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Oxygen lances (OLs) are important devices used in converter steel making. However, the occurrence of OL burning loss
(OLBL) failure may lead to explosion accidents. To better prevent OLBL failure, it is necessary to perform a probabilistic
assessment. Bow-tie analysis based on fuzzy theory was proposed to assess OLBL, which represents a hazardous event. In this
paper, fuzzy theory based on triangular fuzzy numbers (TFNs) was applied to calculate the failure data. Fuzzy fault tree analysis
(FFTA) in combination with the improved similarity aggregation method (ISAM) was employed to reduce the error generated
due to the subjective judgement of experts. Furthermore, a comprehensive importance analysis method was developed to rank
the importance of basic events (BEs), facilitating the adoption of the corresponding safety decisions. When performing fuzzy
event tree analysis (FETA), the occurrence probability of outcome events (OEs) was determined by conducting a layer of
protection analysis (LOPA). Finally, safety measures were proposed based on the assessment results to achieve safe production.
/e results indicated that the use of bow-tie analysis is appropriate to perform qualitative and quantitative assessment./rough
bow-tie analysis based on fuzzy theory, the occurrence probability of OLBL was determined to be in the interval (5.34E − 02,
2.69E − 01). By adding independent protective layers (IPLs), the occurrence probability of OEs caused by OLBL can be
effectively reduced.

1. Introduction

Between 1950 to 1951, the basic oxygen furnace (BOF) was
built in Linz and Donawitz. An OL was applied in the
production process, and it became a commonly used device
with the optimization of the BOF production process. OLs
have many advantages, such as high blowing speed and
realization of efficient production and satisfactory quality
[1]. /e Metallurgical Security Committee of China As-
sociation of Work Safety counted the number of produc-
tion accidents of 36 large steel companies in 2016. /ere
were 424 accidents and 473 casualties. /e processes that
were most frequently involved in these accidents included
other auxiliary production, iron making, and steel making,
accounting for 61.02% of the total number of accidents. /e
OL is one of the most dangerous devices in the BOF
production process, with the common failure types in-
cluding OLBL, OL falling, and OL cracking. When such

failures occur, it is highly likely for the water and high-
temperature molten metal to come into direct contact,
leading to an explosion. For example, on April 1, 2013, a
100-tonne converter exploded in the Xinyu Iron and Steel
Company in Jiangxi Province, which caused 28 injuries and
4 fatalities (the government website accident inquiry sys-
tem of the State Administration of Safety Supervision and
Management). /is accident occurred because the residual
cooling water (approximately 0.3 tonnes) in the cooling
pipe of the OL flowed into the bottom of the converter,
leading to contact between the water and hot slag in the
bottom, thereby causing an explosion. It can be seen that in
the process of metal smelting, once the high-temperature
molten metal is in contact with water, the accident con-
sequences are extremely critical [1, 2]. However, only a few
domestic and foreign scholars have investigated the risk of
converter device failures, and most of them concentrated
only on the methods to increase production or reduce
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energy consumption [3–6]. /erefore, it is necessary to
study the causes of OL failure in converter steel making and
determine the occurrence probability of the OLBL, based
on which reasonable and effective measures can be pro-
posed to prevent the occurrence of major accidents.

In recent years, safety science has been developing and
many risk assessment models have been proposed [7–9].
Among the several existing risk assessment models, bow-tie
is the most suitable approach to intuitively describe the cause
events and possible consequences of a hazardous event. /e
bow-tie diagram contains a fault tree (FT) and an event tree
(ET) composed of proactive and reactive elements, re-
spectively [10]. Bow-tie analysis has been applied in several
domains, for example, in the risk prediction of passenger lifts
[11], risk assessment of natural gas pipelines [12], and risk
assessment in the chemical industry [13]. Bow-tie analysis is
a comprehensive assessment method. Using the bow-tie
diagram, the causes and possible consequences of a haz-
ardous event after a series of protective measures have been
adopted can be determined. /is method has been con-
tinuously improved; for example, its diagram is no longer
limited to including only the FT and ET and can also be
combined with the Bayesian networks to perform risk
analysis [14, 15].

