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Abstract

Background: Loading of petroleum products consists of several parts, of which the arm platform section is known to be the source
of most accidents.
Objectives: Therefore, this study was done to evaluate the risk of arm loading platforms using the bow-tie analysis (BTA) technique
to identify the causes and the probability of occurrence of hazardous events.
Methods: In this study, we first identified the risks of the loading arm using the expert’s judgment. The risk of overflow is considered
as the top event. Then, the basic events were identified by the fault tree analysis (FTA), and the possible consequences of the top event
were predicted using the event tree. Next, using the computational equations, the probability of spillover and its consequences were
calculated. The path of the risk event from the causal phase to the consequent phase was also illustrated by sketching the structure
of the BTA.
Results: A total of 14 basic events and 8 intermediate events were involved in the occurrence of the top event, and 5 consequences
were identified for the risk of spillover. The probability of the top event occurring was calculated to be 3.12 × 10-7.
Conclusions: According to the results of this study, tank overflow is one of the most important hazards in the loading arm section.
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1. Background

The oil and gas industries are prone to catastrophic
events due to dealing with hazardous materials. There-
fore, effective risk analysis in these industries is necessary
to prevent accidents and provide control strategies (1).

Loading arms are the most important part of load-
ing operations in petroleum products. The severity of
accidents in these departments depends on the type of
petroleum product, the chemical properties of the prod-
uct, the duration of exposure, and environmental condi-
tions (2). There are a variety of potential hazards to the
loading platform’s arm causing numerous accidents, in-
cluding product leaks, fires, and explosions during loading
operations that could result in casualties, financial losses,
and severe environmental pollutions. Therefore, perform-
ing a risk assessment and identifying the key factors lead-
ing to accidents in the loading arms is important to ensure
the safety performance of the system in this area (3).

Different techniques are used for risk analysis in indus-

tries. Fault tree analysis (FTA), preliminary hazard analy-
sis (PrHA), and bow tie analysis (BTA) are some tools that
are used in risk analysis. These techniques provide risk as-
sessment for a specific purpose. Therefore, different inputs
and outputs are the most prominent distinction in apply-
ing these techniques (4).

BTA technique is one of the risk assessment tools
in complex systems. This technique integrates the rela-
tionships between hazards, events, and potential conse-
quences of an accident into a clear chart (5). This tech-
nique can provide a simple and comprehensible portrayal
of effective risk assessment scenarios and a logical relation-
ship between causes and consequences in the form of a
chart (6). The BTA technique has been used for risk manage-
ment purposes since the 1970s (7). For example, Khakzad
et al. used BTA to analyze safety risks in offshore drilling
operations (8). Xu and Xu used the BTA technique for
risk assessment in mining (5). Finally, Yao Zhang and Xin
Guan selected project prevention and conservation strate-
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gies based on the results of the BTA (9).

On the basis of the importance of the safety of oil and
petroleum processes and the occurrence of disasters, such
as piper alpha, it seems that attention to this subject is nec-
essary. Iran has great oil reserves, and the safety of oil in-
dustries is needed to be attended more than ever. Explo-
sion or any type of accident in this area can impose a large
amount of damages; therefore, it is better to avoid any acci-
dent. Based on our knowledge, no study has yet been con-
ducted to evaluate the risk of loading arms using the BTA
technique. The study of loading arms of platforms is a new
field of research.

2. Objectives

The purpose of this study was to evaluate the risk of
loading arm of petroleum products using the BTA tech-
nique.

3. Methods

The present research was a cross-sectional study con-
ducted in the arm section of loading platforms for oil prod-
uct distribution. The steps of the study were as follows:

3.1. Risk Analysis

In the first stage, expert elicitation was used to deter-
mine the basic events. Each expert was given a weight
based on his/her experience, level of knowledge, and pro-
fessional position. In the next phase, the basic events were
determined by direct observation as well as consultation
with experts and operators. Each expert was then asked to
perform a linguistic assessment for each basic event. The
results of the linguistic evaluation are presented in Table 1.
Eventually, the linguistic terms of the experts became tri-
angular fuzzy numbers.

