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Abstract — A new risk assessment methodology by using fuzzy logic is proposed in this paper. The new
Fuzzy Inference System (FIS) was established by the Mamdani algorithm based on different
consequences of an incident. A combination of two FIS formed the proposed fuzzy method. Human
knowledge and brainstorming were the devices for making the rules and interdependencies between
variables in the new model. Different types of consequences and effective parameters were
considered as inputs for the ﬁrst fuzzy inference system. The ﬁnal consequence was the preliminary
result of the ﬁrst inference model. It added to the probability of failures, as inputs of the second
inference model. The result of the second inference model was the risk factor, which was considered
as the ﬁnal output of the proposed new fuzzy model. This model makes risk assessment more
convenient in the absence of suitable data. In addition, decision-making will be easier, since its
results are more understandable than the results of classical methods. A case study and a
comparison between the classic method and the new fuzzy model illustrated that the results of the
proposed model are more accurate, reliable and convenient for use in decision-making.
Résumé — Nouveau modèle à logique ﬂoue pour une évaluation de risque basée sur différents
types de conséquences — Une nouvelle méthode d’évaluation des risques en utilisant une logique
ﬂoue est proposée dans le présent article. Le nouveau système d’inférence ﬂou a été établi en
utilisant l’algorithme de Mamdani basé sur les différentes conséquences d’un incident. Une
combinaison de deux systèmes d’inférence ﬂous a donné naissance à la méthode ﬂoue proposée. Les
connaissances humaines et un brainstorming ont été les outils qui ont permis d’établir les règles et
interdépendances entre des variables du nouveau modèle. Différents types de conséquences et de
paramètres effectifs ont été pris en considération comme entrées pour le premier système d’inférence
ﬂou. La conséquence ﬁnale qui est le résultat préliminaire du premier modèle d’inférence, est
combinée avec la probabilité de risques, en tant qu’entrées du second modèle d’inférence. Cette
combinaison conduit à considérer le facteur de risque comme le résultat ﬁnal du nouveau modèle
ﬂou proposé. Ce modèle rend l’évaluation des risques plus facile, en l’absence de données adaptées.
En outre, la prise de décision sera plus simple, puisque ses résultats sont plus compréhensibles que
les résultats des méthodes classiques. Une étude de cas et une comparaison entre la méthode
classique et le nouveau modèle ﬂou ont démontré que les résultats du modèle proposé étaient plus
précis, plus ﬁables et plus faciles à utiliser dans la prise de décision.
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ABBREVIATIONS
DNV
FIS
OGP

Det Norske Veritas
Fuzzy Inference System
International Association of Oil and Gas Production
OREDA Offshore Reliability Data
RMP
Risk Management Process
BLEVE Boiling Liquid Expanding Vapor Explosion

Wn
Kv,n
Patm
Ps
qL

Theoretical release rate
Liquid ﬂow viscosity correction factor
Atmospheric pressure
Storage or normal operating pressure
Liquid density in storage or normal operating conditions

INTRODUCTION
NOMENCLATURE
An
Cd
flam
CAinj
flam
CAcmd

CAAINL
inj
CAAINL
cmd

CATox
cmd
CALeak
inj
CALeak
cmd
CAnfnt
inj
CAnfnt
cmd

CAINST
inj
CAINST
cmd
CACONT
inj
CACONT
cmd
factAIT
factIC

gff
gc

Hole area
Release hole coefﬁcient of discharge
Final probability weighted personnel injury ﬂammable consequence area
Final probability weighted component damage
ﬂammable consequence area
Personnel injury ﬂammable consequence area for
releases that are not likely to auto-ignition
Component damage ﬂammable consequence
area for releases that are not likely to autoignition
Final probability weighted personnel injury toxic
consequence area
Personnel injury non-ﬂammable, non-toxic consequence area for steam and acid leaks
Component damage non-ﬂammable, non-toxic
consequence area for steam and acid leaks
Final probability weighted personnel injury consequence area for non-ﬂammable, non-toxic releases
such as steam or acids
Final probability weighted component damage
consequence area for non-ﬂammable, non-toxic
releases such as steam or acids
Personnel injury ﬂammable consequence area for
an instantaneous release
Component damage ﬂammable consequence area
for an instantaneous release
Personnel injury ﬂammable consequence area for
a continuous release
Component damage ﬂammable consequence area
for a continuous release
Auto-ignition temperature consequence area
blending factor
Continuous/instantaneous consequence area
blending factor determined for each release hole
size
Generic failure frequency
Gravitational constant