/e left side of the bow-tie diagram is the FT, and the
occurrence pathways and probability of a hazardous event
can be determined by performing the FTA. /e right side
of the bow-tie diagram is the ET, and the occurrence
probability of the OEs can be determined by performing
the ETA. /e FTA is a classic system risk assessment
method that allows both qualitative and qualitative ana-
lyses. /e traditional quantitative FTA requires the failure
probability of BEs. However, few failure data are available
with respect to the causes of OLBL, and it is difficult to
determine the probability of the failure data. Moreover,
the devices of a converter are constantly optimized, and
the daily safety management is constantly improved;
therefore, the failure probability of some BEs is constantly
changing. /erefore, the use of the traditional FTA may
lead to inaccurate assessment results. /e fuzzy theory
proposed by Khakzad et al. [16] addresses such problems
and is often employed to solve the problem of uncertainty.
In recent study, Yazdi et al. discussed the development
and improvement of fuzzy theory [17]. Tanaka [18] was
the first researcher to apply the fuzzy theory in the FTA.
He used the trapezoidal fuzzy numbers (ZFNs) to rep-
resent the failure probability of BEs to determine the
occurrence probability of the top events. /e FFTA has
been applied in many fields, such as engineering con-
struction [19], process industry [20, 21], and nuclear
safety [22, 23], and its reliability and superiority compared
to those of the traditional FTA have been demonstrated.
/e failure probability of BEs in the FFTA depends on the
expert judgement. To reduce the error caused by the
subjective judgement, the experts are often assigned
weights based on factors such as occupation, age, and
knowledge level [24–26]. To make the assessment results
more objective and reflect the uncertainty of the assess-
ment results, Renjith et al. [27] used the hesitation of the

experts to determine the summary results of the experts in
the FFTA of the chlor-alkali industry. When a large gap is
found among the experts’ opinions, a similarity aggre-
gation method (SAM) can be used to reduce the errors.
/is method was originally proposed by Hsu and Chen
[28], and the premise of using this method is that the set of
fuzzy numbers corresponding to the comment set be-
tween the experts must have an intersection. To eliminate
this limitation, Rajakarunakaran et al. [29, 30] optimized
the approach by varying degrees, which, to some extent,
reduced the error caused by the large gap in the expert
judgement. /is review shows that the FFTA has been
rapidly developed and is widely used. /e use of this
approach can not only solve the problem of missing failure
data but also fully reflect the uncertainty of the assessment
results and provide a basis for the decision making of the
system [31–33].

/e purpose of this paper is to propose a risk assess-
ment model to evaluate the risk of OLBL under the con-
dition that only partial failure data can be obtained. Part of
the failure data in this study was obtained from standard
reliability data sources. And the failure data which cannot
be obtained from the existing data were determined by the
fuzzy method based on expert judgement. In order to
minimize the error of quantitative analysis, ISAM was
proposed to calculate the final results of failure data. /en,
bow-tie analysis was applied to make risk assessment of
OLBL. A comprehensive importance analysis method
based on three importance measures was proposed to
determine the critical nodes of hazardous events. Mean-
while, the occurrence probability of OEs was determined by
the method of LOPA. Finally, safety measures aiming at the
critical nodes and OEs were proposed to reduce the risk of
OLBL.

In the existing studies, the probabilistic and consequence
assessment of OLBL was not performed. /erefore, in this
paper, bow-tie analysis was used to assess the risk of OLBL.
Section 2 introduces the methods used in the assessment
process. Section 3 describes the process of probabilistic
assessment based on the FFTA. Section 4 presents the as-
sessment of the probability and consequences of OLBL,
according to a case study.

2. Methods

/is section introduces the methods used in the assessment
process.

2.1. Bow-Tie. Comprehensive risk assessment is often re-
quired to be performed for high-risk events. Bow-tie is one
of the commonly used risk assessment methods that an-
alyses the accident scenarios to determine the occurrence
pathways and probability of BEs and OEs [11]. Five ele-
ments are included in the bow-tie diagram, namely, the BE,
FT, failure event (or hazardous event), ET, and OE. As
shown in Figure 1, the FT on the left side and ET on the
right side are connected through a hazardous event. /e
occurrence pathways and probability of the hazardous
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event can be determined using the FTA. Subsequently,
preventive barriers can be implemented to effectively re-
duce the occurrence probability of the hazardous event./e
consequences of the hazardous event can be determining
using the ETA, and mitigative barriers can later be in-
troduced to effectively mitigate the consequences of such
accidents [34].

2.2. FT Structure of OLBL. /e OL is one of the important
units in a pure oxygen top-blown converter, which includes
an OL and anOL lifting device./emain process flowchart of
converter steel making is shown in Figure 2. In the blowing
process, the temperature in the furnace reaches up to 2000°C.
/e OL endures the high-temperature furnace gas radiation
in the molten pool, and it is likely to be corroded by molten
metal and slag. /ese phenomena may lead to the leakage of
OL under critical conditions. Furthermore, the explosion of
the convertermay occur when themoltenmetal in the furnace
is exposed to water.

