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ABSTRACT

The Methodology and Standards Development Unit of the Health and Safety Executive
(HSE) commissioned Liverpool John Moores University (LJMU) to construct a laboratory
facility to conduct a series of tests simulating the sudden failure of a tank such as is used
industrially for the storage of hazardous liquids. Such failures are rare. However, history
has shown that when they do occur a large proportion of the liquid is likely to escape over
the surrounding bund wall or embankment, even if the force of the wave impact does not
damage the retaining structures. This thesis introduces the background to the project,
describes the new test facility, records the results of the investigation and shapes

conclusions, which form partial fulfilment for the degree of Doctor of Philosophy. The
results will be of value to the HSE in the performance of its statutory duties, and may be of
value to tank storage operators in their consideration of the extent and severity of
foreseeable major accidents, in their risk assessments and in their consideration of

reasonably practicable measures to reduce those risks.

Tanks used for bulk storage of hazardous liquids are often completely surrounded by a wall
or earth embankment with the aim of providing secondary containment for any spillage
from the tank. If the walls of the bunded area have been designed, built and maintained in
line with current standards then they will provide full containment of the likely spills.
However, they will not contain the surge of liquid that would follow a catastrophic failure

of the tank; even if the surge does not destroy the bund wall, the flood wave is likely to

overtop 1t. Whilst catastrophic failure of bulk storage tanks is rare, the consequences for
site personnel, any local community and the environment can be severe. Such accidents
have occurred all around the world, such as in the USA, in Greece and in Lithuania, with
colder climates being particularly at risk due to certain types of steel tanks becoming brittle

with extended periods of exposure.

The laboratory facility was built to perform simulations of catastrophic and partial failures
of a storage tank, covering a comprehensive range of tank and bund arrangements and to
measure both the dynamic pressures that are exerted on the bund wall and the quantity of
liquid that overtops it. Charts and correlating functions were derived, allowing
interpolation to other tank and bund arrangements at full scale. The resulting empirical

equations allow operators and other interested parties to quickly and easily assess the

potential impact of various failure scenarios in terms of overtopping and to determine if the
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structural integrity of the bund itself is a factor in the possible complete loss of secondary

containment.

For overtopping, Equation 6.1:

r ]
QO =Aexp —B[—J

With A and B taking values as recommended in Chapter 6

For dynamic pressures, Equation 6.2:

Dyn/Stat ., =C exp[—— D[%ﬂ

With C and D taking values as recommended in Chapter 6

The major extent of this work far exceeds previous attempts to quantify the extent of the
problems experienced when a bulk storage vessel fails both in the types of failure modelled
and in the range of configurations considered. A total of 183 different tank and bund
configurations with various failure modes were investigated, with each individual test
repeated at least five times. The novelty of this work is in the determination of the

dynamic pressures associated with the bund overtopping and in evaluating any

relationships between them.

Observations and measurements made during the testing programme determined the
performance and integrity of bund walls to be in question given the force of the impounded
wave 1n the event of a catastrophic failure of the primary containment. The findings
clearly indicate that the vast majority of current installations are severely at risk in the
event of catastrophic failures and various other forms of major leaks. The implications are
that existing regulations and guidelines need to be re-evaluated to improve the assessment

of potential risks and to recommend suitable mitigation measures in environmentally

sensitive areas.
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CHAPTER 1

Introduction

1.1 Preface

Chemical storage of any kind gives rise to potential threats to the environment and poses
health and safety issues, which require extensive consideration in terms of the management
of design, manufacture, installation, operation, regular inspection and maintenance. There
are numerous guidelines in existence to help give rise to standardised methods of work and
to give recommendations on good practice, with slight variations depending upon the
country of the installation. With regard to the UK the recent publication of the document
Chemical storage tank systems — good practice CIRIA C598 (2003), aims to give guidance
on design, manufacture, installation, operation, inspection and maintenance. The
document 1s targeted at project promoters, designers, manufacturers, construction and
maintenance engineers, construction project managers, site engineers and operatives as

well as regulators (Cassie and Seale, 2003).

The 1999 Environment Agency (EA) report Spotlight on business environmental
performance highlights the risks due to bad practice and outlines details on the prosecution
of more than 100 companies for water pollution offences during that year. Although some
improvements have been made over the last few years, there is still an urgent need for

further improvement in the management of all areas of chemical storage.

Storage tanks are commonly surrounded by a catchment area in the form of a retaining
wall, known as a bund, its function being to retain any spillages, which may occur. Bunds
are a form of secondary containment sometimes used within plant buildings for reactors
and other process vessels. It is normal to limit the number of tanks to 60,000 m’ total
capacity with incompatible materials having separate bunds as outlined in the Technical

Measures Document on secondary containment issued by the Health and Safety Executive
(2000).

Bunds are normally designed to hold 110 % of the volume of that of the largest tank, the

excess height notionally to prevent stored liquid surging over the top of the bund in the

event of a catastrophic failure of the primary containment. This allowance has proved to
1



be inadequate as, even with storage volume excess, large quantities of liquid can still
overtop bunds as discussed by Thyer and Jagger (1997). This has been demonstrated by
various researchers including Greenspan and Young (1978) and Greenspan and Johansson
(1981), together with actual incidences of containment vessel failure e.g. at Ponca City in
1924 and Floreffe in 1988. Within the last decade, several incidents have occurred in
which tanks have failed catastrophically involving flammable vapours inside an
atmospheric storage tank exploding. This resulted in the tank splitting along the side seam

or being propelled upward from its base (shell to base failure).

Welding operations are a common cause of catastrophic failure with vapours igniting
outside the tank and flashback occurring into the tank itself. These incidents commonly
result in serious injury or death to workers as well as environmental contamination as

indicated by the United States Environmental Protection Agency (1997). Examples of the

latter include:

o Floreffe, January 1988 — failure of a 4 million gallon tank of fuel oil at Ashland

O1l released a wave of oil that surged through the bunded area damaging
another tank, overtopping the bund and subsequently polluting major rivers
(Plate 1.1).

o Iowa, March 1997 — failure of a 1 million gallon tank of ammonium phosphate.

o Michigan, July 1999 — a 1 million gallon tank of ammonium polyphosphate
ruptured and damaged three other tanks.

o Ohio, August 2000 — a 1 million gallon tank of liquid fertilizer ruptured and
damaged nearby tanks. The resulting wave of liquid broke through a concrete
bund and hit five tractor-trailer rigs, pushing them into the Ohio River.

