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Abstract

Keywords

Background and aims: Butadiene storage tanks in process industries pose
substantial risks due to the highly flammable nature of their contents. Accurate Risk Assessment
risk assessment is essential not only for protecting personnel and equipment
but also for ensuring overall process safety and safeguarding surrounding
communities. This study aims to evaluate the risk levels of potentially Bayesian Network
catastrophic scenarios using Fault Tree Analysis (FTA) and to define the safety Explosion
perimeter through risk contour modeling with DNV’s SAFETI v8.4 software.

Butadiene Tanks

Consequence Modeling
Methods: An expert panel collaborated to reduce uncertainties, and the worst-

case scenario—characterized by the highest probability and severity—was
selected. Experts’ opinions were applied through a fuzzy logic-based approach
to estimate the probabilities of basic events in the chosen scenario. Root causes
of failures were first outlined qualitatively, followed by a quantitative FTA.
Defuzzified data provided deterministic probabilities for each event, which
were then utilized in a Bayesian Network model using GeNle software to
calculate the probability of the top event. SAFETT software was used to generate
risk contours and determine safety perimeters for a catastrophic rupture.

Results: FTA identified 45 basic and 17 intermediate events potentially leading Received: 2025/03/8
to catastrophic outcomes. Bayesian analysis revealed intentional procedural Accepted : 2025/09/6
violations (probability: 0.0091622) as the most significant contributor,

while shear stress (0.00089743) was the least significant. SAFETI modeling

indicated that maximum damage was localized within the tank area, with risk

diminishing at 900 meters from the explosion. The social risk was found to be

at an unacceptable level (10-%), and the top event occurrence probability was

0.00020267.

Conclusion: FTA combined with SAFETI provides a robust framework for
assessing and managing risk in hazardous process scenarios, offering practical
insights for safety improvements and emergency planning.
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EXTENDED ABSTRACT

INTRODUCTION

In the field of toxic gas dispersion and
consequence modeling, various tools are available—
including SAFETI, DEGADIS, SLAB, HGSYSTEM,
and ALOHA—each tailored to different study
requirements. Butadiene is typically stored in liquid
form under specific pressure conditions, and leaks
from storage tanks can occur due to several factors,
such as wall corrosion and operational errors.

The International Chemical Evaluation Document
on Butadiene, published in 2001, emphasized strict
adherence to guidelines for the transportation,
distribution, and storage of this chemical. Various
techniques, such as FMEA, HAZOP, What-If analysis,
Dow Index, ETA, and FTA, have been developed
for risk assessment in process industries. Fault
Tree Analysis (FTA) is a powerful approach for
identifying logical relationships between components
of manufacturing processes. FTA is a deductive (top-
down) method used for modeling safety and reliability.
Its goal is to model how a system can fail (in the lower
state) due to the logical combination of errors (lower
states) in its components. FTA uses directed acyclic
arrows and logical gates to model system failures and
is represented using specific symbols (basic events)
and logical gates, such as OR, AND, and NOT.

Traditional risk assessment methods have
limitations when dealing with complex and dynamic
systems. To overcome these limitations, modern
approaches such as Bayesian Networks (BN) have been
introduced. These methods provide more accurate
assessments by reducing uncertainty and allowing for
rapid updates.

Finally, SAFETI software, developed by DNV, is
a specialized tool for quantitative risk assessment,
consequence modeling, and emergency planning.
Utilizing empirical equations is crucial for studies
involving consequence modeling and risk estimation.

METHODOLOGY

This study aimed to assess human vulnerability and
social risk associated with catastrophic butadiene tank
explosions. The first step involved site identification,
process evaluation, review of incident history, and
gathering expert opinions using the HAZOP method.

Based on the hazard sources identified by the
expert panel, the leak and explosion scenario was
deemed the worst-case scenario. To overcome the
limitations of Fault Tree Analysis (FTA) and reduce
uncertainties, expert opinions were combined with
fuzzy logic theory to estimate the probability of basic
event occurrences. In this study, fuzzy logic was
applied to address uncertainties arising from the lack
of data on the failure rates of basic events.

After completing the qualitative FTA of the
butadiene tank explosion, the probabilities of the

basic events were determined. The FTA was quantified
using a combination of logical gates, with the review
and identification of minimum cut sets considered in
the qualitative model.

Following the identification of causes for the
butadiene tank explosion, both qualitative and
quantitative analyses of the resulting consequences
were performed using the FTA method. Due to
the lack of historical data on basic events, expert
opinions were used to estimate event probabilities
through fuzzy theory. Experts were selected based on
their expertise and experience, with their opinions
weighted accordingly. Three criteria were considered
in expert selection: the number of published articles,
prior experience in similar studies, and endorsement
of the experts competence by peers. Trapezoidal
fuzzy numbers were used to quantify the expert
panel’s opinions. To convert fuzzy numbers into
deterministic values, the defuzzification method was
applied, ultimately determining the possibility as the
probability of occurrence.

To implement the FTA, the Bayesian network
modeling software GeNle was used. GeNle calculates
the impact of root and intermediate causes on
outcomes and safety controls for each respective node,
with relationships represented by arrows. The software
also determines the sensitivity of each root cause in
relation to the occurrence of the main scenario.