/e systems directly related to the OLmainly include the
oxygen and water supply system, OL transition system, and
OL position control system. /e OL may burn when an
abnormal cooling water supply occurs owing to the failure of
the water system. In addition, the OL may burn owing to the
abnormal operation of the position control system. /e
oxygen nozzle and oxygen body are easily eroded by the
molten steel when the OL position is abnormally low. /e
reasons for the occurrence of the OLBL were noted to
correspond to the unreliability of the humans and devices,
when considering the above two systems as the main

research objects. After the cause of the OLBL was analyzed,
the FT was built, as shown in Figure 3. /e symbols and
meanings of the events in the FT are listed in Table 1.

3. Risk Assessment Process of OLBL

3.1. FFTA. In the traditional FT quantitative analysis, the
failure probability of BEs is obtained by considering the
accident statistics or by performing experimental tests.
However, some failure data cannot be obtained using the
above methods. Many domestic and foreign scholars have
discussed FFTA in detail, and it has been proved to be valid
for such uncertain problem [35–39].

3.1.1. Fuzzy &eory. Fuzzy theory is a method proposed by
Zadeh to solve the problem of uncertainty or fuzziness [40].
According to the recent studies, ZFNs and TFNs are simple
and efficient methods to describe the uncertainty and
fuzziness problems [41–43]. In addition, these values fa-
cilitate the smooth transition in the process of translating
the qualitative linguistic variables of a specific failure
probability into a single value. /erefore, the failure
probability can be calculated by using the ZFNs and TFNs
in the FFTA. For example, Tanaka first used the ZFNs to
calculate the failure probability of the system [18]. Wang
et al. improved the TFNs and applied them to a printed
circuit board assembly system [44]. /is paper considered
the linguistic variables provided by the experts through the
TFNs. Assuming (a1, a2, a3) is a TFN, its corresponding
membership function is [45]
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Figure 1: Bow-tie diagram.
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where f
μA

(x) ∈ [0, 1]

3.1.2. Expert Elicitation. When performing the FFTA, the
experts express the possibility of the BEs with linguistic

variables according to their work experience, accident cases,
previous studies, and their own knowledge. /e corre-
spondence between the failure likelihood value and lin-
guistic variables of the failure probability can be determined
using many methods, such as intuition, reasoning, ranking,
neural nets, genetic algorithm, and inductive reasoning [46].
Purba proved the rationality of choosing TFNs instead of
ZFNs by inductive inference when evaluating the safety of a
nuclear power plant. He used the segmented programme to
divide the linguistic variables into 7 segments and later
assigned the failure likelihood value to the corresponding
TFNs, thereby representing the seven failure possibilities in a
qualitative manner (Table 2, Figure 4) [47].

3.1.3. Aggregation of Experts’ Opinions. Different judgement
results may be obtained when the experts use qualitative
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Figure 2: Converter steel-making process.
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linguistic variables to express the possibility of BEs because
of their different titles, service times, and educational
backgrounds, among other factors. Many methods to ag-
gregate the experts’ opinions are available. For instance,
Nurmi proposed the use of methods of voting, arithmetic
averaging operation, and fuzzy preference relations [48].
Ishikawa proposed the use of the max-min Delphi method
and fuzzy Delphi method [49]. Five experts were invited
when performing the analysis described in this paper, in-
cluding a professor, a department manager, an engineer, an
operator, and a technician. /e weight of each expert was
based on Renjith’s scoring basis [27]. /e result is shown in
Table 3.

Assigning a weight to the experts makes the results more
objective. However, if a wide gap exists between the
judgement of two experts, a large error may be incurred in
the final results. To solve this problem, Hsu proposed the
similarity aggregation method (SAM) [28]. However, a
prerequisite must be satisfied for applying this theory;
that is, the corresponding fuzzy number of the qualitative
linguistic elicitation of the experts should have a common
intersection at some α-level cut. To eliminate this limitation,
Rajakarunakaran et al. optimized and improved the SAM to
varying degrees [29, 30].