o Ohio, August 2000 — later that month a 1.5 million gallon tank of ammonium
phosphate ruptured at the same storage facility. It damaged three other tanks
causing them to leak, with liquid overflowing the bund. A total of 450,000
gallons of contaminated water was reclaimed from the sewers and the public
drinking water system was feared contaminated, resulting in the widespread use

of bottled water as reported by the United States Environmental Protection
Agency (2001).
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Later work carried out by Rouzsky (1983 cited in Thyer et al, 2002), led to the conclusion
that these pressures may only be as high as 3 times the hydrostatic pressure at the base. An
examination of bunding arrangements at numerous sites gave strength reserve factors,
which varied greatly (factors of safety ranging from 600 down as low as 2), the lowest
factors applying to larger bunds, where some risk of total failure was identified (Thyer and
MacMillan, 1998). Due to the fact that bunds are normally designed to withstand the
pressure due to a static head of fluid, a more accurate assessment of the resulting dynamic
pressures is therefore needed. This will allow a more accurate analysis for the
determination of satety factors for bunding and permit the design of adequate mitigation in

the case of existing facilities.

The need for a more accurate assessment tool for the various bunding arrangements and the
lack of available source data, particularly with respect to the possible magnitude of the
dynamic pressures led to a detailed literature review. The literature clearly detailed a vast
number of failures around the world, but the records of the quantities lost over the bund
were poorly reported even though large quantities and huge surge waves were involved in
almost every case. In terms of the research carried out in the area, the information was
lIimited with the first seminal work on bund overtopping carried out in the late seventies
(Greenspan and Young, 1978). Research data pertaining to the associated dynamic
pressures was first presented by Cuperus (1980 cited in Thyer et al 2002) suggesting
factors up to 6 times the static pressure at the base of the bund with later workers
suggesting factors of between 2.5 and 3.5 (Trbojevic and Slater, 1989) and finally Rouzsky

(1983) quoting a factor of 3. There are obvious discrepancies in the range of values
quoted, mainly due to the different scenarios investigated, with limited range of

configurations considered in each case. Such variation in the range of possible dynamic
pressures exerted on the bunds was an area that clearly merited further, more detailed

investigation, particularly in the area of possible bund capacity and the problems with large

surface areas producing excessive evaporation.

1.3 Research Aim

The aim of this research is to investigate a substantial range of tank and bund
configurations under various modes of failure to more accurately quantify the extent of the

possible overtopping and the magnitudes of the dynamic pressures exerted on the bunds.



1.3.1 Objectives

o To produce data from experimental investigations, for percentage of tank
contents overtopping model bund walls together with dynamic pressure profiles

on the bund walls themselves.
o To perform a statistical analysis and derive charts or correlating functions for

overtopping percentages and dynamic pressures in terms of dimensionless

ratios of model bund and tank dimensions.

o To compare results with previous work using the dimensionless ratios referred
to above.

o To apply findings to provide estimates of possible overtopping fractions and
dynamic pressures in full size installations.

o To recommend improvements in bund design to incorporate adequate dynamic

pressure strength reserve factors.

1.4  Organisation of the thesis

This thesis is arranged in a manner that reflects the order of the investigation,

experimentation and analysis of the data collected.

Chapter 2  Covers the history of previous events and seeks to show that current

thinking for the design of bund walls may not be suitable for all types of fluid release.

Chapter 3  Explains the construction of a test rig suitable for the investigation of
catastrophic failures of bulk storage tanks and details the instrumentation used to measure

the pressure effects on the bunds and the level of overtopping.

Chapter4  Considers previous work and the correlations derived from the small-scale
experimental results and provides an introduction to axisymmetric and asymmetric

releases.

Chapter 5  Gives a summary of the results for axisymmetric and asymmetric modes of

failure.



Chapter 6  Details the analysis of the axisymmetric and asymmetric test results and
poses equations derived for the prediction of overtopping fractions together with expected

dynamic pressures.

Chapter 7  Evaluates the performance of empirical formulae in relation to historical

case studies including comparisons with associated wave impact research.

Chapter 8  Discusses the implications for stakeholders given the levels of overtopping

and the extent of the dynamic pressures found during this investigation.

Chapter 9  Conclusions relating to the major implications for the bulk storage industry
and the issues relating to regulators in the design of installations and land use planning
together with recommendations for improved risk assessment and possible methods of

mitigation,

1.5  Summary

The introduction clearly identifies the extent of the problem in the event of a failure of a
bulk storage tank together with the extreme effects of such an incident. Statutory bodies
responsible for safety at major facilities have stated a need for greater understanding in the
areas of catastrophic and partial tank failures. The performance of secondary containment
measures along with the possible extent of any losses i1s therefore central to any
investigation and reliable data is paramount in any efforts to properly identify risk and

implement effective mitigation.

The literature review examines a history of events and looks at the causes of bulk storage
tank failures together with any ‘domino’ effects. A number of cases are discussed in
further detail and the scope of the problem is explored in terms of the economic, social and
environmental impact. Statutory regulations are an important factor in loss prevention in
the process industries and the major Directives and Regulations relating to the design,
operation and management of such facilities are outlined together with recommendations

for the assessment of risk and the implementation of reasonably practicable measures for
control of such risks. Limitations of previous research in the field 1s highlighted by a
number of investigations undertaken by the HSE and a definitive need for review 1s

established with the aim of gathering further data to quantify the level of possible losses 1n

the event of a bulk storage tank failure.



CHAPTER 2

Literature Review

2.1  History of events

There have been a substantial number of failures in the primary containment leading to
extensive loss of the fluids contained with varying levels of devastation. The modes of
failure vary greatly as do the initial causes, however in the cases involving sudden

catastrophic release, the bunds were found lacking in almost all instances.

The following examples are indicative of such failures, with a variety of causes listed
including natural disasters and accidental releases. Some of the examples given are
covered in more detail in order to convey the extent of the problem and to establish the
need for a better understanding of the failure mechanisms and the magnitudes of the

possible losses.

A selection of tank failures has been catalogued as an extract from a recent paper by Thyer
et al (2005) with single tank failures illustrated in Table 2.1. In cases where a single tank
failure has led to further tanks being damaged in a ‘domino’ effect, these have been listed
separately in Table 2.2 (Thyer et al, 2005).