There are many different deﬁnitions of risk in the literature,
based on various aspects. The simplest deﬁnition of risk was
introduced by Hertz and Thomas (1994): a barrier for a successful operation. Jafari (2001) deﬁned risk as the possibility
of losses in a project. More complete and deeper deﬁnitions
were provided by Varnes (1984), Perry and Hayes (1985),
Chapman and Ward (1997), Baloi and Price (2003),
Pokoradi (2002), Mark et al. (2004), Kirchsteiger (2005)
and Darbra et al. (2008a). In spite of various deﬁnitions of
risk, there are some common features between different
sources of risks, which were highlighted by Chia (2006)
and Nieto-Morote and Ruz-Vila (2011) as follows:
– risk is a feature concern and event;
– there is no conﬁdence in occurrence of a risk;
– risk shall be an uncertain condition or event that can affect
projects’ conditions, operations, or goals, if it occurs;
– the probability of a risk must be between 0-100%;
– the impact, consequences, losses, or any other effects of
risk must be unplanned.
Hence, risk can be introduced as the existence of inherent uncertainties in systems that affect projects’ goals and
decrease success due to unpredictable and unplanned probabilities and possibilities. This deﬁnition is very useful for
being applied in risk assessment by concentrating on
uncertainty and probability. In addition, it makes risk a
probable factor to be calculated by the study of probabilities and possibilities. In fact, this deﬁnition showed that
probability and possibility were the basic steps of risk
introduction.
To reduce unplanned and undesirable effects of risk
during projects and control its level, risk must be managed
(Naderi, 2008) by a Risk Management Process (RMP).
Like risk sources and aspects, risk management processes
consist of different steps, activities and directions. Commonly, risk management includes risk assessment, risk
mitigation, risk acceptance and risk communication (API,
2008). Risk assessment is the most important step in risk
management (Darbra et al., 2008a), which includes hazard
identiﬁcation, frequency analysis and consequence evaluation. There are many probability-based methods by which
risk is assessed but new techniques based on possibility
methods were developed since mathematical relations
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and parameters for risk assessment were very difﬁcult to
model (Lees, 2001).
Pokoradi (2002) deﬁned the preliminary basis of risk
assessments by possibility methods and fuzzy logic. Bowles
and Pelaez (1995) evolved the use of fuzzy arithmetic and
linguistic variables in risk assessments while characterizing
the system reliability. For a period, nuclear engineering systems were assessed through Fuzzy Inference System (FIS),
particularly by Guimaraes and Lapa (2007). Karimi and
Hüllermeier (2007) suggested a modular framework for risk
assessment by fuzzy logic. They used possibility-probability
distribution as a new approach for analyzing risks. Markowski
and Mannan (2008, 2009a) and Markowski et al. (2009b)
developed a risk matrix based on fuzzy thinking and
described fuzziﬁcation of the frequency and severity of the
consequences of an incident scenario as basic inputs for
fuzzy risk assessment. In addition, many attempts were
made in the models at developing possibility-based risk
assessments in environmental issues since there were many
uncertainties and lack of information in environmental risk
analysis. During the last decade, different applications of
fuzzy logic in environmental risk assessment have been discussed in papers. Ma (2002), Dahab et al. (1994), Uricchio
et al. (2004), McKone and Deshpande (2005), and Darbra
et al. (2008b) established different FIS for evaluating risk
in environmental issues. Finally, Kentel and Aral (2007)
and Vemula et al. (2004) tried to use a hybrid of probabilistic
and fuzzy methods to analyze environmental risks.
Most of the studies mentioned applied a general deﬁnition
of risk for analyzing by considering the frequency of failure
and consequence as risk factors (Lees, 2001; Modarres,
2006). In real situations, each of the frequency and consequence factors is affected by different variables so that inattention to them has major impacts on risk assessment.
A study was conducted on the details of consequences in this
paper by developing new fuzzy inference systems. Different
types of consequences and effective variables on severities
were considered as inputs to a consequence model FIS and
the ﬁnal consequence was calculated as output. Then, the
ﬁnal consequence and frequency were entered in the risk
model FIS and the ﬁnal risk factor was calculated by the second FIS. The main objective of this paper is to show the
effects of different variables in consequence calculation
and decrease uncertainties in risk calculation by fuzzy logic.