In this paper, to minimize the error of the quantitative
analysis, the ISAM was applied to obtain accurate results.
Suppose that the corresponding fuzzy numbers of the lin-
guistic elicitation of two experts with respect to the same BE
are Ru � (a1, a2, a3) and Ry � (b1, b2, b3), then the similarity
rate of the two experts can be denoted as

S Ru, Rv(  � 1 −
1
3



3

i�1
ai − bi


, (2)

where S(Ru, Ry) ∈ [0, 1]. A higher value of S(Ru, Ry) cor-
responds to a closer judgement of the two experts.
According to the judgement results of the experts on the
same BE, the consistency matrix is constructed using
equation (2):

J �

1 s12 · · · s1n

s21 1 · · · s2n

⋮ ⋮ ⋱ ⋮

sn1 sn2 · · · 1
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. (3)

/e average agreement degree of the ith expert (AAei) is
determined as

AA ei(  �
1

N − 1


u≠v
v�1

N

S Ru, Rv( . (4)

/e relative agreement degree of the ith expert (RAei) is
calculated as

RAi �
AA ei( 


N
u�1 A ei( 

. (5)

/e final weight of the experts is calculated as

Table 1: Event symbols and meanings in FT.

Symbol Event
M1 Molten steel erosion
M2 Nozzle aging
M3 Large return water flow difference
M4 Abnormal oxygen supply
M5 Lower OL position
M6 Cooling water flange damaged
M7 Pipe blockage
M8 Pipeline weld cracking
M9 Larger oxygen pressure
M10 Excessive internal pressure
BE1 Oxygen valve failure
BE2 Oxygen flange failure
BE3 Oxygen pressure monitoring failure
BE4 Switching oxygen timing inappropriate
BE5 OL position shows abnormal
BE6 Lifetime reached
BE7 Nozzle not replaced in time
BE8 Water valve failure
BE9 Backwater flange damaged
BE10 Inlet flange damaged
BE11 OL pipe scaling
BE12 OL pipe not cleaned in time
BE13 Design defect
BE14 Water vapor condensation
BE15 Abnormal water circulation

Table 2: Failure possibilities, failure likelihood values, and cor-
responding triangular fuzzy numbers [47]].

Failure
possibilities

Failure likelihood
values

Triangular fuzzy
numbers

Very low <1.0E − 08 μVL (x)� (0.00, 0.04, 0.08)
Low 1.0E − 08∼1.0E − 07 μL (x)� (0.07, 0.13, 0.19)
Reasonably low 1.0E − 07∼1.0E − 06 μRL (x)� (0.17, 0.27, 0.37)
Moderate 1.0E − 06∼1.0E − 05 μM (x)� (0.35, 0.50, 0.65)
Reasonably high 1.0E − 05∼1.0E − 04 μRH (x)� (0.63, 0.73, 0.83)
High 1.0E − 04∼1.0E − 03 μH (x)� (0.81, 0.87, 0.93)
Very high >1.0E − 03 μVH (x)� (0.92, 0.96, 1.00)
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Figure 4: Membership function of fuzzy numbers and their
corresponding failure possibilities.
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CCi � β · wi +(1 − β) · RAi, (6)

where β is a coefficient; β� 0.5 in this paper. β ∈ [0, 1]; β� 0
indicates that the assessment made by the expert is invalid.
β� 1 indicates that the weight of the experts is consistent
with the consensus degree of the experts.

After determining the CCi of the experts, the fuzzy
numbers corresponding to the linguistic elicitation by each
expert are used to calculate the aggregation of the expert
opinions of each BE, as shown in the following equation:

μB � 
5

i�1
CCi × μEi. (7)

3.1.4. Defuzzification Process. /e purpose of defuzzification
is to transform the fuzzy numbers into a fuzzy possibility
score (FPS) after the aggregation of the experts’ opinions.
Many methods can be used to realize the defuzzification
process. For example, in the work of Lavasani et al., the
centre of area defuzzification technique was used to evaluate
oil and gas offshore pipelines [21]. /e left and right fuzzy
ranking method was used to deal with fuzzy numbers [50].
/e area defuzzification technique (ADT) was used in this
paper, in which the FPS was determined as

FPS �
1
18

(4a + b + d). (8)

3.1.5. Transforming Fuzzy Possibility Score into Fuzzy Failure
Rate (FFR). In the quantitative FFTA, the FPS needs to be
transformed into the FFR. An algorithm was proposed by
Onisawa to accomplish this process, and this method was
improved and applied by many scholars [51]. /e loga-
rithmic function is defined as

FFR �

1
10K

,

K � 2.301 × 1 − ADT
ADT  

1/3
.