Table 2.1 Single tank failures (Thyer et al, 2005)

Date

Inventory
lost

| Cause

Reference

1919 Boston USA {Molasses 12,300 tons {Inadequate design Wilkinson 1991

Brittle fracture

Failed during
hydrotest
Failed during
hydrotest

MHIDAS
Database record
2977

Private
correspondence
Private
correspondence

Wilkinson 1991

Loss Prevention
Bulletin

Over-pressurisation

Not reported | Failed during

hydrotest

Tank collapsed
following fire caused
by lightning

Internal explosion
following lightning
strike
Over-pressurisation

Brittle fracture
| starting at corroded
weld

.Brittle fracture

Wilkinson 1991

Private
correspondence

MHIDAS database

[ChemE accident
database |

MHIDAS database

Private
correspondence

Glossop

1972 USA Oil 66000 bbl Brittle fracture Wilkinson 1991

December |Ponca City, |Oil 8500 tons
1924 Oklahoma
February Esso refinery, Approx
1952 Fawley, UK 21,500 m’
March 1952 | Esso refinery, | Water Approx
Fawley, UK 21,500 m’
1957 Meraux, USA |Petrol 2220 m
January 1966 | Feyzin, France | Propane 12000 m
I— I R
1967 North Tees, l Ethylene Not reported
UK
1968 UK Water
1970 Norfolk, USA |Petrol 2700 m
1970 'USA Slop oil . 2400 m
January 1970 | Varannes, Ethylene 70 tons
| Quebec
Canada
December Netherlands | Fuel o1l 19,000 m
11970
1971 Canada, USA? | Crude oil Approx
9000 m’
July 1973 Potchefstroom | Ammonia 38 tons
, S Africa
11976 Addyston, Methanol 2275 m
| USA
1976 USA Asphalt Not
specified
1977 Umm Said, Propane 37000 m
Jatar
1980 El Dorado, Solvents 2220 m
Kansas, USA
1981 Moose Jaw, Crude oil 15,900 m
USA
1983 Canada? Crude oil Not known
1983 USA Sulphuric
acid

1800 m -

Brittle fracture on
domed end
Internal explosion

| following lightning
strike

{

Possibility of faulty
welding
Mechanical failure

Defective welding

Brittle fracture

Barnes, 1990

Wilkinson 1991

Glossop
Lees 1996

Wilkinson 1991

Private
correspondence
Private
correspondence
Glossop




1986

1986

1987

1988

USA

Lyon, France

Light crude {38000 m Not known MHIDAS database
Panama oil

Australia

C4 heavy 28 m Internal explosion  |Lees 1986
ends

Multiple

failures

Lubricating
o1l

Fuel o1l

1988 Brisbane,

Australia

| Floreffe,
| Pennsylvania,

Petrol

| Diesel

| 5460 m

14,630 m

Internal explosions
due to fire in tank
farm

Failure at
shell/bottom

| junction due to over- |
pressurisation
Internal explosions

due to fire in tank
farm

Mechanical failure

Lack of full
| hydrotest for |
reassembled tank or
brittle fracture

Lees 1986

[ChemE accident
database

| IChemE accident

database

Wilkinson 1991

' Laskowski, and

Voltaggio in
Bockholts and
Heidebrink 1988

|

1989 USA

California

1992

1993 El Segundo,
California,
USA

1993 Fawley, UK

1994 USA

Phosphoric
acid

Petrol

1989 Richmond,
USA |

20 March Ammonia {7000tons |Roll-over
1 0RO

1100m” |- |Glossop

Water

500 m

3200 m

Undisclosed

i flammable

liquid

Fuel o1l

Petroleum-

based sludge

Nil. (tank
empty)

1 830 tons

I

Earthquake
|

[gnition of
flammable vapour in
tank by external

welding
Not known

Internal explosion

Glossop

MHIDAS database

Anderson &
Lindley 1992

USEPA

MHIDAS database

20,000 tons MHIDAS database

USEPA

1995 14,000 m

Flushing o1l |77 tons Spigot flow over
bund following
overheating of tank

Delaware

17 July 2001
USA

Petrol /
sulphuric
acid mixture

Heating oil

1.1 million
gallons

Welding sparks
ignited flammable
vapours inside badly
corroded tank

Safety News

US Chemical
Safety and Hazard

Investigation
Board

Internal explosion as
demolition workers
started demolishing
the wrong tank

Internet news
report.
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1949

Table 2.2 Catastrophic tank failure incidents resulting in damage to,

B

Perth
Amboy,
USA

or failure of, neighbouring tanks (Thyer et al, 2005)

Asphalt

Inventory lost
Subsequent
tanks

Not reported | Not

reported

Cause Reference

Overheating of
asphalt tank caused
explosion engulfing 4

containing naphtha
rocketed.

1970 |USA __ |Creosote |- |- |-

1978 Oil

1979 |USA

1990 [Western |Crude oil Not
Siberia reported

72,000 m

- 3 tanks

10,000 tons
(4 tank
contents?

Failure of three tanks

| in earthquake
- l Internal explosion Glossop

occurred in one tank
| lifting entire tank off
foundations. 10 mins

tank exploded
Internal explosion
following lightning
strike

1995 {US Undisclosed Approx |Approx Internal explosion
flammable liquid {500 m® |500 m’ during welding on
tank exterior
phosphate from 2 tanks
solution

1999

-
S

U

Michigan | Ammonium

phosphate
solution

2000 |Ohio, US |Liquid fertiliser

10, US { Ammonium

-

Phosphate
solution

other tanks,

volume lost not

4550 m” 14500 m
from 4 tanks

6825 m” jApprox 3400 m

from 3 tanks

) US EPA chemical safety alert, EPA 550-F-97-002b, May 1997.

Damage to three | Defective welding

Defective welding

Defective welding

adjacent tanks. One, |

| later a neighbouring |

Wilkinson
199].

Glossor
Glossop

|

[ChemE

taccident
database
USEPA* |

USEPA ** |

USEPA**

{USEPA**

USEPA**

% All of these incidents were listed in a USEPA chemical safety alert, EPA 550-F-01-001 January 2001,
Jollowing a series of catastrophic tank failures. All the tanks were built either by the Carolyn Equipment

Company of Fairfield Ohio, or Nationwide tanks Inc. of Hamilton Ohio. Both companies have since gone out

of business.
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2.2  Investigation of Causes

The failure of above ground atmospheric storage tanks (Tables 2.1 and 2.2), of which a
variety of similar types are in use around the world, can be liable to failure in the same
way. Types include open top tanks with or without floating roofs and closed-top tanks
either with or without floating roofs. Within the European Union (EU) the specification
for the design of such tanks is covered by BS EN 14015:2004.

