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2 TheAssessment and Control of Chemical
Accidents *

2.1 CHEMICAL SUBSTANCES IN THE MODERN WORLD

There are a large number of chemicals involved in commerce and an unlimited
number of possible reactions that can be utilized to produce desired products.
Figure 2.1 is an illustration of the range of usage of chemicals and Figure 2.2
takes one particular chemical, ethylene, and traces the many ways in which this
basic 'building block' of the petrochemicals and plastics industry is used. Many
thousands of hazardous substances are currently manufactured in a wide array
of specific processes and often in sizeable tonnages. Correspondingly, feed-
stocks and products are transported, stored and delivered in numerous
batches. This is particularly true for fossil fuels [oil, liquefied natural gas
(LNG) and liquefied petroleum gas (LPG) ] which, for the last ten years, have
provided about two-thirds of the primary energy needs in most industrialized
countries. Approximately 10% of oil and gas consumption covers the needs of
the European chemical sector alone as feedstock or as fuel.

World production of all types of chemicals is in excess of several hundred
million tonnes each year and is continually increasing in volume and diversity
to meet world demand. As demand increases, economy of scale is motivating
industries to enlarge the sizes of production units to maintain lower costs of
production. New units for manufacture are also being established all over the
world, often in new locations. Chemicals are being transported by air, by road
or rail, or by boats, barges and ships over the high seas and in ports. They are
stored in large volumes in factories, distribution points, ports and at consuming
locations. The period and conditions of storage vary widely and are often
influenced by changes in market demand, shipping schedules, loading and
unloading facilitites, availability of packaging, containers and dedicated
wagons, customs clearance, insurance, finance and weather conditions.

The impact of chemical production on the economy of a nation cannot be
overemphasized. It is now a well-established fact that chemicals playa key role
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Figure 2.1 Hazardous chemicals make household commodities (after Marshall, 1984)
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GENERAL
PAPER x x
PAINT x x
PETROL x x x
GLASS x x

CLEANING AGENTS
SOAP x
BLEACHES x x
DETERGENTS x x
FLOOR CLEANERS x
DRY CLEANERS x x

HARDWARE
REFRIGERANTS x x x x x
SAUCE PANS x x x x x
NON-STICK COATINGS x x x x x
FLOOR TILES x x
CIGARETTE LIGHTERS x

FOOD
DRINKINGWATER x
MARGARINE x
SUGAR x
GRAIN WHISKY x

CLOTHING
NYLON x x x x
RAYON x x
ACRYLICS x x
DYESTUFFS x x x

GARDENING
FERTILISERS x x x
WEEDKILLERS x x
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Figure 2.2 Uses of ethylene

in important sectors of agriculture, clothing, housing, transport, health, etc.
For example, in the Indian context, the spectacular progress achieved during
the last four decades has been mainly based on developments made in the
chemical industry. Thus, the nitrogenous fertilizer industry has recorded a
growth in terms of nitrogen output from a mere 59 000 te in 1951 to a present
capacity of 6.5 M.te in 1986with prospects of doubling by 1996. This growth has
supported a corresponding increase in foodgrain production from 74 M. te in
1951to 150 M.te in 1986and a planned 220 M. te by 1996. Despite this increase,
the application of fertilizers is still very low compared to countries with a
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developed agricultural base. Increase in the intensity of cultivation will call for
better control of insects and vector-borne diseases demanding larger produc-
tion of insecticides/pesticides and plant growth regulators.

Chemicals playa leading role in maintaining and improving the health of
nations through drugs and pharmaceutical products while there is a growing
dependence on synthetic fibres and yarns like nylons, polyesters, acrylics, etc.,
to clothe the vast population.

In the housing and transport sectors of the economy, chemicals have an
essential role through products as diverse as thermal insulation (poly-
urethane), wood substitutes, water purifiers, durable finishes and energy
efficient/longer-lasting products. Plastics have revolutionized these areas of
the economy by offering a wide range of functional products satisfying the
diverse physical, chemical and engineering demands.

The example of India is mirrored throughout the world. Modern societies
have become dependent on the benefits of chemicals to an extent that is
irreversible. But many of the basic chemicals from which are derived the
products and services now demanded by society are hazardous - either toxic to
humans and the environment, or flammable, or both. Their production (and
associated waste disposal), transport and storage demand extreme care. It is of
course a continuing responsibility of the chemical industry to seek processes
which are safer, either because the chemistry avoids the need for hazardous
intermediates or the engineering design reduces the quantity of hazardous
material in process or storage to a minimum for a given throughput. The scale
of production is now such that failures resulting from lack of sufficient care
have the potential to cause large-scale accidents and consequential harm to
man and his environment. It is the duty of government, industry and the
scientific community to ensure that the possibility of such an accident occurring
is minimized and, should an accident occur, that carefully prepared plans exist
to minimize the resulting injury. Recognition of this duty has led to the
development of systematic methods of assessing the hazards, drawing heavily
on earlier developments in the nuclear and aerospace industries, and to formal
systems of control imposed by regulations on owners of installations producing
and storing the chemicals. The systems of regulatory control have to be
selective in their application to different substances, because of the very large
number of them and their widely different nature. They also have to be
selective in application to different processes, because of the wide range of
quantities involved.

