.59 0.50 0.51 0.47 0.49 0.46
OB2 0.38 0.25 0.62 0.55 0.42 0.29 0.58 0.49 0.59 0.54 0.41 0.33
NICU1 0.38 0.25 0.62 0.55 0.45 0.32 0.55 0.46 0.56 0.53 0.44 0.39
Neurology and psychiatry 0.38 0.25 0.62 0.55 0.45 0.32 0.55 0.46 0.59 0.54 0.41 0.33
Rheumatology 0.43 0.30 0.57 0.49 0.50 0.41 0.50 0.44 0.59 0.54 0.41 0.33
TaBLE 7: Weighted decision matrix and negative ideal point.
Probability Severity Detectability
YU— u+ V- v+ yU— y+ V- v+ U— U+ V- v+
Laboratory 0.503 0398 0.057 0.049 0.500 0403 0466 0410 0.866  0.841  0.232  0.041
Powerhouse 0.517  0.425 0.055 0.048 0411 0279 0549 0472 0.837 0.801 0.282  0.048
Emergency 0.466 0347 0.061 0.052 0.576 0538 0395 0367 0.89% 0.887  0.181 0.032
Radiology 0.517 0.425 0.055 0.048 0.515 0.411 0.451 0386 0.879 0.873 0.210  0.041
Server room 0.567  0.474  0.050  0.041 0.530 0.445 0437 0388 0.879 0873 0.210  0.041
Electrical facilities 0543 0.458 0.052 0.045 0427 0290 0533 0449 0840 0.804 0278  0.048
Dormitory 0.577 0.502  0.049  0.041 0.578 0512 0393  0.345  0.901 0.891 0.171 0.029
Office supervisor 0.507  0.422  0.057  0.051 0.645 0.607  0.331 0.281 0918 0.898 0.142  0.018
NST 0483 0392 0.059 0.054 0.536  0.451 0.432 0383 0912 0.894 0152 0.021
NICU2 0446 0329 0.064 0.056 0482 0355 0482 0406 0894 0.888 0.183  0.034
OB1 0.446 0329 0.064 0.056 0536 0451 0432 0383 089 0.880 0.180  0.030
Maternity 0.457 0.345 0.062 0.055 0482 0355 0482 0406 0899 0.889 0.175 0.030
Operation room 0458 0350 0.062 0.055 0482 0355 0482 0406 0885 0.875 0.200 0.037
OB2 0.446 0329 0.064 0.056 0.495 0378 0470 0402 0905 0.892 0.165 0.027
NICU1 0446 0329 0.064 0.056 0519 0405 0.448 0378 0898 0.889 0.177  0.032
Neurology and psychiatry ~ 0.446  0.329  0.064 0.056 0.519 0.405 0.448 0.378 0.905 0.892 0.165 0.027
Rheumatology 0490 0378 0.059 0.050 0.563 0486 0.407 0357 0905 0.892 0.165 0.027
Negative ideal point 0.577 0502 0.049 0.041 0.645 0607 0331 0281 0918 0.898 0.142  0.018
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FiGure 5: Euclidean (ED) and Hamming (HD) distance values of the studied hospital wards from the negative ideal point.
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TaBLE 8: Calculated AS and the ranking of the studied hospital
wards according to the degree of fire risk (6 =0.01).

Ward AS* Rank
Powerhouse 2.2 1
Electrical facilities 2.1 2
Operation room 0.8 3
NICU2 0.6 4
Laboratory 0.3 5
Maternity 0.2 6
OB2 -0.2 7
Radiology -0.3 8
NICU1 -0.4 9
Server room -0.8 10
OB1 -0.8 11
Neurology and psychiatry -0.9 12
Emergency -1.3 13
NST -1.7 14
Rheumatology -29 15
Dormitory -3.3 16
Office supervisor -4.6 17

AS: assessment score®.

4. Conclusion

The present study investigated the fire risk assessment in
healthcare settings by applying FMEA combined with
MCDM methods. The theory and innovation contribution of
this research can be categorized into the following three
sections: the first innovation concerns the use of the BWM
method in determining the weight of the severity, proba-
bility, and detectability criteria in the FMEA method. A topic
that was either overlooked in previous studies [5] or was
used by old methods such as AHP [7]. The AHP method has
limitations that are eliminated by the BWM method. The
second issue is related to the use of the CODAS method to
eliminate the limitation of the lack of attention to the in-
direct relationships between the parameters affecting risk
estimation in the FMEA method. Previous studies have
simply focused on the RPN score to compare wards [5, 7]
and alternatives that we know do not address the indirect
relationships. Last, but not least, is the use of intuitionistic
fuzzy set to eliminate the limitations of uncertainty in the
FMEA method. Previous studies conducted in crisp sets
[5, 7] or the regular fuzzy sets [24, 29, 57] were used to model
uncertainties. While we know that the intuitionistic fuzzy
takes into account the membership degree, the nonmem-
bership degree and the doubt degree, the uncertainty is
better modeled. In this study, IVIF is used, which is a
combination of intuitionistic fuzzy and type-2 fuzzy sets that
can better model both uncertainty and vagueness. The re-
sults of this study showed that using MCDM techniques
including BWM in intuitionistic fuzzy sets in combination
with the FMEA method can be better and more accurately
estimate fire risk in healthcare buildings.

One of the limitations of the research is the lack of
measurement of subcriteria due to technical problems. For
further studies, fire subcriteria could be measured in detail.
Another limitation of the research is that the research was

Mathematical Problems in Engineering

conducted in the intuitionistic fuzzy set; it is suggested that
research be performed in other fuzzy sets such as fuzzy
rough sets, hesitant fuzzy sets, Pythagorean fuzzy, and
neutrosophic sets and the result be compared with this
research.
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