The United States Environmental Protection Agency (USEPA) commissioned a study to
investigate the common sources of failure and stated that a significant factor in tank farm
accidents is human error. The study covering the ten-year period (1990 - 2000)
highlighted that the number of accidents at long-term storage facilities had remained
relatively constant. Of the 312 accidents at tank farms examined in this period i1t was
found that operator error accounted for 22 %. Additionally, 55 % were attributable to tank
failure, 10 % to valve failure, 4 % to pump failure and 3 % to bolted fitting failure. Human
error also accounted for 100 % of accidents that resulted in fatalities, 88 % involving stock
loss and 87 % of property damage, with the root cause attributed to overfilling/over-

pressurisation (United States Environmental Protection Agency, 2000).

The failure of bulk storage tanks can be attributed to a number of causes including human
error, poor maintenance, vapour ignition, differential settlement, earthquake, lightning
strike, hurricane, flood damage and over-pressurisation. Such incidents have highlighted

the need for the proper assessment of potential risks and the requirement for suitable

methods of mitigation.

2.3 Natural disasters

The fact that most major facilities are exposed to the elements and that many countries

experience severe climatic extremes and or geological phenomena makes for increased risk
of failure at some point in time. Such natural disasters are not always predicable and

suitable methods of construction may not always mitigate the most extreme of possible

effects.

There have been numerous storage facilities around the world damaged by earthquakes

including major incidents in Alaska USA 1964, Chile in 1960, and two in Japan, Niigata in

1964 and Tokachi in 2003. The incident in 1964 at Niigata resulted in the loss of
11



containment of several tanks due to damage sustained during the earthquake, which added
to the ensuing inferno and continued to burn for 13 days. This incident highlighted several
problems including that of floating roofs becoming dislodged and jamming, with the
resulting fire being attributed to sparks from the damaged roof being shaken violently.
More importantly, this was the first time that the phenomena of liquefaction had been

observed, raising concerns over the integrity of storage tank foundations at similar coastal
locations (Akatashi and Kobayashi, 2006).

It 1s estimated that lightning accounts for 61 % of all accidents in storage and processing
activities, where natural events are identified as the root cause of the incidents. In North
America, 16 out of 20 accidents involving petroleum products storage tanks were as a
result of lightning strikes. Persson and Lonnormark (2004) in a review of fires in the
petroleum industry claim there have been 150 tank fires in a 52-year period as a result of
lightning. Some of the more recent incidents include Brisbane, Australia 4" June 2003,
where a floating roof crude tank was struck by lightning. Nigeria, 20 July 2002, 180000
bbl (one blue barrel is equal to 42 US gallons) were lost when fire fighters failed to gain

control of a rim fire caused by a lightning strike. Poland 5" May 2002, a 10,000 m? tank
was destroyed as a result of being struck by lightning, this was compounded by the failure
of the semi-fixed fire fighting system. Kansas, USA 21% August 2001, five tanks were

destroyed in one incident after fire spread from a tank which had been struck by lightning.
2.3.1 Louisiana, USA, 3" September 2005

Numerous refineries closed down production prior to Hurricane Katrina striking, however
in the wake of the hurricane several refineries reported spills, the worst being at the
Meraux Refinery operated by Murphy Oil. A crude oil storage tank holding 65,000 bbl
was damaged during the storm and an estimated 25,110 bbl of oil was released. The
surrounding dyke was damaged and large quantities of oil escaped into the local
environment. The cause of the damage to the dyke is uncertain; it was either as a direct
result of the storm or due to the force of material escaping from a tank. At least one tank

was lifted and moved 10 metres away from its foundations by the immense power of the
floodwaters (Murphy Oil Corporation, 2006), (MSN News, 2006).
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2.4 Accidental releases

There are numerous causes for accidental releases to occur, most of them involving some
form of human error or tank failure. Filling and emptying operations are particular sources
for potential releases with structural failures mostly being traced back to poor construction
or maintenance issues. In most instances, catastrophic failures can be attributed to material
defects or extreme cold conditions leading to brittle fracture of the steel shell. A number

of examples of such failures are listed below:
2.4.1 Naples, Italy, 21° December 1985

During a filling operation, fuel overflowed through the roof of a floating roof tank for
almost an hour and a half. An estimated 700 tonnes of fuel escaped into the secondary
containment. The pool of liquid covered the bund area of the tank and the adjacent
pumping area, which was connected through a drain duct. The spill was followed by a
vapour cloud, which rapidly formed and ignited, the source of the ignition being a pumping
station. The explosion resulted in the injury of five personnel, and the destruction of the
facility. Twenty-four tanks were destroyed in the fire, together with the failure of
numerous pipelines, which contributed to the fire, and the loss of the main fire-fighting

control centre. The fire lasted for seven days (Clark et al, 2001).

2.4.2 Floreffe, Pennsylvania, USA, 2" January 1988

The Department of Environmental Protection (1988) reported a large aboveground fuel
storage tank that suddenly failed as its shell rent completely from base to roof. The failure
came completely without warning as the tank released a huge wave of Diesel fuel (3.5 to
3.9 million US gallons), which surged across the bunded area with the wave crest easily
washing over the secondary containment systems in the form of earthen dykes (Plate 2.1).
The 1intended design of the dykes was originally meant to deal with gradual releases with
such an event never envisaged, leaving them unable to cope and totally inadequate.
Figures on the amount of fuel escaping from the site vary with typical figures quoted as
750,000 US gallons leaving the storage terminal, owned and operated by Ashland Oil Inc.
The pathways included underground wastewater systems operated by the nearby Elrama

power generating station, which fed directly into the Monongahela River via a storm water

discharge pipe.
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Estimates of the amount of un-recovered material vary, however data suggests that over
511,000 gallons remain in the river systems. The effects of the release included the deaths
of 11,000 fish and 2,000 birds with miles of contaminated shoreline reported. The short-
term effects were merely the start of the problem with the log-term chronic effects on the
environment persisting for many months. As well as the environmental impact, the socio-
economic effects were just as widespread with businesses unable to operate properly and

locals having their normal every day lives disrupted.

The investigation into the events leading up to the catastrophic failure and subsequent
contamination found a flaw in the recently reconstructed 4,000,000-gallon bulk storage
tank. The problem originated near the top edge of a steel plate in the fist level and with
such low winter temperatures, the steel was prone to act in a brittle manner making 1t
susceptible to the stresses imposed due to filling. The flaw was found to exist prior to the

reassembly of the tank and had gone undetected for many years of previous operation.

The catastrophic failure should have been avoidable, as the existence of the flaw was

detectable and the brittle nature of the steel during prolonged periods of cold weather was
easily predicable. The errors in failing to detect the flaw and in the poor consideration of
the material properties were considered serious deviations from good practice and
compliance with the current codes. Further criticism was aimed at some of the company

employees and contractors, where a pattern of bad practice and negligence in the

reconstruction of the tank had been uncovered.