1 THEORY
1.1 Fuzzy Logic
Fuzzy logic is a set of collective functions and relations to
assess fuzzy sets (Zadeh, 1965). Fuzzy logic methods have
been developed in risk assessment for a decade.
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The principle of fuzzy thinking and multi-valued logics
has a very long history. Jan Lukasiewicz (Duboise et al.,
2007) established the principle of multi-valued logics for
the ﬁrst time in 1920, and Black (1937) developed vagueness and multi-valued logic application to set objects.
Finally, Zadeh introduced the ﬁrst fuzzy sets in 1965 and
deﬁned fuzzy sets as sets with a membership function
(Zadeh, 1965). Based on Zadeh’s description, if U is the universe of discourse (U = {u}), a fuzzy set (F of U ) is deﬁned
by membership functions as presented by:
lF : U ! ½0; 1

ð1Þ

F ¼ fhu; lF ðuÞju 2 U ig

ð2Þ

where lF (u) is the degree of membership of u in F, and
lF (u) will be between 0 and 1. This description changed
the arithmetic methods in different branches of science.
Following fuzzy set description, risk studies and assessment methods changed as well. Fuzzy logic was established based on possibility theories (Duboise and Prade,
1990).
In risk studies of a project, fuzzy logic methods are used
to answer “How safe is the project?”, while classical risk
methods answer a different question, “Is the activity safe?”
(Markowski et al., 2009b). In addition, some other characteristics make risk assessment by fuzzy logic more applicable than classical methods. The main advantages of fuzzy
system usage in risk assessment are considered as
follows:
– fuzzy logic risk assessment expresses the possibility of an
outcome, but classical risk assessment methods estimate
the likelihood of an outcome (Darbra et al., 2008a);
– input and output relationships in fuzzy logic risk assessment are determined not by complicated equations, but
by sets of logical rules (Blair et al., 2001);
– fuzzy logic risk assessment can be used for cases with
input data that is vague, imprecise and insufﬁcient
(Darbra and Casal, 2009);
– results of risk assessment by fuzzy logic are easy for
decision-making. In fact, managers can understand results
and outgoings better and more precisely;
– partial failures can be studied by fuzzy sets and make it
possible to conduct study of risk in more detail and more
real conditions.
In spite of the mentioned advantages of fuzzy logic application in risk assessment, there are some disadvantages, on
the other hand:
– reliance on subjective inputs (Darbra et al., 2008a);
– complete data sets and complex parameter correlations
cause failure (Ferson, 2002);
– the experimental basis of input preparation.
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1.2 Fuzzy Logic Inference Description
Fuzzy models and calculating processes include different
steps (Fig. 1). As shown, there are three main steps to deﬁne
a fuzzy system: fuzziﬁcation, fuzzy inference and defuzziﬁcation (Zadeh, 1965).
1.2.1 Fuzziﬁcation

Crisp and real values are changed to linguistic functions and
fuzzy sets in fuzziﬁcation. In fact, the linguistic terms and
membership functions are deﬁned based on actual and real
values to determine the degree of truth for each assumption.
As shown in Figure 1, the output of this step is a fuzzy value.
In other words, membership functions are deﬁned in this step
to transfer data and values from the classical world to the
fuzzy systems (Belohlavek and Klir, 2011).
There are ﬁve different types of membership functions:
triangular, trapezoidal, Gaussian, singleton and piecewise
linear
The most common and popular membership functions
were categorized as triangular, trapezoidal and Gaussian
types (Markowski and Mannan, 2008; Jamshidi et al.,
2012; Wulan and Petrovic, 2012). Suitable types of functions are selected based on experience, knowledge, problem,
statements (Grima et al., 2000) and characteristics of variables (Xie, 2003). Triangular and trapezoidal membership
functions have the advantage of simplicity. On the other
hand, Gaussian membership functions are the most natural
(Grima et al., 2000), smooth, and non-zero at all points (Jang
and Sun, 1997). Although Gaussian membership functions
enjoy the advantages mentioned they are unable to specify
asymmetric membership functions (Mamdani, 1976) and it
should be considered in type selections. In spite of the all

facts mentioned, the types of membership function do not
affect the result essentially (Markowski et al., 2009b).
1.2.2 Fuzzy Inference

The fuzzy inference step is the most important step in a fuzzy
logic process (Mamdani, 1976). The fuzzy inference models
consist of three sub-processes: fuzzy operator, implication
and aggregation (Li, 2006). These sub-processes use different composition methods to establish a fuzzy model. These
compositions are combined by sets of if-then rules, which
are obtained from human experience, and synthesize fuzzy
inputs into fuzzy outputs.
There are three main different fuzzy inference systems:
Mamdani fuzzy models, Sugeno fuzzy models and the
Tsukamoto fuzzy inference model (Gentile et al., 2003), that
have been used in different studies. Fuzzy operators make
different models; hence, aggregation and defuzziﬁcations
are different in each model. In fact, these fuzzy models vary
in the way outputs are determined (Jang and Sun, 1997).
Mamdani’s fuzzy model is the most commonly seen fuzzy
inference system (Jamshidi et al., 2012). It uses the fuzzy
sets and fuzzy logic concepts to translate linguistic and subjective terms into an algorithm (Mamdani and Assilian,
1975). Different composition methods are used to establish
a Mamdani fuzzy model. Max-min composition was used
in this paper. It is deﬁned arithmetically as follows:
lCk ðzÞ ¼ max ½min ½lAk ðinputðxÞÞ; lBk ðinputðyÞÞ
¼ 1; 2; . . . ; r