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

(9)

3.2. Importance Analysis of BEs. /e importance analysis of
the BEs is a key part in the quantitative FTA, which can
provide a basis for the reasonable adoption of the preventive
barriers./e Fussell–Vesely (FV) value was used byWang to
calculate the importance of the BEs, and the cut sets im-
portance (CS-I) was applied to the FFTA [25]. Vinod et al.
discussed in detail three measures to calculate the impor-
tance, risk achievement worth (RAW), risk reduction worth

(RRW), and Birnbaum importance (IB) [52]. RAW indicates
the importance of the systems in achieving the current safety
levels. RRW indicates the maximum risk reduction of
the system after improving a certain BE. Borgonovo and
Apostolakis proposed a new measure to determine the
importance of BEs, known as differential importance
measure (DIM) analysis [53]. /is approach has the ad-
vantage of additivity and can consider the effect of multiple
BEs combined on the top events. Antônio proposed a
measure known as the Euclidean distance (ED) [54], which
was applied for the analysis of a containment cooling system.
Purba proposed the α-cut method, which was proved to be
suitable for the FFTA [47]. In this paper, a comprehensive
importance method based on the Bayesian importance,
RAW, and RRW was developed to provide a basis for the
decision making.

3.2.1. Bayesian Importance. /e BN can be used not only to
construct a clear and intuitive causal graph but also to
perform probability inference [15]. When calculating the
failure likelihood value of the top event, the prior probability
of BEs in the BN analysis is determined by historical data or
subjective judgement. In addition, the BN can also be used to
perform probability updating. /e occurrence of the top
event as new evidence is used to calculate the failure
probability of each BE, which is considered as the posterior
probability. /e posterior probability can reflect the failure
probability of BEs when an intermediate or top event occurs.
/erefore, in this paper, the posterior probability in the BN
analysis was identified as one of the measures to determine
the importance of BEs [55]. /is value can be determined as
[56]

P Xi | N(  �
P Xi( P N Xi

 


n
j�1 P Xj P N Xi

 
, (10)

where Xi is the BE that leads to the intermediate or top event
N, P (Xi) is the prior probability of Xi, P(Xi

 N) is the
posterior probability of Xi, and P(N

 Xi) is the failure
probability of the top event, which denotes the likelihood
function obtained from the accident precursor data.

3.2.2. Risk Achievement Worth (RAW). /e RAW indicates
the degree to which the risk of the system increases when the
probability of a BE is 1. /e impact of the BE on the current
system safety level can be reflected by calculating the RAW,
as expressed in equation (11).

I
RAW
i �

P
Bi�1
T

P
Bi�Pi

T

. (11)

3.2.3. Risk Reduction Worth (RRW). RRW indicates the
degree to which the risk of the system decreases when the
probability of a BE is 0./e intuitive benefits of system safety
when improving the reliability of a base event can be re-
flected by calculating the RRW value, as expressed in the
following equation:

Table 3: Scoring results and expert weights.

Expert Title Service
time

Education
background Age Total

score Weight

1 4 4 5 4 17 0.309
2 2 3 4 2 11 0.2
3 3 4 4 2 13 0.236
4 1 2 2 1 6 0.109
5 2 2 3 1 8 0.146
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I
RRW
i �

P
Bi�Pi

T

P
Bi�0
T

. (12)

3.2.4. Comprehensive Importance Analysis. In this paper, a
combination of the Bayesian importance, RAW, and RRW
analysis methods was used to determine the final importance
of BEs. It is assumed that the weight of the Bayesian im-
portance analysis is 0.5, and the weights of the RAW and
RRW are 0.25 each./e importance of BEs can be calculated
using the following equation:

Ii � 0.5 × WBN
i + 0.25 × WRAW

i + 0.25WRRW
i ,

WBN
i �

IBN
i


n
i�1 IBN

i

,

WRAW
i �

IRAWi


n
i�1 IRAWi

,

WRRW
i �

IRRWi


n
i�1 IRRWi

.

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(13)

3.3.ConsequenceAnalysis. In actual production, some safety
protection measures are often adopted to prevent major

accidents [57, 58]. ETA based on LOPA was used to analyze
the possible OEs in the left side of the bow-tie diagram.

/e cooling water flow and temperature monitoring
equipment was used as the first independent protection
layer (IPL1), which enabled the staff to discover and
adopt measures at the early stage of the OLBL. /e
methods of automatic closing of the electric valve and
automatic lifting of the OL were used as the second
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Figure 5: OLBL bow-tie model.

Table 4: Failure probability of BEs (from OREDA).