The reconstruction process did not conform to the industry standard practice or in some
cases to the terms of the contract, however these discrepancies were not directly attributed
to the ultimate failure of the tank. The neglect by Ashland, which led to the collapse
caused extensive environmental and economic damage and exposed workers to
unnecessary bodily harm, with one employee recorded as taking fluid level measurements

from the roof only minutes prior to the event.

The lack of suitable statutory and regulatory programmes meant that the accident was
unlikely to have been prevented, as there was no emphasis on the design and construction
practices relating to such activities. The occurrence of sudden and extensive failures of
bulk storage vessels is more frequent than commonly envisaged and legislation for

construction and maintenance programmes is essential together with the apportioning of
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financial responsibility for emergency response and recovery of associated costs

(Department of Environmental Protection, 1988).

2.4.3 Lithuania, 20'" March 1989

A large bulk storage vessel containing refrigerated liquid ammonia failed catastrophically
without waming. The resulting sudden escape of the contents forced the tank to move
sideways impacting and demolishing the concrete bund wall compromising the secondary
containment and releasing 7000 tonnes of material, which ignited spreading fire across the
site. The storage of 35,000 tonnes of fertiliser in a nearby warehouse added to the problem
as the fire engulfed the facility. The combination with the solid material produced acid
fumes from the burning mass for several days with the fume cloud visible form up to 45
km away. In terms of deaths, there were seven immediate fatalities with 57 gas related
injuries reported on site due to the pools of ammonia that formed on the ground, however

no deaths were reported off site.

The Azotas site was a large complex and employed many people from the local area with
the main town of Jonova approximately 12 km from the facility having a population of
about 40,000. At the time of the accident 3500 employees were on the site, which was
with a restricted military zone. The tank was sited approximately 600 m from the main
plant with rail tankers filled some 50 m from the storage tank. A control and operations

room positioned nearby was completely destroyed along with all of the operations data.

The adjacent fertiliser plant transported product via conveyor belts to storage facilities with
15,000 and 20,000 tonnes of capacity with a further storage warehouse holding 20,000

tonnes of ammonium nitrate.

The tank itself had a diameter of 30 m and was about 20 m high, standing on a concrete
plinth supported by columns. The base of the tank was fixed to the concrete base using 36
steel anchor straps welded to box section on the vertical shell, passing through the concrete

and secured with welded steel cross plates. Carbon steel was used in the manufacture of

the tank with a wall thickness of 200 mm at the top and 35 mm at the base. Thermal
insulation was provided by 700 mm of perlite covered by a steel jacket. The condition of

the perlite was not known with regard to moisture content at the time of installation and no

record of base insulation could be found. The tank was of Japanese design and was
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installed in 1979 surrounded by a 14 m high reinforced concrete bund with a 100 %

capacity.

The incident was accompanied by a loud ‘whooshing’ noise as the shell of the tank was
pushed through the bund by the force of the rapidly escaping liquid ammonia. It appeared
that the tank had split open along one side extending to the base, breaking all of the
holding straps. The extent of the damage was so great that the depth of the liquid ammonia
around the fertiliser plant was up to 70 mm deep in some areas and evaporation soon
allowed the build up of a large vapour cloud. The vapour was subsequently ignited by a

nearby flare-stack and quickly advanced to include the nearby fertiliser storage areas.

The military responded in minutes and began to spray water, which only increased the
evaporation rate fuelling the intensity of the fire. The toxic gas alarm sounded for several
minutes after the release, yet the fire fighters were poorly equipped with no heat resistant
suits or adequate air supplies. After about 12 hours all of the ammonia had evaporated,
however the fertiliser continued to burn for many days, releasing vast quantities of nitrous

fumes. Most of the deaths were attributed to inhalation of ammonia gas with victims

concentrated in the storage area.

The root cause of the incident was later attributed to warm ammonia being delivered to the
bottom of the tank due to an operational error. This led to the formation of an unstable
layer at the base of the tank which later rose to surface causing violent evaporation to
occur, which the pressure relief system was unable to cope with. The result was the
sudden uplifting of the tank base and breaking of the straps along with the base to wall

welds allowing the rapid release of the liquid ammonia (Anderson and Lindley, 1992).

2.4.4 Pennsylvania, USA, 16™ October 1995

Five workers were killed when two tanks exploded at the Pennzoil Product Company
Refinery. A welding operation was in progress on a service stairway sited between the two
waste liquid storage tanks. One tank failed along its bottom seam, the shell being
propelled vertically away from the base as a result of rapid over-pressurisation caused by
ignition of combustible vapour. The tank contents were instantly released, igniting the
contents of the second tank, this also exploded, releasing its entire contents. There was no

secondary containment surrounding these tanks and the surge of burning liquid rapidly

spread across the entire site, damaging another thirteen storage tanks. The contents of
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another five other tanks were ignited, resulting in the loss of 95,000 gallons of solvent and

fuel o1l ( United States Environmental Protection Agency, 1998).

2.4.5 Delaware, USA, 17" July 2001

One worker was killed and eight injured, when a large sulphuric acid tank exploded. The
explosion was the result of sparks from hot work on a catwalk above one of several tanks
on the site, entering a tank through corrosion holes. Due to the subsequent ignition of
flammable vapours, the tank shell was propelled away from its base resulting in a
significant volume of sulphuric acid being released into the environment. An estimated
660,000 gallons of acid was released, with extensive environmental damage including a
large quantity of the escaping material entering the Delaware River killing thousands of
fish and other wildlife. The operator, Motiva, part of the Premcor refining group were
ordered to pay costs of $58 million, this included a sum of $36 million to the widow and
tamily of the employee killed in the accident. An additional $24 million was also deemed
payable in fines for various environmental violations (US Chemical Safety & Hazard

Investigation Board, 2002).

2.4.6 Antwerp, Belgium, 25" October 2004

A storage tank failed catastrophically releasing its entire content of 37,000 m? of crude oil.
It 1s estimated that only 3 m?® escaped the secondary containment during this incident, this
was a result of a combination of factors. The height of the containment dyke itself was in
excess of 4 m and this combined with the unusual nature of the incident limited the extent
of the losses. The mode of failure is best described, as a jetting release and it was this
directionality, which possibly prevented further losses. One month prior to the incident a
leak was detected in a neighbouring tank, which was consequently drained to allow for
maintenance. Of seven tanks within the dyke at the time of the failure only three where in
operation, the release being preceded by a low-level alarm indicator, which identified a
change in content level. The incident began as a minor release rapidly changing to a major
failure, with total loss of containment occurring within fifteen minutes of the alarm
sounding. The release from the base was powerful enough to cause displacement and

resulted in the tilting of the tank due to erosion of the foundation.