ð3Þ

where lCk, lAk, and lBk are the membership functions of output “z” for the rule “k”, input “x”, and input “y”, respectively.
1.2.3 Defuzziﬁcation

Fuzzy inference

Crisp
input

Fuzzy
input

Fuzzification

Fuzzy operator

Implication

Fuzzy
output

The fuzzy set, which was calculated in previous steps,
changes to a single number in defuzziﬁcation. There are different methods for defuzzifying: center of area, bisector,
middle of maximum, largest of maximum and smallest of
maximum. Different defuzziﬁcation methods are shown in
Figure 2, where l, is the membership function and Z is the
universe of discourse.
Perhaps the most popular defuzziﬁcation method is the
center of area method, which returns the center of the area
under the curve (Chiu, 1994). The center of area method uses
Equation (4) for defuzziﬁcation (Iphar and Goktan, 2006).

Aggregation

Defuzzification

Crisp
output

Z COA
Figure 1
Fuzzy methodology steps.

R
l ðzÞz:dz
¼ Rz A
z lA ðzÞ:dz

ð4Þ

where ZCOA is the crisp value for the “z” output and lA(z) is
the output membership function.
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Largest of max.

Damage
Detection and isolation
provisions

μ∗
Center of area

Release rate
or
release mass

Flammable
Injury

Toxic

Injury

Damage
Smallest of max. Mean of max.
Bisector of area

Non-flammable
Injury

Figure 2

Figure 3

Different methods of defuzziﬁcation.

Various consequences for a release/rupture scenario.

2 RISK ASSESSMENT BY FUZZY LOGIC
Risk of releases and their probable consequences in a chemical plant were studied by a new method based on fuzzy
logic systems. In this paper, a general deﬁnition of risk is
selected: risk is a combination of the probability of an event
and its consequences (Lees, 2001; Markowski et al., 2009b).
Indeed, the risk factor is calculated based on the probability
of failure (frequency of an event occurrence) and its probable
consequences. Most of the methods that were developed
recently worked on the probability of occurrences. Unlike
previous studies, the consequences and impacts of incidents,
which were raised by release of chemical materials in industries, were studied in this paper.
Probabilities were extracted from handbooks and guidelines, such as OREDA, DNV Note 14 and OGP guidelines
(OREDA, 2009; DNV, 2006; OGP, 2010).
2.1 Basis of Fuzzy Modeling
There are many consequences associated with any release in
a plant. Cost impacts, time delay, injury and fatalities, and
environmental effects are the main consequences in the case
of equipment/pipeline failure (Lees, 2001; Markowski and
Mannan, 2008; AIChE/CCPS, 1999; Kletz, 1977).
The type of material released speciﬁes the types of consequences. As shown in Figure 3, release of ﬂammable, toxic
and non-ﬂammable material has various consequences.
Release of ﬂammable and explosive materials has potential
for damaging equipment and personnel injury from thermal
radiation and explosion overpressure. Release of nonﬂammable materials was also considered. Consequences
such as chemical splashes and high temperature steam affect
personnel health. Moreover, physical explosions and Boiling
Liquid Expanding Vapor Explosion (BLEVE) can damage
equipment and have personnel injury effects. Toxic material

releases cause personnel injury and fatalities due to overexposure of personnel to toxic components and concentrations.
Different equations for calculating consequences are presented in Table 1. As mentioned in this table, complicated
mathematical operations shall be done to evaluate different
consequences. In addition, many assumptions and data are
required to solve any of the provided equations. The required
data for calculating the consequences of an event are not
ready or easy to access most of the time. These limitations
cause many restrictions in the usage of arithmetic and classical methods.
The fuzzy logic model was established based on the
Mamdani algorithm as the most popular algorithm (Jamshidi
et al., 2012) and the max-min composition method as the
most popular method (Ross, 2010), which was used for composite relations. The inputs and outputs which were used to
make this FIS are detailed in Figure 4. As shown, two FIS
models were established to calculate the risk factor: a consequence model FIS and risk model FIS. As mentioned in
Figure 4, the release rate was the ﬁrst required data with
which consequence modeling started. Magnitudes of
releases have very important effects on sequential events
and ﬁnal consequences. Different parameters determine
release rates: the physical properties of the material, the initial phases, the operating conditions and release hole sizes
(API, 2008).
Detection and isolation provisions that decrease the consequence of releasing are considered as one of the FIS inputs
(Mamdani and Assilian, 1975). Detection and isolation systems are provided to reduce the effects of a release of hazardous materials. These systems affect the releases in two
different ways: detection and isolation systems to reduce
the rate and duration, and mitigation systems to reduce the
consequences of a release by minimizing ignition possibility
or limiting spread of materials. Different types of
consequences considered as inputs to the ﬁrst FIS and ﬁnal
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TABLE 1
Different equations for calculating consequences
Type of consequence
Flammable