Estimation and consequence modeling for the
selected scenarios were conducted using SAFETI
software to generate risk contours. Based on the
results of the FTA and consequence modeling, the risk
number was estimated.

RESULTS

The expert panel, consisting of five members,
identified the explosion scenario as one of the most
hazardous events in the risk analysis, based on data
from similar accidents involving butadiene tanks.
Their insights were instrumental in constructing
the Fault Tree Analysis (FTA) for this scenario.
The FTA identified 45 basic causes or failures and
17 intermediate events associated with a potential
butadiene tank explosion. Among these, the lowest
probability was linked to BE32 (shear stress), while
the highest was associated with BE10 (intentional
procedural violations).

According to results from the Fuzzy Bayesian
Network (FBN) modeled in GeNle software, the
annual probability of a butadiene tank explosion
was calculated to be 0.000020267. Basic events BE43,
BE44, and BE45 were identified as the most influential
contributors to the occurrence of the top event.

The highest rate of vapor release in the wind
direction was observed during the summer season,
exceeding 150,000 ppm. The explosion wave pressure
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Fig. 1. Social risk associated with the catastrophic rupture scenario of the butadiene tank

at a distance of 150 to 250 meters from the incident
site surpassed 15 bar. The impact range extended up
to 870 meters in the wind direction and 800 meters in
the opposite direction.

The range of explosion wave pressure effects,
based on distance in both downwind and upwind
directions for the catastrophic rupture scenario
under four weather conditions, was determined to be
between 500 meters in the upwind direction and 1,000
meters in the downwind direction. Given the strategic
location of the area and the high density of residential
buildings and diverse land uses, the model used to
rank individual risks was based on HSE UK standards.
This assessment indicates that the safe separation
distances between the tanks and surrounding land
uses are insufficient. According to Figure 1, the
social risk estimated by the SAFETI software is at an
unacceptable level.

DISCUSSION

Risk analysis and assessment methods can
be broadly categorized into three main types:
quantitative, semi-quantitative, and qualitative. In
a study conducted by Raja et al. using the Fault Tree
Analysis (FTA) method, LPG gas was analyzed based
on 16 basic events and four intermediate events. When
comparing butadiene and LPG—both of which share
similar processing methods and physicochemical
properties—a noticeable discrepancy in the failure
rates of their respective tanks emerged. This difference
may be attributed to either insufficient branching in
the FTA model or improvements in safety systems that
reduced the likelihood of basic event occurrences in
the studied tanks. In the present study, the probability
of the top event—explosion of a butadiene tank—was
estimated at 0.000020267 per year.

Based on the results, the explosion wave pressure
at a distance of 100 meters from the source was
estimated to be 0.5 bar. According to building

y

vulnerability standards, this pressure level is sufficient
to cause damage to all doors and windows in the
surrounding area. Consequently, within a 900-meter
radius, neighboring units near the butadiene tanks are
at risk of damage from shattered glass.

After calculating the frequency of the main
scenario and inputting population data into SAFETI
software, the risk levels for the explosion scenario
were plotted. The estimated social risk was found to be
at an unacceptable level. In a similar study, Xiaoyang
et al. analyzed the toxic and flammable characteristics
of natural gas during a leakage event using DNV’s
SAFETI quantitative risk analysis software. The
SAFETI computational model was also used to
calculate explosion risk and consequences following
a formaldehyde leakage accident. These calculations
are valuable for predicting and preventing natural gas
leakage incidents, thereby reducing both individual
and societal risks.

According to the standards of the UK Health and
Safety Executive (HSE), which are also adopted in
Iran, there are established criteria for construction
in high-risk areas. These areas are classified into
four main categories: industrial zones, shopping and
entertainment centers, residential areas, and sensitive
organizations or facilities. Based on individual risk
acceptance criteria used in the European Union and
the United Kingdom, the results of the social risk
assessment in this study fell within the unacceptable
range, indicating insufficient safe separation distances
around the butadiene tanks.

A study by Abbasi et al. similarly evaluated the
consequences of explosion scenarios ata facilitylocated
in a densely populated urban area. Their collective risk
assessment, with a value exceeding 107>, highlighted
the significant threat such an explosion could pose
to individuals and nearby infrastructure. In another
study, Fazli et al. effectively applied fuzzy theory to
address uncertainties in the input parameters of the
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Bowtie method. Through consequence modeling,
they found that the estimated risk value exceeded
1074, also placing it within the unacceptable range.
This probability suggests that the consequences could
seriously compromise the safety and environmental
integrity of the storage facility.

Given the strategic and critical location of the
butadiene storage tanks in relation to neighboring
units, this study faced a significant limitation due
to insufficient data for developing a comprehensive
vulnerability map of the area. Consequently, future
research could yield more robust and detailed results
by completing the missing data and conducting a
more thorough analysis of the interactions between
various land uses.

CONCLUSION

Given the potential for butadiene storage tanks
to cause severe accidents, such as explosions, it is
essential to predict risk boundaries and determine the
extent of fire or explosion to mitigate human harm.
Furthermore, assessing the domino effects resulting
from the explosion of these tanks is of significant
importance. Analyzing the domino effects caused by
the explosion of butadiene tanks is essential. Managers
should prioritize examining the placement of these
tanks to identify any potential incompatibilities with
adjacent units in processing industries.
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