Primarily, the cause was traced to the construction process with similar problems later

identified with the remaining tanks on the site. The tanks had been erected on a base of
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sand with an outer annulus of compacted crushed rock acting as the foundation. This
overlaid a layer of sand and soft clay with the tank bases designed to incorporate a ‘dome-
up’ to allow run of any water. Upon initial fill, due to the soft ground conditions, all of the
tanks experienced subsidence, which resulted in deformation of the bases. This allowed
the formation of a ‘gutter’, which trapped and concentrated moisture away from the sump
pumps. In the tank that failed this ‘gutter’ was some 35 m in length and 0.2 m in width and
resulted in severe corrosion culminating in the breach of the primary containment (Federal

Public Service — Employment, Labour and Social dialogue, 2006).
2.4.7 Buncefield, Hertfordshire, UK, 11" December 2005

The events at the Buncefield fuel depot in Hertfordshire saw what was possibly the largest
explosion in Europe since the Second World War, as reported by BBC News (2005). The
incident, which happened at around 0600 GMT on Sunday 11" December caused injuries
to 43 people, two seriously and left a scene of devastation necessitating the closure of part

of the M1 and M10 motorways. The surrounding area was evacuated leaving some 2,000

people displaced from their homes with thick clouds of smoke spreading to the south of the

site.

The Buncefield site is operated by the Total Oil Company and is a major depot for the
distribution of fuel, storing oil, petrol and kerosene. A total of 20 tanks were involved in
the incident, each reported to hold three million gallons of fuel. There is a question as to
the operational safety of the depot in terms of its size relative to operating capacity and the

investigation will look at risk assessments made by Total and the British Pipeline Agency
(BPA) (Buncefield Adeyfield Community Forum, 2006).

A tank overfilled at an estimated rate of 550 m? per hour for several hours overflowed into
the bund generating vast quantities of vapour. This was a result of instrumentation failure,
as high-level gauges failed to show that the tank was full. This was the second major
catastrophe in less than 10 months, where vessels had been over-pressurised due to faulty
instrumentation. In the first case the explosion and subsequent damage occurred at the BP
America Refinery, Texas, where a distillation tower was over-pressurised during a start up
operation and resulted in the loss of 15 lives with a further 170 injured (US Chemical
Safety & Hazard Investigation Board, 2006). The devastation at Buncefield has been
estimated at in excess of £10,000,000 in stored materials alone, in addition to the

destruction of the site itself and the effect on surrounding businesses. The nearby
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industrial estate housed some 630 businesses with at least 20 of these losing their premises,

affecting the livelithood of some 500 people (Buncefield Major Incident Investigation
Board, 2006).

The environmental issues related to the disaster do not appear to have long-term
implications with regard to water pollution as the heavily contaminated firewater was
contained on site. In terms of air quality, the smoke released was classified as an irritant,

rather than being toxic and monitoring of both air and ground level contamination was

used to inform on any public health issues (Environment Agency, 2005).

2.4.8 Mississippi, USA, 5" June 2006

Three contractors were killed and one was seriously injured in an explosion and fire at an
oilfield. The contractors were stood on a gantry situated above four oil production tanks,
preparing to weld piping, when it is assumed that a welding tool ignited flammable

vapours from one of the tanks (US Chemical Safety & Hazard Investigation Board, 2006).

2.5  Current requirements

Two of the instruments on the control of major accident hazards involving dangerous
substances are outlined below. The first is Council Directive 96/82/EC, which is known as
the Seveso II Directive (1996) and applies to all activities within the European
Communities. The second is the Control of Major Accident Hazards or COMAH

Regulations (1999), which applies within the UK. Both instruments aim to ensure

adequate control and build on the lessons learned from previous incidents, however such

controls are limited to what is termed ‘reasonably practicable’.
2.5.1 Seveso II Directive (1996)
The main issues relating to the bulk storage of hazardous materials include the following:
o A requirement to demonstrate that all possible steps have been taken to prevent
major accidents including the preparation of contingency plans and response

measures. The provision of a competent authority with information in the form of a

safety report containing details of the establishments, the substances, the
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installation and storage facilities, possible major accidents and the management
systems in place to prevent/reduce risks of major incidents.

To reduce the risk of domino effects so as not to increase the probability of major
accidents by careful consideration to ensure establishments are not sited too closely
and to provide the exchange of appropriate information.

To Promote access to information on the environment with public access to safety
reports and other information sufficient to allow correct actions to be taken.

In the case installations where dangerous substances are present in significantly
large quantities, it is necessary to institute internal and external emergency plans.
This includes the establishment of systems to ensue monitoring and revisions as
required to ensure proper implementation in the event of a major incident.

With regard to internal emergency plans, staff must be properly consulted and with
external plans the public suitably informed and consulted.

For residential areas, areas of substantial public use and areas of natural/special
interest it 1s necessary for land use and/or other policies to take account of the long-
term need to maintain a suitable distance between these areas and establishments
presenting major hazards. In the case of existing establishments to take account of
additional/special technical measures so that the risk is not increased.

To ensure adequate response measures are taken in the event of a major incident,
whereas the operator immediately informs the competent authorities and provides
sutficient information for the impact assessment to take place.

The provision of information exchange to prevent future accidents of a similar

nature with Member States communicating details of major accidents to the

Commission to allow suitable analysis and dissemination of preventative measures.

2.5.2 COMAH Regulations (1999)

HSE has a statutory duty alongside the Environment Agencies as the Competent Authority

under Statutory Instrument No. 743 - The Control of Major Accident Hazards (COMAH)
Regulations (1999). As a part of this duty HSE must assess predictive aspects of COMAH

safety reports. A failing of some such reports is the belief of their authors that because

bunds satisfy current standards they do provide full secondary containment for all

foreseeable failure modes; it follows that the estimates of the extent and severity of

accidents in the reports may be seriously optimistic. It was foreseen that data from this

project would greatly strengthen the technical basis of HSE’s assessments. Moreover, data

from the project would provide tank storage operators with a means of assessing the
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current performance of their bunds, of assessing the extent and severity of accidents, and of

considering the reasonable practicability of measures to reduce the risks.