Event Failure probability (d− 1) Failure probability (in a year)
BE1 8.16E − 06 3.09E − 03
BE2 6.24E − 06 2.36E − 03
BE3 4.21E − 05 1.47E − 02
BE8 6.00E − 05 2.17E − 01
BE9 7.24E − 05 2.61E − 01
BE10 1.14E − 05 4.12E − 02

Table 5: Weights of experts with respect to calculating failure
probability of X6.

Similarity rate Relative agreement
degree Final weight

1 1 0.77 0.86 1 0.213 0.261
1 1 0.77 0.86 1 0.213 0.207
0.77 0.77 1 0.63 0.77 0.172 0.204
0.86 0.86 0.63 1 0.86 0.188 0.149
1 1 0.77 0.86 1 0.213 0.180
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independent protection layer (IPL2). To prevent acci-
dents when OLBL was not detected, the electric valve
responded, the supply of cooling water automatically
stopped, and the OL automatically raised. /e alarm and
personnel response were used as the third independent
protection layer (IPL3). /e alarm was issued, and im-
mediate emergency measures were adopted to minimize
the consequences of the accident when the first two IPLs
failed. According to the analysis mentioned above, OLBL
may cause four kinds of OEs, and the bow-tie model is as
shown in Figure 5.

4. Case Study

/e failure of the OL often occurs in steel smelting pro-
duction, and among the different failure types of the OL, the
probability of occurrence of the OLBL is the highest.
/erefore, the steel mill needs to change the OL frequently to
ensure production safety. To analyze the risk of OLBL
through bow-tie analysis, first, the failure probability of
OLBL was determined by performing the FFTA. Next, the
consequences of the OEs caused by the hazardous event were
determined by performing the ETA.

4.1.ProbabilisticAssessment. /e failure data of the BEs with
respect to the FTA were incomplete, and some data were

obtained from the OREDA [59] (Table 4). /e failure
probability of other nonacquirable BEs was calculated using
the fuzzy theory, as mentioned above. First, the failure
probability of the BEs was divided into the seven linguistic
expressions of failure possibilities: VL, L, ML, M, MH, H,
and VH. Each linguistic expression corresponded to a failure
rate scale, and the expressions were transformed into the
corresponding fuzzy numbers (Table 2). Next, five experts
from different fields were invited to provide a linguistic
expression of the possibility with respect to each BE.

After the linguistic elicitation was provided by the five
experts, the fuzzy numbers based on the experts’ weights and
relative agreement degree were determined through equa-
tions (2)–(7). Taking X6 as an example, the linguistic elic-
itations expressed by the experts were RH, RH, M, H, and
RH, and the corresponding fuzzy numbers were (0.63, 0.73,
0.83), (0.63, 0.73, 0.83), (0.35, 0.5, 0.65), (0.81, 0.87, 0.93),
and (0.63, 0.73, 0.83). /e fuzzy number corresponding to
the highest probability was μmax � (0.81, 0.87, 0.93) and that
corresponding to the lowest probability was μmin � (0.35, 0.5,
0.65). /e similarity rate of each pair of experts was de-
termined using equation (2), and RAei was determined
using equations (4) and (5). According to the expert weights
listed in Table 3 and the RAei mentioned above, the final
weight of each expert in the context of determining the
failure probability of X6 was determined, as shown in
Table 5.

Table 6: Failure data calculation of BEs based on fuzzy theory.

Expert elicitation
FFRmin (d− 1) FFRmax (d− 1) FFRr (d− 1) FFPr (in a year)

Event 1 2 3 4 5
BE4 RL M M RL RH 4.37E − 06 3.44E − 04 4.24E − 05 1.53E − 01
BE5 M RL M M M 4.37E − 06 6.39E − 05 4.47E − 05 1.61E − 01
BE6 RH RH M H RH 6.39E − 05 7.00E − 04 2.97E − 04 2.38E − 01
BE7 H RH RH H RH 3.44E − 04 7.00E − 04 4.68E − 04 2.86E − 01
BE11 RL RL M M M 4.37E − 06 6.39E − 05 2.50E − 05 1.48E − 02
BE12 H M M RH RH 6.39E − 05 7.00E − 04 2.41E − 04 8.63E − 02
BE13 M RL RL L RL 8.54E − 08 6.39E − 05 7.84E − 06 2.83E − 02
BE14 M M L RL L 8.54E − 08 6.39E − 05 9.82E − 06 6.10E − 03
BE15 RH RH H M M 6.39E − 05 7.00E − 04 2.65E − 04 9.08E − 02

Table 7: Calculation result of importance.

