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Introduction

• Risk assessment for a hydrocarbon storage tank terminal requires due

consideration of process and non-process hazards;

• To date, there is no a comprehensive approach, or a set of industry

guidelines, or technical publications available that address the risks from

hazards such as fire, blast, toxic smoke, tornado, lightening, earthquake, loss of

containment (dike failure, etc.), forest fires and etc.;

• A significant gap in the industry that lacks to combine the knowledge of process

safety, advanced structural analysis, and reliability together to accurately and

reliably estimate the individual, environmental and facility damage risks from

such hazards.
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Introduction (cont’d) 

• Lastly, there is a considerable need for inclusion of domino (knock-on)

effects in the analysis whereby multiple failures and catastrophic events

are initiated simultaneously or in very close proximity to each other.

• Conclusion: there is a need for a comprehensive, holistic approach

for determining risk in and around the hydrocarbon storage tank

terminal accounting for domino effects.
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Potential Process and Non-Process Hazards
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Potential Process and Non-Process Hazards

• Potential hazards include:

– Fire (pool fire, tank surface fire, jet fire, flash fire, boil-over);

– Vapour cloud explosion (VCE);

– Toxic smoke and gas;

– Loss of containment as a result of secondary containment overflow or 

failure;

– Earthquake, 

– Tornado, hurricane, 

– Terrorist attack, etc.
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Potential Fire Scenarios at Tank Terminal
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The most severe types are full surface fire and boil-over. 

A full surface fire is where the tank roof has lost its buoyancy and some or all of the 

surface of liquid in the tank is exposed and then involved in the fire
Argyropoulos, C.D., Christolis, M.N., Nivolianitou Z., Markatos, N.C. “A hazards assessment methodology for large liquid hydrocarbon fuel tanks”. Journal of 

Loss Prevention in the Process Industries. s.l. : Elsevier, March 2012. Vol. 25, 2, pp. 329-335.



Potential Fire Scenarios at Tank Terminal
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Potential fire scenarios that can be developed in a tank accident include:

• Rim seal fire; 

• Spill on roof fire; 

• Full surface fire; 

• Bund or dyke fire; 

• Pontoon explosion; 

• Boil-over.

Fire Types and Escalation

As shown in the diagram, relatively small fires initiated on the roof may lead to full

surface fire on a single tank. A full surface fire, if not extinguished, may lead to a

more severe fire scenarios such as boil-over on the same tank and/or full surface

fire on near-by tanks.

Shaluf, I.M., Abdullah, S.A., “Floating roof storage tank boilover”, Journal of Loss Prevention in the Process Industries, 2001.



Past Fire Hazard
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Full Surface Fire

Secondary Containment 

Pool Fire
Boil-Over

Photos courtesy of Williams Fire & Hazard Control

https://www.flickr.com/photos/dowgor/2969303992/in/photostream/ http://www.williamsfire.com/libraries/code_red/boilover_sleeping_giant.pdf



Explosion (Blast)

Vapor cloud explosions can occur as a result of spillage of fuels or flammable

materials from aboveground storage tanks in tank farms.

Common causes that could unleash spills include:

• Overfilling

• Leaking from worn-out and corroded containment

• Loss of containment due to pipeline ruptures.

• Generation of combustible vapors that can be formed from the mixtures of 

combustible liquids stored in storage tank.
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Past Explosions
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Caribbean Petroleum Tank Terminal, October 23, 2009, 

Bayamón, Puerto Rico

Hertfordshire Oil Storage Terminal (Buncefield

Accident), December 11, 2005, Hertfordshire, England

U.S. Chemical Safety and Hazard Investigation Board U.S. Chemical Safety and Hazard Investigation Board

Buncefield Major Incident Investigation Board Buncefield Major Incident Investigation Board



Seismic Hazard

• Seismic hazard is among the most natural threats to storage tanks.  A seismic 

event can lead to subsequent events (escalation) such as fire and explosion 

Tank farm fires after Kocaeli Earthquake 

(1999) in Turkey
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Sari, et.al. (2007) Sari, et.al. (2007)

Sloshing damage to upper shell and roof 

of tank during 1999 earthquake in 

Turkey



Seismic Response of Storage Tanks

Seismic Hazard13

Fluid-filled tank buckled in "elephant-

foot" mode during Northridge 

earthquake in California

Elephant’s foot buckle at the base of a 

storage tank during 1964 earthquake in 

Alaska

• “Elephant's foot" buckles



Toxic Smoke
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• Burning hydrocarbon fuel could generate 

smoke and toxic gases. 

• Consequence of these events on the 

human health could range from 

asphyxiation to burns.

• The smoke can be carried to long 

distances away from the fire by the 

wind and cause hazard to a wider

area. 