3.2. Fault Tree Analysis (FTA)

The fault tree is a structure that shows all the causes of
the main event. To build the fault tree, the events in the
loading arm (primary, middle, and basic) were first identi-
fied. Then, communications were identified using logical
symbols known as "AND" and "OR" gates. The "AND” is used
when the outbound event of all input events is required,
and the "OR” is used when at least one input event is suf-
ficient (9). The FTA indicates the probability of failure of
a system based on the failure rate of the basic events. The

fault tree expresses the reliability of the system by provid-
ing a framework for qualitative and quantitative evalua-
tion of the main event (10). The determination of mini-
mum shear sets (MCSs) is performed in fault tree qualita-
tive analysis. The shear set refers to a combination of basic
events that occur in the main event. When the underlying
events occur simultaneously, the main event will occur (11).
In the quantitative model of the fault tree, the probabilities
of occurrence of basic, intermediate, and major events and
also shear sets were calculated using Equations 1 to 3.

(1)POr (E) = 1 − Πk
i=1 (1 − P (Ei))

(2)PAnd (E) = Πk
i=1 P (Ei)

(3)P (MCSj) = Πn
i=1FP (BEi)

Where, PAnd (E) is the probability of the intermediate
or top event with AND input, POr (E) is the probability of the
intermediate or top event with OR input, P (Ei) is the proba-
bility of occurrence of events in the fault tree, Ei represents
the total number of input events for K = 1, 2, 3, etc., FP (BEi)
indicates the probability of occurrence of each basic event,
and P(MCSj) is the probability of occurrence of the mini-
mum shear set. In addition, the importance measure (IM)
of basic and intermediate events and minimum sets in the
main event occurrence was calculated using Equations 4
and 5.

(4)IFV
i =

P (TE) − P (TE)

P (TE)

(5)IM (MSCj) =
P (MSCj)

P (TE)

Where, P (TE) is the top event probability, IFV
i is the

importance of the basic event by the FV method (in FV, the
probability of the main event is calculated by setting the
basic or intermediate event to zero), and IM (MCSj) is the
importance of the minimum shear set.

3.3. ETA

The event tree is a deductive method that simultane-
ously generates two branches, including successes and fail-
ures that show all the possible consequences of a critical
risk occurrence. The purpose of the event tree is to deter-
mine the consequences of the initial event by considering
protection systems (12). Event tree analysis is done in both
quantitative and qualitative forms. In the qualitative anal-
ysis of the event tree, the consequences of the top event
were determined. The likelihood of any event is also deter-
mined in the event tree simulation. Probability determi-
nation should be based on the operator’s actions and the
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Table 1. Experts’ Opinions on Basic Events

Tags Event Expert 1 Expert 2 Expert 3

BE01 Incorrect volume given to meter RL RL M

BE02 The volume recorded in the bill of lading does not fit the tanker type L L L

BE03 Adverse effects of environmental conditions RL L L

BE04 Meter burnout due to over-operation L L L

BE05 Defect in the diaphragm valves L L L

BE06 Turning on the pumps simultaneously RL RL M

BE07 The meter is set incorrectly L L L

BE08 Defect in rotation of bearing RL RL L

BE09 Locking the handle of the meter RL L L

BE10 Lack of operating the loading lever L L L

BE11 Defect in breaker valves L L L

BE12 Defect in tanker drain valve L L L

BE13 Forgetfulness of quality control operator in the process of laying RL RL RL

BE14 Inadequate equipment VL VL VL

success or failure of the system to prevent the occurrence
of a hazard (13). The occurrence probability of each conse-
quence was calculated using the following equation:

(6)Pr (TE) × Πn
j =1 Pr (E) = Pr (consequence)

Where, Pr (TE) is the probability of top event and Pr (E)
is the probability of success or failure of the safety system
to cause a major event.

3.4. Cause Consequence Model

Because the fault tree and event tree methods cannot
directly describe the whole incident process, then, by com-
bining the diagrams of the fault tree and the event tree
and performing the related calculations, the Bow-tie dia-
gram represents a graphical representation of the whole
accident process has been achieved (5).