BE IBN i IRAW i IRRW i Ii
BE1 3.09E − 03 1.10E − 01 9.59E − 02 1.97E − 02
BE2 2.36E − 03 1.10E − 01 9.59E − 02 1.95E − 02
BE3 1.47E − 02 1.01E − 01 9.59E − 02 2.31E − 02
BE4 1.52E − 01 1.08 8.18E − 02 1.00E − 01
BE5 1.61E − 01 1.08 8.11E − 02 1.03E − 01
BE6 2.37E − 01 2.36E − 01 8.05E − 02 9.99E − 02
BE7 2.85E − 01 1.79E − 01 8.05E − 02 1.13E − 01
BE8 2.16E − 01 1.08 7.60E − 02 1.21E − 01
BE9 2.60E − 01 1.07 7.18E − 02 1.36E − 01
BE10 4.10E − 02 1.09 9.21E − 02 6.37E − 02
BE11 1.48E − 02 1.76E − 01 9.53E − 02 2.56E − 02
BE12 8.63E − 02 1.04E − 01 9.53E − 02 4.56E − 02
BE13 2.82E − 02 1.09 9.33E − 02 5.95E − 02
BE14 6.09E − 03 1.84E − 01 9.56E − 02 2.31E − 02
BE15 9.08E − 02 9.89E − 02 9.56E − 02 4.68E − 02
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According to the final weights mentioned in Table 5, the
fuzzy number of X6 was (0.600, 0.704, 0.808), as determined
using equation (7). /is fuzzy number was transformed into
a crisp value known as the FPS, in this case, FPS6 � 0.217.
Finally, the failure probability of X6 was determined by
transforming the FPS into the FFR by using equation (9),

which was the most reasonable value, FFRr6 � 2.97E − 04. In
addition, the failure probability corresponding to the
maximum and minimum fuzzy numbers was calculated as
FFRmax6 � 7E − 04 and FFRmin6 � 6.39E − 05. /e calculation
process of the other unobtainable BEs was the same as that
forX6./e linguistic elicitation of each expert with respect to

Table 8: Fuzzy failure data of IPLs.

Event
Experts elicitation

FFRr (d− 1) FFPr (in a year)
1 2 3 4 5

IPL1 RH M M RH RH 1.92E − 04 6.40E − 02
IPL2 RH M M RL M 8.14E − 05 2.71E − 02
IPL3 M RL M M M 4.62E − 05 1.54E − 02

Table 9: Occurrence probability of OEs.

Symbol Event Occurrence probability
OE1 Slight leakage and no effect. 9.00E − 02
OE2 Less water leakage and minor consequences. 6.00E − 03
OE3 Serious water leakage, minor casualties, and major equipment damage. 1.64E − 04
OE4 Serious water leakage, heavy casualties, and major equipment damage. 2.56E − 06

OLBL

PB1: make sure the oxygen valve is tightened before production
PB2: maintain or replace oxygen valves or flanges
PB3: ensure the monitoring instrument runs safely
PB4: stop working immediately if oxygen pressure is abnormal
PB5: improve the operation skills of the workers
PB6: maintain and inspect the position display device of OL regularly
PB7: improve the reliability of OL position interlock device
PB8: replace the nozzle promptly
PB9: pay attention to the control of OL position and oxygen pressure

PB10: strengthen maintenance and inspection of cooling water system
PB11: check water valve before production
PB12: improve the reliability of cooling water monitoring device
PB13: improve the water quality of cooling water
PB14: clean the dirt in the pipe timely
PB15: choose proper welding materials
PB16: maintain and inspect pipe weld regularly
PB17: monitor water leakage in pipes

MB1: safety training
MB2: follow the operating rules
MB3: check device and monitor data
MB4: choose high reliability water flow and temperature alarms
MB5: maintain and inspect device regularly

MB6: improve the reliability of automatic OL lifting device
MB7: keep monitoring and keep manual OL lifting device reliable
MB8: check the power supply device regularly
MB9: use personal protective equipment
MB10: ensure safe operation of alarm device
MB11: complete emergency response plan
MB12: conduct emergency drills regularly
MB13: inform relevant departments to deal with the accident in time

Abnormal
oxygen
supply 

OL position
control 

Nozzle aging

Cooling
water system

failure 

Pipeline
weld

cracking

OE1

OE2

OE3

OE4

Mitigation barriers

Preventive barriers

Figure 6: OLBL bow-tie diagram.
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each BE and the results are shown in Table 6. Correspond-
ingly, the maximum, minimum, and most reasonable failure
probabilities of OLBL were calculated as Pmax�

2.69E − 01, Pmin� 5.34E– 02, and Pr� 9.59E − 02, respectively.