Equations
CAflam
inj;n

¼

CAflamAIL
inj;n

 fact

AIT

flamAIL
 fact AIT
CAflam
cmd;n ¼ CAcmd;n

P4
CAflam
inj ¼

þ

Remark




1  fact


AIT
þ CAAINL
cmd;n 1  fact
CAAINL
inj;n

AIT

gff n CAflam
inj;n
gff total

n¼1

P4

gff n CAflam
icmd;n
gff total




þd
c:log10 c4 :ratetox
n
CAtox
inj;n ¼ C 8  10




þd
c:log10 c4 :masstox
n
CAtox
inj;n ¼ C 8  10


tox f
CAtox
inj;n ¼ e raten


tox f
CAtox
inj;n ¼ e massn
CAflam
cmd ¼

Toxic

n¼1

P4
CAtox
inj ¼
Non-ﬂammable-non-toxic

For HF or H2S only
C8, c, C4 and d are constants
For ammonia or chlorine
e and f are constants

gff n CAtox
inj;n
gff total

n¼1



IC
INST
CONT
CAleak
1  fact IC
n
inj;n ¼ CAinj;n  fact þ CAinj;n


IC
IC
INST
CONT
CAleak
cmd;n ¼ CAcmd;n  fact þ CAcmd;n 1  fact n
P4
CAnfnt
inj ¼

P4
CAflam
cmd ¼

gff n CAleak
inj;n
gff total

n¼1

n¼1

gff n CAleak
cmd;n
gff total

Release rate or release mass

Flammable injury consequence

Toxic injury consequence

Non-flammable, non-toxic damage
consequence
Non-flammable, non-toxic injury
consequence

Figure 4
FIS conﬁguration.

Final consequence

Frequency

Risk model FIS`

Flammable damage consequence

Consequence model FIS

Detection and isolation provisions

Risk factor
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consequence were the results of the consequence model FIS.
A combination of the ﬁnal consequence and frequency
in the second FIS resulted in a risk factor for each release incident.
2.2 Establishment of Fuzzy Model
To create FIS, fuzziﬁcation was the ﬁrst step. The Gaussian
type of membership functions were used for consequence
inputs and outputs, since they were the most natural
(Markowski and Mannan, 2009b), non-zero and smooth
functions at all points (Xie, 2003). The Gaussian membership functions are based on the following equation:
1 xc 2

Gaussianðx : c; rÞ ¼ e2ð r Þ

ð5Þ

where c is the center and r is the width of the membership
function.
The Gaussian functions have between 45-55% overlapping to make sure that there is no hole (Jamshidi et al.,
1997).
Frequencies were fuzziﬁed by trapezoidal membership
functions since they reﬂect the best failure data based on
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experience (Markowski and Mannan, 2008). The trapezoidal
membership function depends on four parameters a, b, c and
d, as given by Equation (6). The parameters a and d show the
“feet” and the trapezoid; the parameters b and c locate the
“shoulders”.
8
0
xa
>
>
>
> ðxaÞ
>
axb
>
< ðbaÞ
ð6Þ
Trapezoidal ðx; a; b; c; d Þ ¼
bxc
1
>
>
ðdxÞ
>
c

x

d
>
>
ðdcÞ
>
:
dx
0
The values of fuzzifying membership functions for inputs
and outputs of both FIS are presented in Table 2.
As presented in Table 2, the universe of discourse for consequence variables was between zero and 100 to cover the
percentage of impacts. Various membership functions are
entitled and characterized in Table 2 based on types of consequence variables. The universe of discourse for frequencies was selected based on experience, general guidelines
and standards (OREDA, 2009; DNV, 2006; OGP, 2010).
It is detailed in membership functions to cover very rare
circumstances and most credible events.