COMAH regulations apply mainly to the chemical industry, but also to some storage
activities, explosives and nuclear sites, and other industries where threshold quantities of
dangerous substances identified in the Regulations are kept or used. Their main aim is to

prevent and mitigate the effects of those major accidents involving dangerous substances,
such as chlorine, liquefied petroleum gas, explosives and arsenic pentoxide which can

cause serious damage/harm to people and/or the environment. The COMAH Regulations

treat risks to the environment as seriously as those to people.

An ammendment to the COMAH regulations came into force on the 30" June 2005
realting to the notification of activities encompassed by the regulations including

exploration, extraction, processing and storage of hazardous materials.

The bunds or earth banks that commonly surround tanks used for storing hazardous liquids
are often designed with a capacity equal to 110 % of the capacity of the largest storage
tank within the bund, the excess height being claimed in part to prevent liquid surging over
the top of the bund following sudden failure of a tank. In reality, whilst a 110 % capacity
bund will contain the release for less extreme modes of failure, it is unlikely to do so for
more extreme modes. A series of experiments reported in HSE Contract Research Report
405/2002, in which the contents of a model storage tank were released gently into a 110 %

bund over a period of 30 seconds, showed that the bund was overtopped in almost every

case. More severe modes of release would clearly give more in terms of overtopping
(Cronin and Evans, 2002).

2.6 Previous work

In the UK, the HSE has undertaken a number of experimental studies of bund overtopping,
principally in its Health and Safety Laboratory (HSL) in Buxton. In 1997 an HSL report
examined the totality of the work, alongside known work performed outside HSE, and

concluded that whilst much had been done the work was generally piecemeal and was in

some cases not well recorded; in consequence it did not form the coherent and

comprehensive picture that HSE required (Thyer and Jagger, 1997).
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An outcome of the 1997 review was focused on a particular set of overtopping experiments
undertaken by Greenspan and Johansson at Massachusetts Institute of Technology (MIT)
in 1981. Greenspan and Johansson performed some fifty- laboratory simulations of a
catastrophic failure of a storage tank located centrally within a circular surrounding bund
Greenspan and Johansson (1981). Their work has since formed the basis of derived
overtopping correlations. However, their model tank had a diameter of only about 8
inches, leading to a suspicion that their results would be influenced by frictional effects to
an extent that made them not applicable to full-scale tanks. A requirement of the test

facility was that it should be sufficiently large that there should be no concern over scaling

to full size (Thyer et al, 2002).

Trbojevic and Slater (1989) investigated the potential failure of the secondary containment
given the sudden release of fluid and determined a real possibility of structural failure of
the bund itself. Existing work on modelling has been split between (small scale)
laboratory experimentation and pure mathematical and modelling with efforts made to
combine the two made by Greenspan and Young (1978), Michels et al (1988) and Thyer
and MacMillan (1998).

Based on these considerations the new facility was to have:

o A suitably large scale to reduce friction and losses associated with smaller
models.

o A tank and bund quadrant representing a quarter of an axisymmetrical release.

o A system to lift the tank very rapidly leaving a column of unsupported liquid
able to slump freely under gravity.

o A set of dynamic pressure transducers fixed to the bund wall at various heights
to record the dynamic pressures acting on the bund due to the liquid impact.

o Systems for measuring the quantity of overtopped liquid.

To meet these requirements it was decided that the tank bursts would be modeled using a
single quadrant of space in the corner of a square spill table with sides 2 m long. The
effects of any friction against the smooth acrylic sheets that would form the sides of the
spill table were to be regarded as negligible for the geometry applied in the analysis of the
results, when considering a complete tank and bund arrangement. The quadrant-tank

would have a radius of 300 mm.
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The recent publication of the results based on the above work led to a number of
recommendations for further investigation (Atherton, 2005). These recommendations are
directed towards the mitigation of current storage facilities to reduce the risk of fluid

escape and the subsequent contamination of the environment.

2.7 Need for review

There 1s clear historical evidence that the current design criteria fails to address the
problems associated with the sudden release of the tank contents following a catastrophic
failure. The bund arrangements for most installations will fail to contain such a release in
some cases the design of the bund itself may be liable to complete structural failure leading

to the total loss of secondary containment.

Given the substantial number of failures in the primary containment leading to extensive
loss of the fluids, the need for further investigation into the performance and design of
secondary containment was identified by current researchers. The modes of failure vary
greatly as do the initial causes, however in the cases involving sudden catastrophic release,
the bunds were found lacking in almost all instances. The overtopping of bunding is
commonplace with the rapid escape of fluid from storage tanks. There is a particular need
for hazard awareness in the area of defective welds, which have been identified as the
cause of many failures. In terms of hazard identification there is a need to evaluate storage

tanks for potential catastrophic failure with regard to the following (United States

Environmental Protection Agency, 2001):

o Manufacturer’s details and records of the levels for quality of workmanship and
testing.

o Evidence for weakened or defective areas of weld.

o Indications of corrosion around the base and those areas in direct contact with
the ground.

o Levels of exposure to heavy rainfall or high wind loading.

o Age and general condition of the tank.

o Close proximity to other bulk storage tanks, particularly those containing

hazardous materials.

Hazard reduction/prevention is directly related to proper design and construction, with

regular inspection and maintenance allowing early detection and repair of potentially
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dangerous defects. Guidance on the scheduling of inspections can differ. API 653 (2001)
recommends a full external inspection of tanks every five years, while NACE International
suggest every two years (US Chemical Safety & Hazard Investigation Board, 2002). Such
guidance and suggested ‘good practice’ rely on voluntary action rather than direct
regulatory requirement. However, inadequate inspection is one of the root causes of a
catastrophic tank failure, for example in Antwerp (Belgium) 2004. Examination of the
failed tank and remaining tanks within the same containment area indicated that poor
foundations had resulted in all of the tanks incurring damage to the bases. Large creases

had been formed in their bases acting as channels that retained excess water, resulting in

localised post-construction corrosion remaining undetected until failure.

In the UK, the HSE has considerable interest in predicting the consequence of releases of
hazardous liquids from storage tanks, as indicated by Thyer, Hirst and Jagger (2002). HSE
Is a statutory body responsible for safety, and works alongside the various Environment
Agencies. Regulation is mainly achieved via the implementation of the COMAH
Regulations (1999) and the Seveso II Directive (1996). Under the UK regulations there 1s
a need to perform suitable risk assessments and outline practicable measures to control the
escape of materials from site. This requires the prediction of losses under various possible
scenarios and leads to the requirement for realistic data on the performance of the
secondary containment. The determination of common variables incorporated into an

experimental database will facilitate the development of computer-based models as
descried by Thyer and MacMillan (1998).