• Absence of wind or presence of 

heavy fog, can keep the smoke

close to the ground and therefore 

hinder the firefighting operations or 

endanger personnel.
Buncefield Accident 



Toxic Smoke
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• The hazard caused by smoke and toxic

gases is characterized by:

o plume dispersion rates 

o height elevation

o the ground level concentration of 

toxic pollutants.

o weather conditions

• The smoke may contain toxic pollutants such as Sulphur dioxide (SO2), carbon

monoxide (CO), polyaromatic hydrocarbons (PAHs), and volatile compounds

(VOCs).

• Highly toxic Hydrogen Sulfide (H2S) could very quickly expose residential areas 

to immediately life threatening conditions. 

• Smoke containing Sulphur Dioxide (SO2) is potential health concern which could 

be felt up to at least a couple of kilometers away.

Vasylkiv, Ukraine

International Business Times
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Tornado Impact

• A tornado is a localized, intense storm of short duration.

• Severe tornado wind velocities are assigned to tanks and transformed

into an effective pressure applied to the exposed surfaces of the tank

structures.

• Storage tanks can be impacted by the debris transported by tornado

winds.

Reference: Fecht, Barbara Ann, et al. Comparative safety analysis of LNG storage tanks. No. PNL-4399. Pacific Northwest Lab., Richland, WA (USA), 1982.



Tornado Fujita Scale Descriptions
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Ref: https://en.wikipedia.org/wiki/Fujita_scale
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Tornado Impact - Example

• Crumpled and Torn Natural Gas Storage Tanks after Tornado in Lubbock

Tornado TX 1970

Note: Impact of tornado on these storage tanks is not documented in references. However, 

based on the observation from the photo, one can see that spillage of oil occurred, one or two 

tanks (possibly empty) overturned, standing tanks may be damaged by debris impact.

Reference: http://www.talkweather.com/forums/index.php?/topic/58889-significant-tornado-events/page-9.
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Tornado Impact - Example

• Damaged Oilfield Tank on Briarwood after Tornado in Moore

Oklahoma May 2013

Reference: Graettinger, Andrew J., et al. "Tornado damage assessment in the aftermath of the May 20th 2013 Moore Oklahoma tornado." (2014).
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Tornado Impact - Example

• Flipped Empty Oil Tank after Tornado in Edmonton in 1987 (F4 Tornado Rating)

Ref: http://www.sherwoodparknews.com/2012/08/03/photographer-recalls-black-friday



Loss of Containment

Ref: Federal Public Service Employment, Labour and Social Dialogue. Safety Alert: Rupture of an crude oil storage tank. 2006

• Loss of containment may occur due to tank rupture caused by fire, blast,

and seismic, or spilling and overfilling from tank or firefighting activities.

• Loss of containment can harm people and environment and cost companies

in terms of loss of property, cleaning up costs, and reputation.

Secondary 

Containment

Federal Public Service Employment



Reasons of Containment Loss:

1.Tank Rupture due to fire, blast, and seismic

2. Rainstorm water

3. Firefighting activities 

Potential Hazards at Storage Tank Facilities: Containment Loss
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Tank Rupture: Oil discharged

Fire
Storage Tank Full Surface Fire 

Blast
Buncefield Hertfordshire Oil Storage Depot 

after Blast and Fire Stormed Tank Farm

Seismic
Tank farm fires after Kocaeli
Earthquake in Turkey in 1999 

Firefighting Rainstorm

Containment Loss



Terrorist Attacks
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• Tank fire in Es Sider, Libya in 2014 that was caused by terrorist attack.

Rockets from Libya Dawn, an alliance of Islamist and Misratan militias, set fire to one of the giant storage tanks at Es

Sider on Thursday ….

http://www.theguardian.com/world/2014/dec/28/libya-appeals-foreign-firefighters-tackle-oil-port-blaze

http://www.theguardian.com/world/2014/dec/28/libya-appeals-foreign-firefighters-tackle-oil-port-blaze


Terrorist Attacks
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• Tank Failure, Baghdad, Iraq in May 2016 that was caused by terrorist attack.

At least 14 people were killed on Sunday in an attack by the Islamic State (IS) militant group at a gas plant near 

Baghdad,

http://www.newindianexpress.com/world/2016/may/16/14-killed-in-IS-suicide-bombing-at-gas-plant-in-Iraq-

904247.html

http://www.newindianexpress.com/world/2016/may/16/14-killed-in-IS-suicide-bombing-at-gas-plant-in-Iraq-904247.html


Risk Calculation Approach
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Risk Assessment Flow Diagram
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Major Hazard Identification
Hazardous Materials, Failure Modes, 

Loss Scenarios

Process Information
P&IDs, Flow Diagrams, Emergency 

Detection, Shutdown Systems

If Risk Not Tolerable
Identify Mitigation Measures / Re-Analyze and Re-Calculate

Risk Until Tolerability/Acceptability Criteria Met

Frequency Assessment

Fire/Blast, Toxic, Seismic, Tornado 

Consequence Assessment
Fire/Blast, Seismic Analysis, Toxic 
Impact Analysis, Domino Effect

Risk Calculations
Individual / Societal /
Environmental Risk

Stop If 
Risk is 

Tolerable

Human response to 
blast, thermal effects, 

toxic smoke etc.