TABLE 2
Values of membership functions
Gaussian membership function
Variable

Universe of discourse

Membership functions

C

r

Release rate or release
mass

[0 100]

Very small

0

10

Small

25

10

Medium

50

10

Large

75

10

Very large

100

10

Perfect operation

0

10

Good operation

25

10

Medium operation

50

10

Weak operation

75

10

Very weak operation

100

10

No damage

0

10

Self equipment
devastation/damage

25

10

Beside equipment
devastation/damage

50

10

Unit devastation/damage

75

10

Plant devastation/damage

100

10

Detection and isolation
provisions

Flammable damage
consequence

[0 100]

[0 100]

(continued)

Oil & Gas Science and Technology – Rev. IFP Energies nouvelles (2016) 71, 17

Page 8 of 15

TABLE 2 (continued)
Gaussian membership function
Variable

Universe of discourse

Membership functions

C

r

Flammable injury
consequence

[0 100]

No injury consequence

0

21

Injury of personnel

50

21

Death of personnel

100

21

No injury consequence

0

21

Injury of personnel

50

21

Death of personnel

100

21

No damage

0

10

Self equipment
devastation/damage

25

10

Beside equipment
devastation/damage

50

10

Unit devastation/damage

75

10

Plant devastation/damage

100

10

No injury consequence

0

21

Injury of personnel

50

21

Death of personnel

100

21

Insigniﬁcant

0

10

Minor

25

10

Moderate

50

10

Major

75

10

Catastrophic

100

10

Low risk

9

0.76

Negligible risk

7.2

0.76

Tolerable risk

5.4

0.76

Undesirable risk

3.6

0.76

Intolerable risk

1.8

0.76

High risk

0

0.76

Toxic injury consequence

Non-ﬂammable-non-toxic
damage consequence

Non-ﬂammable-non-toxic
injury consequence

Final consequence

Risk factor

[0 100]

[0 100]

[0 100]

[0 100]

[9 0]

Trapezoidal membership function
Variable

Universe of discourse

Membership functions

a

b

d

c

Frequency

[8 0]

Impossible

9.43

8.15

7.83

6.55

Improbable

7.86

6.58

6.26

4.98

Remote

6.24

4.96

4.64

3.36

Occasional

4.64

3.36

3.04

1.76

Probable

3.04

1.76

1.44

0.16

Frequent

1.45

0.17

0.15

1.43

1.0

Very-small

Small

Medium

Large

Degree of membership

Degree of membership
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Impossible

Improbable

0
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Degree of membership

Good operation Medium operation Week operation Very weak

0.5

10

0
−8

−7

Degree of membership

−5

−6

−3

−4

−2

−1

0

Low-Risk Negligible-Risk Tolerable-Risk

Undesirable-Risk Intolerable-Risk High-Risk

1.0

0.5

0
−9

Detection and isolation provisions
No injury consequence

Frequent

Probable

Frequency (log10(-))

1.0

0

Occasional

0.5

Release rate or release mass
Perfect

Remote

1.0

−8

−7

−6

−5

−4

−3

−2

−1

0

Risk factor (log10(-))

Death of personnel

Injury of personnel

1.0

Figure 6
Membership functions for the risk model FIS.
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Insignificant
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Example of membership functions for the consequence model FIS.

Inputs, outputs curves and examples of the membership
functions of the consequence model FIS and risk model
FIS are shown in Figures 5 and 6. As shown in Figure 5,
all consequence variables were Gaussian type and covered
all the universe of discourse based on the values presented
in Table 2. In addition, as shown, both inputs and outputs
were fuzzy statements based on the Mamdani model.
On the other hand, frequency membership functions were
selected as logarithmic values in trapezoidal curves, as
shown in Figure 6.
The second step to establish a FIS was making if-then
rules based on human knowledge. These rules, which were

made by expert knowledge during brainstorming meetings,
deﬁned the relations between fuzzy inputs and outputs.
Brainstorming meetings were held with the participating
operating HSE engineer, operating process engineer, operating manager, process-safety design engineer, process design
engineer, piping design engineer, instrument design engineer
and project design manager. About 116 rules connected
inputs and outputs in the ﬁrst FIS. For instance, one of the
rules that was made in the ﬁrst FIS was: if ‘release rate’ is
small and detection and isolation is very weak and ‘ﬂammable damage’ is no damage then ‘ﬁnal consequence’ is minor.
In the ﬁrst FIS, the ﬁnal consequence was the target point
resulting from different logics and linguistic terms, originated by human knowledge and experiments. The validation
and accuracy of the consequence model FIS was much better
than existing FIS for assessing consequences. The new FIS
analyzes consequences by concentrating on details of reasons for developing or decreasing release circumstances.
In addition, different types of damage and injuries, which
may occur during a release, were considered in rule-making.
The items mentioned made the consequence model FIS more
accurate for calculating consequence factors in comparison
with the recommended general risk assessment methods
(Markowski and Mannan, 2008; Ma, 2002) and suggested
piping risk assessment method (Jamshidi et al., 2012). More
than 30 rules connected the variables of the risk model FIS
together. An example of the rules that were provided in