4. Results

In the present study, primarily risks were identified us-
ing experts’ opinions. According to the results, the risk of
the overflow of petroleum products was highest among
the risks (Table 2). Therefore, product overflow can be con-
sidered as the top event of the fault tree. Then, using the
expert opinion system, the basic events that were involved
in the top event were identified and categorized, and the
fault tree for the risk of a petroleum product flooding is
shown in Figure 1. Besides, the probability of occurrence
of basic, intermediate, and top events and minimum cut
sets were calculated. Tables 2 and 3 show the probability of

occurrence and the importance of basic, intermediate, and
top events and minimum cut sets. Then, the probability of
each outcome was calculated by determining the probabil-
ity of failure or success of each of the protective layers (Ta-
ble 4). Finally, by combining the fault tree and the event
tree, the BTA structure is plotted (Figure 1).

5. Discussion

In this study, the risk assessment of loading arms was
performed by the BTA technique. This method has been
used in other studies (14). According to the results of the
qualitative structure of the fault tree that is depicted in Fig-
ure 1, it can be said that 14 basic events and 8 intermediate
events are involved in the overflow event. The probability
and the degree of importance of each event are shown in
Table 2. Among the basic events, turning on the pumps si-
multaneously with the probability of occurrence of 5.46×
10-7, incorrect volume given to the meter with the proba-
bility of occurrence of 2.23 × 10-7, forgetfulness of quality
control operator in the process of laying with the proba-
bility of occurrence of 4.49 × 10-8, and among intermedi-
ate events, fault in filler system, malfunction in the auto-
matic meter system, and electrical defect of the meter with
the same probability of 9.93 × 10-2 are most likely to cause
an oil overflow. The probability of an overflow occurring
from the tanker was calculated to be 3.12× 10-7. These find-
ings suggest that attention to the safety of the meter is very
essential. The main events that can lead to the top event
are related to the meter. This device plays an important
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Table 2. Probability of Occurrence of Basic and Intermediate Events and Importance of the Events Considered In the Fault Tree

Tag Event Probability of Occurrence (per Year) Importance Measure Ranking a

BE01 Incorrect volume given to meter 2.23 × 10-7 7.11 × 10-1 4

BE02 The volume recorded in the bill of lading does not fit the tanker type 1.57 × 10-9 3.02 × 10-3 13

BE03 Adverse effects of environmental conditions 4.49 × 10-8 7.13 × 10-1 6

BE04 Meter burnout due to over-operation 1.87 × 10-8 5.15 × 10-1 10

BE05 Defect in the diaphragm valves 3.15 × 10-8 3.16 × 10-1 9

BE06 Turning on the pumps simultaneously 5.46 × 10-7 6.44 × 10-2 2

BE07 The meter is set incorrectly 1.63 × 10-8 5.12 × 10-1 11

BE08 Defect in rotation of bearing 4 × 10-8 1.44 × 10-1 8

BE09 Locking the handle of the meter 4.48 × 10-8 1.44 × 10-1 7

BE10 Lack of operating the loading lever 1.87 × 10-8 1.02 × 10-1 10

BE11 Defect in breaker valves 3.15 × 10-8 8.93 × 10-1 9

12BE Defect in tanker drain valve 1.22 × 10-8 3.48 × 10-2 12

BE13 Forgetfulness of quality control operator in the process of laying 4.49 × 10-8 9.14 × 10-1 6

BE14 Inadequate equipment 8.16 × 10-11 3.52 × 10-2 14

TE01 Tank overflow 3.12 × 10-7 Top event Top event

IE01 The volume given to the meter exceeds the tank capacity 2.24 × 10-7 7.16 × 10-1 3

IE02 Fault in filler system 3.15 × 10-8 9.93 × 10-2 9

IE03 Previous product in tanker 5.71 × 10-8 1.82 × 10-1 5

IE04 Malfunction in the automatic meter system 3.15 × 10-8 9.93 × 10-2 9

IE05 Electrical defect of meter 3.15 × 10-8 9.93 × 10-2 9

IE06 The meter current exceeds the allowed range 5.62 × 10-7 1.92 × 10-2 1

IE07 Mechanical defect of meter 1.79 × 10-15 3.20 × 10-3 15

IE08 Fault in manual system of meter 3.89 × 10-16 8.33 × 10-2 16

a Ranking based on basic events.