2.8  Summary

The history of events and the major incidents covered are only a few examples, which aim
to highlight the extent of the problem the bulk storage industry faces with the containment
of large volumes of mostly hazardous materials. Regulations can only go so far in
providing a ‘perceived’ level of safety if the information upon which any assessment is
based is reliable and covers all foreseeable modes of failure. A review of such work by the
HSE has raised serious doubts over the validity of COMAH safety reports with misguided
assumptions being made as to the performance of secondary containment at major
installations. As a result of this work, a need for review was established and
recommendations were made for possible further investigation of the problem based on

information gathered from previous research and site assessments.
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A suitable methodology has to be identified for a detailed investigation to be carried out

and a review of the current literature is limited in terms of both the scope of the variables
covered and the extent to which the data is recorded. A number of different approaches to
the construction of a realistic test rig have been considered and the restrictions of various
methods explored in some detail. The design of the test rig for this investigation 1s
discussed as part of the methodology together with its functional requirements and

performance in terms of repeatability.
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CHAPTER 3

Methodology

3.1 Model Testing

The failure mode in the event of tank rupture is highly complex and involves the
Interaction between fracture propagation and the flow of a fluid with a free surface. The
assumption 1s made that the cracks will propagate at a much higher velocity than that of the
fluid motion, and that they propagate at the same time in the vertical and in the
circumferential directions. Thus, the tank looses its integrity instantaneously and hence is
considered to have been removed as far as any structural containment is concerned
(Trbojevic and Slater, 1989). Hypothetically, this leaves a cylindrical column of liquid
collapsing under gravity or an axisymmetric mode of failure. An alternative mode of
failure has been considered based upon evidence that the crack will propagate much faster
in the vertical than the circumferential direction, hence giving rise to a vertical gaping
aperture with the liquid flowing directionally through the gap created. This would
represent an asymmetric failure mode and could lead to a localised increase in the

hydrodynamic loading on the bund. It is however, considered that a mixture of the two

modes of failure is more likely to occur.
3.2  Axisymmetric releases

A water table was constructed together with a working model of a tank quadrant to
simulate a catastrophic tank failure. The scale of the model used was 1:30 allowing a large
enough model to overcome problems of excessive frictional effects, which could be
detrimental to the results in terms of underestimating the level of overtopping. The type of

tank failure modelled was to simulate a quadrant (90°) of cylindrical column of liquid
collapsing under gravity within the secondary containment and can be considered to

represent an axisymmetric mode of failure once transposed to 360° geometry as indicated

in Fig, 3.1.
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Figure 3.1 Typical axisymmetric release with the fluid collapsing under

the action of gravity after the instantaneous removal of the tank

T'he tank quadrant was removed by accelerating it upwards using a power spring/cord at an
initial rate of 250 ms™ based upon a 440 mm extension with a stored force of 800 N
accelerating a mass of 3.2 kg, allowing water to rapidly escape (Plate 3.1). Using the
average force in the power spring of 560 N at half the extension over the total distance

' is obtained using Newton’s Laws of

travelled a mean upwards velocity of 12.41 ms
Motion. The velocity of the gate was measured using a magnetic pick-up connected to an
oscilloscope, giving a peak to peak time of 8x107 sec for a screw pitch of 1 mm, leading to
a mean upwards velocity of 12.5 ms™, giving a standing head of fluid. The initial fluid

height 1n the tank and the wave height at the bund were recorded by capacitance probes.

| -

Plate 3.1 Test rig with power spring/cord attached*

* Plate source: LIMU
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A series of model bund walls of various heights and placements, incorporating dynamic

pressure sensors were fixed to the spill table with a second capacitance probe used to
record the overtopping wave height. An investigation into the repeatability of the tank
bursts and levels of overtopping was carried out to determine a suitable operating
procedure for obtaining consistent data. The overtopping fraction and volume of fluid
retained in the bund were determined using mass balances after collecting the fluid through
drainage points. The data collected was input into a Personal Data Assistant (PDA) and

transferred to a ‘note book’ computer via an infrared link.

Raw data was collected via a National Instruments SCXI data logger used in conjunction
with Labview virtual instrumentation software. The graphical programme written as part
of this research enabled ‘real time’ visual data to be displayed on a computer screen as well
as written to file for further processing in other software packages. Statistical analysis of
"the data was undertaken and dimensionless ratios were used to construct charts and
correlating functions for the determination of overtopping percentages. The data from the
dynamic pressure sensors was used to calculate the dynamic pressure profiles on the bund
walls themselves and compare them to the hydrostatic profiles used for current design

purposes.

3.3  Characteristics of the test programme

During the conceptual phase of development of the new test facility HSE undertook a

survey of the storage tanks and bunding arrangements at sites where it may be required to

give land-use advice or to assess operator’s safety reports. With the results of this survey

in mind the test programme was designed to embrace: -

Radius of model tank, R: single radius of 300 mm.

Height of water in tank, H: three ratios of (R/H): 0.5, 1.0 and 2.5.

Separation distance, L: varies with radius of bund wall, r below.

Angle of bund, 0: vertical bunds only (0 = 90°).

Height of bund wall, h: to cover (h/H) ranges from 0.05 to 0.4 and 1.0 to 1.2.
Radius of bund wall, r: to cover the range of bunded volumes from 110 % to

200 % of the volume of water in the tank.
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The nomenclature used for describing a ‘circular’ bund configuration is shown in Fig. 3.2

below:

Figure 3.2 Tank and bund nomenclature for circular geometry

For the bunds with ‘rectangular’ geometries (Fig. 3.3) the key question to be addressed 1s
whether a non-circular bund is systematically better or worse than a circular bund of the
same area and height. The basis for testing was to use the 110 % bund capacity results
from the circular configurations and identify the bund arrangement that gave the closest to

50 % overtopping for each tank type.

The tests were then to be repeated with the bund plan changed from circular to square,
keeping the bund capacity at 110 %. Using symmetry in the quadrant of space there are
two possibilities, one where the bund forms a 45° diagonal and one the bund consists of
two equal walls parallel to the walls of the rig. Assuming no edge effects in the rig, then
the two geometries should give similar values in overtopping. A rectangular bund with
length/breadth = 2 was the final arrangement to be considered, again using the criteria as in
the case of the square bund. In the case of the square and rectangular bunds small radii, r,
= 12 mm were used at the corners for fabrication purposes and to better introduce the

threaded needle connectors of the dynamic pressure transducers.
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