Oil & Gas Science and Technology – Rev. IFP Energies nouvelles (2016) 71, 17

Page 10 of 15

Final consequence

used in this paper for defuzziﬁcation (Gottwald, 2006; Crowl
and Louvar, 2001).
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Interdependency of variables for the consequence and risk
models’ FIS.

the risk model FIS was: if ‘ﬁnal consequence’ is insigniﬁcant
and ‘frequency’ is impossible then ‘risk factor’ is low risk.
Different rules studied various states of consequences and
probability of occurrences for assessing risk factors in a circumstance. It was implemented by using human knowledge
and very simple linguistic terms which made fuzzy inference
more convenient to understand and analyze. The ﬁnal risk
factor was calculated by considering both FIS in a series run.
The interdependency of different variables for both FIS is
shown in Figure 7. There was different interdependency
between different variables in the FIS, some of which are
shown in Figure 7. This interdependency showed that any
change in variables, even minor, would affect the ﬁnal graph
and risk factor. In addition, it illustrated that rule conﬁguration was noticeably effective to provide an acceptable risk
assessment method.
In the last step, the defuzziﬁcation process was carried out
to transfer data from fuzzy values to crisp ones. The center of
area method, which is one of the most common ways, was

Application of the proposed fuzzy model for calculating risk
was checked in this section by studying a gas pipeline
between a gas plant and an export jetty. The pipeline,
7 km length, was routed to the jetty through a general
unmanned area and the last 1 km of this pipeline crossed
next to a general warehouse where non-ﬂammable materials
were stored. Operators were working 12 h a day in the warehouse. The general speciﬁcation of the gas pipeline is
presented in Table 3.
As this table shows, liquid propane ﬂows through
2400 - diameter pipe at high pressure and in low temperature
conditions. Risk of personnel injury due to ﬂammable material releases from the gas pipeline was studied here by two
different methods: the new fuzzy method proposed in this
paper and the classical method normally used in such
studies. Risk calculations were carried out for a 25-mm leak
hole and full-bore rupture as examples. The procedure of the
classical method for risk calculation is shown in Figure 8.
As shown, the ﬁrst step for starting risk calculation was
selecting the release hole size. Among common leak holes,
25-mm and full-bore release holes were selected as examples
of risk calculations (API, 2008). Calculation of the release
rate was the next step, which was done based in the equation
mentioned in Figure 8. Since there were different hole sizes,
various release rates were calculated, as mentioned in Table 4
(Wn). As the third step, the impacts of detection and isolation
systems on reduction of the release magnitude were studied.
The reduction factor was extracted from standard tables
based on the types of detection and isolation systems.
The detection type for the gas pipeline was visual detection,

TABLE 3
Pipeline operational conditions
Composition

Propane

Size

2400

Phase

L

Temperature (oC)

31.7

Pressure (bar)

25.1

Vol. ﬂow (m3/h)

54.7

3

Density (kg/m )

577.7

MW

44.2
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2) Calculate the release rate from equation below:
wn = Cd .kv,n . ρL

An

2gc (Ps − Patm)

C1
1) Select the release hole size

ρL

in above equation viscosity correction is calculated by:

[

kn,v = 0.9935 +

2.878

342.75

]

−1.0

+
Re1.5
Re0.5
Also, Cd is considered to be 0.61 as a conservative assumption

3) Estimate the impacts of detection and isolation systems on release magnitude.
It has reduction impacts on release rate/mass. The reduction factor can be extracted from standard tables.
Type of detection for the gas pipeline is visual detection, cameras or detectors with marginal coverage.
Also, isolation dependent on manually operated valves is considered as a type of isolation system.
Hence, the reduction factor is assumed zero to be zero based on the API standard table 5.8

4) Determine the flammable and explosive consequence:
CA = a(rate of mass)b, ac 3 = 313.6, bc 3 = 1.00

[{

rate,1.0
C5

[{

fact IC = min

flam
flam−AIL
AINL
CA inj,n
= CA inj,n
.(1− fact AIT)
.fact AIT + CA inj,n
4

flam
CA cmd
=

flam

∑ n = 1 gffn . CA cmd,n
gfftotal

5) Estimate likelihood of personnel presence in consequence area

7) Extract failure data (incident frequency)

6) Calculate injury/fatality

8) Calculate risk considering incident frequency and injury

Figure 8
Procedure of risk calculation by the classical method.
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TABLE 4
Results of risk calculation by the classical method and proposed new FIS
Classical method
Release hole size

25 mm

Full bore

13.2

4 182.35

1 600

270 400

Wn (kg/s)
Inj

2

CA (m )
Likelihood of presence of personnel

0.5

0.5
2

Injury/fatality probability

3.4 9 10

Failure data (per year)

2.4 9 106

6.5 9 105

Risk (per year)