Table 3. Probability of Occurrence and Importance Measure of Minimum Cuts in Fault Tree

Tag Cut sets Probability (per year) Importance measure Ranking a

CS01 BE02, BE01 3.50 × 10-16 1.12 × 10-9 1

CS02 BE06, BE05, BE04, BE03 1.44 × 10-29 4.61 × 10-23 3

CS03 BE07, BE05, BE04, BE03 4.30 × 10-31 1.37 × 10-24 3

CS04 BE09, BE08 1.79 × 10-15 5.74 × 10-9 1

CS05 BE11, BE10 5.89 × 10-16 1.88 × 10-9 1

CS06 BE14, BE13, BE12 4.46 × 10-26 1.43 × 10-19 2

a Ranking based on basic events.

role in the process of loading oil products on platforms.
The findings also emphasized the importance of electrical
safety and the role of human error. In places in which large
amounts of fuel materials are kept, an electrical defect may
result in many accidents, like fire and explosion. Another
serious subject is human error. Many accidents are of hu-
man origin; for example, in this study, some events, such

as the forgetfulness of the quality control operator in the
process of laying was related to the reactions of operators.
It seems that this subject is needed to be more studied.

Moreover, according to the findings of this study (Ta-
ble 3), the top event can occur through different ways. This
problem indicates that for avoiding the occurrence of the
top event, it is needed to inhibit all paths that may lead
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Figure 1. The scenario of the overflow of oil from a tanker using bow tie analysis (BTA) diagram

Table 4. The Probability of the Eventual Consequences of the Event Tree

Tags Description Probability

C1 Explosion 1.31 × 10-7

C2 Vapor Cloud Explosion (VCE) 1.65 × 10-8

C3 Vapor Cloud Explosion (VCE) 1.39 × 10-11

C4 Fire 2.01 × 10-9

C5 Overflow 7.76 × 10-7

to the event. Six minimum cut sets for 14 basic events a
large number and emphasizes the necessity of implement-
ing control measures.

According to Table 2, explosions and overflow are the
most important consequences of the overflow event when
the protective layers fail, which their probabilities of oc-
currences were calculated to be 1.31 × 10-7 and 7.76 ×10-8,

respectively.

In the study by Mirzaei et al., 16 top events, 5 intermedi-
ate events, and 11 minimum cut sets were obtained in risk
assessment of LPG gas tanks using the BTA technique, and
the probability of the major event occurring was 3.45× 10-2

(14).

van Thienen-Visser et al. conducted a risk assessment
study for a gas oil storage in an abandoned salt cavern.
They considered both the causes and consequences in their
BTA. They showed that the major cause of accidents aris-
ing from subsurface storage is human error (15). This re-
sult is consistent with our study because one of the most
important events that can lead to the major accident is hu-
man error. Similarly, it can be said that many unsafe con-
ditions also are related to human acts. On the other hand,
we have automatic processes in the oil and gas industries,
which are associated with risks, as well. For example, Yu et
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al. conducted a study using BTA for underwater robots in
offshore oil and gas operations. They suggested that colli-
sions of autonomous underwater vehicles in offshore oil
and gas operations may lead to some consequences, like
loss of equipment, pipeline leak, and mission failure, and
the bow-tie could analyze causes and consequences of ma-
jor events (16).

5.1. Conclusion

In the present study, risk analysis was performed by the
BTA technique for the arm section of oil rig loading plat-
forms. BTA risk assessment is performed to trace the haz-
ard event path from the phase of the hazard to the conse-
quences of the hazard. In this technique, the events lead-
ing to the top event and the consequences of the top event
were determined, and the probability of each was calcu-
lated. The importance of minimal incidents and cuts was
also identified, which can be used to allocate resources and
facilities to reduce the risk event and its consequences. The
results of this study showed that the basic events of simul-
taneous switching on pumps, giving the wrong volume to
the meter, and trapping the QC operator in the sedimen-
tation operations are most likely to affect overflow. The
results also showed that the use of control measures in
the prevention of immediate and delayed sparks had the
greatest impact on the prevention and control of spillover
events.
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