4.2. Importance Analysis. Combined with the results of the
posterior probability, RAW, and RRW, the final importance
of the BEs was calculated using equation (13), and the result
is shown in Table 7.

4.3. Consequence Analysis. /e failure probability calcula-
tion method of the IPLs was consistent with that of BEs, and
the results are shown in Table 8. According to the failure
probability of the hazardous event and the IPLs, the oc-
currence probability of the OEs was calculated (Table 9).

4.4. Safety Measures. According to the importance analysis,
BE9 (backwater flange damaged) is the most important BE
compared to other BEs. To prevent BE9, the workers need to
check the flange for damage before production and monitor
the incoming and return water flow during the production
process. To prevent BE8 (water valve failure), the water valve
must be checked and confirmed to be undamaged or
tightened before production. In addition, BE5, BE6, and BE7,
corresponding to device failure, are relatively important, and
inspection, maintenance, and monitoring are required. BE4
is an operational error, and to eliminate this error, the
workers need to undergo safety skills training to recognize
the importance of this operation.

By studying the FT, the occurrence pathways can be
ensured, and the importance of BEs can be determined.
/ese importance values were used as a basis for adopting
the preventive barriers to reduce the occurrence probability
of accidents. /e purpose of adopting the prevention bar-
riers is to reduce the possibility of occurrence of the haz-
ardous event and to effectively and reasonably prevent the
occurrence of the hazardous event. Alternatively, imple-
menting the IPLs is an effective way to reduce the risk of
OEs. /erefore, the purpose of the mitigative barriers is to
mitigate the consequences of OEs caused by the hazardous
event. Figure 6 illustrates the preventive and mitigative
barriers to ensure the system safety.

5. Conclusion

In the process of converter steel making, the OL is prone to
damage. /e occurrence of damage to an OL may lead to
critical consequences if the failure is not detected in time.
OLBL is a common type of failure of the OL. In the FT of
OLBL, some failure data were obtained from the standard
reliability data sources, and the remaining data were de-
termined using the fuzzy theory set based on the expert
judgement. Subsequently, the failure probability of OLBL
was calculated, and the importance analysis of BEs was
performed. Finally, the appropriate safety measures to re-
duce the risk of OLBL were proposed according to the
assessment results.

Bow-tie analysis is one of the most effective methods to
perform the probability and consequence assessments. /e
assessment results can provide a basis for the safe production
of converter steel-making in metallurgical enterprises.
Liquid steel corrosion, nozzle aging, and difference in the
return flow rate were themain causes of OLBL. To reduce the
occurrence probability of OLBL, the maintenance and in-
spection of the device, monitoring of the production process,
provision of skills training for the workers, and improve-
ment of the safety management should be performed.

Bow-tie analysis is used to determine the causes and
consequences of hazardous events. In the consequence
analysis, the occurrence probability of OEs was reduced by
adding the IPLs. However, the occurrence probability of the
minor accidents was not effectively reduced to very low. Two
approaches can be used to solve this problem. First, pre-
ventive barriers can be implemented to reduce the occur-
rence probability of OLBL. Second, mitigative barriers can
be implemented to reduce the failure probability of the IPLs.

Compared with the other assessment models, bow-tie
has been validated as the best approach to realize the
probability assessment and consequence assessment. To
achieve the safety goal, the cause events and OEs should be
considered simultaneously. According to a case study, the
methods to reduce the occurrence probability of the haz-
ardous event and OEs were illustrated. It was proved that
bow-tie analysis based on fuzzy theory is an effective as-
sessment model to guide and coordinate safe production.

In this study, the bow-tie analysis method was developed
on the basis of static analysis. However, in actual production,
the occurrence probability of equipment failure is closely
related to the running time, maintenance, and other factors,
and the occurrence probability of human error is also closely
related to the service time, physical condition, and so on.
/erefore, our subsequent study will focus on the risk of
hazardous events and the rules of accidents based on the
dynamic analysis. In addition, in the risk analysis of this
study, OLBL caused by multifactor coupling was not con-
sidered. /e mechanism of OLBL caused by multifactor
coupling and the use of multifactor coupling to prevent
accidents will be the focus of the subsequent study.
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