8.3 9 108

1.2 9 104

Release mass/release rate

45

88

Detection and isolation

90

90

Flammable injury consequence

30

80

Final consequence

30

80

Frequency

5.62

4.187

Risk factor (per year)

7.12

4

0.8

Proposed new fuzzy system

cameras or detectors with marginal coverage. Isolation of the
pipeline depended on manually operated valves that were
considered as types of isolating systems. Hence, the reduction factor was assumed to be zero for the gas pipeline based
on the API standard table 5.8 (API, 2008). The fourth step
for classical risk calculation was determining consequences.
The area involved where personnel may be affected by
sequential events of a release was speciﬁed in this step
(CAInj).
The ﬁfth step was estimating the likelihood of the
presence of personnel in the consequence area. Based on
the storage operator’s report, the likelihood of personnel
presence in the area of the pipeline was 50% (POGC,
2010). Hence, fatality and injury calculations were done
based on the reported values as the sixth step. Incident frequency calculation was done by extracting failure data from
guidelines, and ﬁnally, risk was calculated considering incident frequency and injury.
Furthermore, risk of leak/release from the gas pipeline
was calculated by the proposed fuzzy system. The graphical
rules for calculating risk by the risk model FIS are shown in
Figure 9. As shown, the ﬁnal consequence value was calculated by the ﬁrst fuzzy inference system as an input for the
second fuzzy inference system. A combination of the
frequency and ﬁnal consequence formed the risk factor in
the second fuzzy inference system.

The input data, calculated values, and results for both
the classical method and the proposed new fuzzy system
are presented in Table 4. This table contains two independent parts. The ﬁrst part shows the calculated parameters
and values based on the classical procedure for calculating
risk. As shown in Table 4, the fundamental values for calculating risk in the classical procedure were quantitative
values, which were calculated based on the complicated
equations described in Figure 8 and Table 1. Moreover,
the second part of Table 4 shows the input variables for
calculating risk by the proposed fuzzy inference system.
As mentioned, the input data for the new fuzzy system
were linguistic terms that were produced by human knowledge and experiments that were easy to understand and
easy to use in decision-making. For instance, based on
decisions that were made during meetings of experts, the
following inputs were considered for calculating the risk
factor by the proposed new fuzzy system in the case of
a 25-mm leak hole: release mass/release rate: medium;
detection and isolation: weak operation or very weak;
ﬂammable injury consequence by considering the results
of simulations and magnitude of the release rate: no injury
or fatalities of personnel; frequency based on guidelines:
remote and improbable. Considering the inputs mentioned,
the ﬁnal consequence was calculated as a minor or moderate consequence. Eventually, the risk factor was calculated
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Frequency = −4.19

Risk-factor = −4
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Figure 9
Graphical rules for the risk model FIS.

based on the ﬁnal consequence and frequency as a negligible risk.
All values that were used for calculating the risk are presented in Table 4 for both the classical and new fuzzy methods. As presented, the proposed fuzzy inference system
demonstrated that risk of release from a 25-mm hole was
positioned in a negligible risk area and was not considerable.
It was certiﬁed by the classical method calculation for a leak
hole of small diameter, since the calculated risk was very low
in comparison with the standard risk criteria (IP 323, 1998).
On the other hand, based on the calculated value by the new
fuzzy inference system, the risk of full-bore rupture was 80%
undesirable and 20% tolerable. It was certiﬁed again by the

classical method, since the calculated risk was considerable
and high in comparison with the risk criteria.
A comparison between the calculated risks demonstrated
that there was 15% difference between the result of the proposed new FIS and the classical method.

CONCLUSION
The risk factor was calculated by a combination of two
FIS in this work. A combination of a consequence model
FIS and risk model FIS made up the new FIS based on
different possible consequences of an incident. The most
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important advantage of the proposed fuzzy system was its
comprehensiveness for considering the effects of incidents.
In addition, the proposed system has other advantages,
presented as follows:
– the relation between inputs and outputs were linguistic
terms. It made the model more ﬂexible for changing in
different conditions;
– it made the decision-making process simpler and faster,
since its results were more understandable and reliable;
– the case study showed that the proposed model has more
realistic results than the classical methods. A study of different types of consequences and various variables that
affect the consequences of an event showed that risk
assessment by the new model was more reliable than classical methods, in which the effects of very important
items such as detection and isolation are normally ignored
during risk assessments. In addition, brainstorming of
experts to estimate parameters gave results based on
experimental outcomes. A fuzzy mathematical method
also decreases uncertainties and increases accuracy;
– simplicity in the use of this model made it convenient for
users throughout complicated risk assessments. In addition, it was a very useful method while suitable data for
assessing risk were not accessible.
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