Damage to environment, 
marine life, etc.



Risk Calculation
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• Risk due to hazards at a storage tank terminal and its surroundings is composed

of summation of all risks given no escalation (i.e. no domino effects) of undesired

events and all risks given an escalation (i.e. domino effects) of undesired events:

𝑅𝑖𝑠𝑘 =𝑅𝑖𝑠𝑘 | 𝑁𝑜 𝐸𝑠𝑐𝑎𝑙𝑎𝑡𝑖𝑜𝑛 +𝑅𝑖𝑠𝑘 | 𝐸𝑠𝑐𝑎𝑙𝑎𝑡𝑖𝑜𝑛



Risk Criteria: Individual Risk and Environmental Tolerability
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Individual Risk Acceptance Criteria – Major Industrial Accidents Council 

of Canada (MIACC)
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Depending on the type of land use, the annual 

individual risk criteria are different! 



Tolerability of Environmental Risk (Category Definitions) – Loss of 

Containment
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Category Definitions

6 Catastrophic

- Major airborne release with serious off-site effects

- Site shutdown

- Serious contamination of groundwater or water course with extensive loss of 
aquatic life

5 Major

- Evacuation of local populace

- Temporary disabling and hospitalization

- Serious toxic effect on beneficial or protected species

- Widespread but not persistent damage to land

- Significant fish kill over 5-mile range

4 Severe

- Hospital treatment required

- Public warning and off-site emergency plan invoked

- Hazardous substance releases into water course with 1/2-mile effect

3 Significant

- Severe and sustained nuisance, e.g. strong offensive odors or noise 
disturbance

- Major breach of permitted emissions limits with possibility of prosecution

- Numerous public complaints

2 Noticeable

- Noticeable nuisance off-site, e.g. discernible odors

- Minor breach of permitted emission limits, but no environmental harm

- One or two complaints from the public

1 Minor
- Nuisance on site only (no off-site effects)

- No outside complaint.

UK HSE, “Safety and environmental standards for fuel storage sites”, Process Safety Leadership Group, 2009.

Environment Agency for England and Wales, “Integrated Pollution Prevention and Control (IPPC) Environmental Assessment and Appraisal of BAT”, July 2003



Tolerability Criteria of Environmental Risk 
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Category Definition
Acceptable if 

frequency less than

Acceptable if reduced as low 

as is reasonably practical and 

frequency between

Unacceptable if 

frequency above

6 Catastrophic 1.0E-06 per year 1.0E-04 to 1.0E-06 per year 1.0E-04 per year

5 Major 1.0E-06 per year 1.0E-04 to 1.0E-06 per year 1.0E-04 per year

4 Severe 1.0E-06 per year 1.0E-02 to 1.0E-06 per year 1.0E-02 per year

3 Significant 1.0E-04 per year 1.0E-01 to 1.0E-04 per year 1.0E-01 per year

2 Noticeable 1.0E-02 per year ~1.0E+01 to 1.0E-02 per year ~1.0E+01 per year

1 Minor
All shown as 
acceptable

- -

Broadly 
Acceptable Region

Tolerable if ALARP 
Region

Intolerable Region

UK HSE, “Safety and environmental standards for fuel storage sites”, Process Safety Leadership Group, 2009.

Environment Agency for England and Wales, “Integrated Pollution Prevention and Control (IPPC) Environmental Assessment and Appraisal of BAT”, July 2003



Conclusions

• Any risk study for a storage tank facility needs to consider the 

following process and non-process hazards: 

– Fire (pool fire, tank surface fire, jet fire, flash fire, boil-over);

– Vapour cloud explosion (VCE);

– Toxic smoke and gas;

– Loss of containment as a result of secondary containment overflow 

or failure;

– Earthquake, tornado, hurricane, terrorist attack, etc.
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Conclusions

• A comprehensive, holistic approach is required for determining risk in

and around the hydrocarbon storage tank terminal accounting for

domino effects.

• A proposed approach in this presentation closes the gap in the

industry and combines the knowledge of process safety, advanced

structural analysis, and reliability together to accurately and reliably

estimate the individual, environmental and facility damage risks from

process and non-process hazards.

• Analysis results show that domino effect may have a significant

impact on the overall risk calculation such that neglecting this effect

can lead to overly low estimation in risk studies.
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Question/Discussion
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