In order to understand the basis of the control schemes, it is first useful to
consider how large-scale accidents can ensue from a succession of faults or
failures, how accident experience is distributed between industry sectors and
activities, and the ways in which some notable accidents have been brought
about. The philosophy underlying control schemes is then summarized,
together with a description of the closely associated topic of how the conse-
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quences of an accident are assessed. A description is given of sources of
organized information in a variety of forms needed to accomplish control and
to manage remedial measures in a rational, preplanned manner in the event of
an accident. Finally, the need to conduct the investigation of an accident in a
systematic way is highlighted, so that long-term measures can be based on a
firm foundation of fact and also the proper lessons can be learned from the
accident.

2.2 THE NATURE AND SCALE OF CHEMICAL ACCIDENTS

2.2.1 The Build-up to an Accident

Unintended leakages of chemicals may occur during process, storage or
transportation activities due to a variety of causes. Sometimes, a cause leads
directly to the accident but often the accident results from a succession or
combination of failures in equipment, systems or human action/judgement.
Thus, apparently trivial minor, or primary, failures may coincide with other
failures to build up a sequence leading to the accident. It is clearly desirable
that proper account should be taken of all early warnings. These would include
small leakages (which may escalate), near misses (which will point to inade-
quacies in the safety system), recurrent pattern of minor accidents (which may
indicate a laxity in supervision), and so on. Modern technology, e.g. laser
scanning, provides the capability to monitor a large area for the presence of
small concentrations of leaked gases. Learning from near misses should not be
confined to those occurring within one plant but should include those occurring
elsewhere in the industry. Schemes for the exchange of information, made
suitably anonymous, are particularly useful and need to be encouraged. The
willingness of manufacturers to participate is facilitated if this form of informa-
tion exchange is kept separate from the collection of official statistics and the
investigation of accidents by regulatory authorities. Furthermore, the ex-
change should be on a global basis since a national exchange will not preserve
anonymity in an industry with a small number of manufacturers in each sector.

Chemical process plants are complex systems, with many instruments,
alarms and control devices, and with ultimate back-up provided by human
operators. The ways in which these interact with each other to prevent an
accident must be rigorously examined as part of the design of the plant. Several
methods of carrying out this task have been proposed, of which the best known
and most widely practised is the Hazard and Operability (HAZOP) study
technique (Chemical Industry Safety and Health Council, 1977). In the course
of such a study, it will usually be necessary to set out the sequences that might
lead to a major accident so that attention can be directed to preventive
measures to interrupt the sequence. This kind of examination is carried out
using the fault tree analysis (FTA) technique (Lawley, 1974).
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Figure 2.3 Example of a partial fault tree for the failure of a pressure vessel
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An illustrative example of a partial fault tree is shown in Figure 2.3. The 'top
event' is the release of chemical to the environment as a result of failure of a

pressure vessel. This failure can occur in two ways - either within the design
range of pressure or as a result of an unintended excursion beyond this design
range. The failure within the design range can be subdivided into specific
causes. For example, the 'materials fault' in Figure 2.3 may be due to the
presence of an inherent and undetected defect which grows to exceed a critical
size. Alternatively, corrosion may have reduced the strength of the vessel to an
extent that it fails. Failure outside the design range can come about for a variety
of reasons, some direct, for example, exposure to fire or explosion, and some
as a result of systems failure, of which one possibility, 'overfilling', is included
in Figure 2.3. The figure is not complete - only a detailed examination of the
particular operation in which the vessel is used can elaborate on the possible
routes to failure.

The usefulness of the FTA technique lies in the way that it can relate the
occurrence of an unlikely event to occurrences of much more likely events
within common experience, such as failure of an instrument or alarm. These
latter, or 'primary', failures are more likely to be comprehended and the need
for their control understood. The technique helps to focus attention on weak
links in the chain of protection and on modes of failure that may be common to
several links in the chain. The use of the derived probability of occurrence of an
accident in setting objectives has been considered by Kletz (1976).

The FT A technique serves to pinpoint the degree to which protection against
failure depends on correct intervention by the human operator. Individual
worker performance, as determined by the psychophysiological effects of large
industrial processes, contributes to the human factor as a causative agent of
accidents. Lack of worker retraining and rotation and the rarity of an accident of
serious consequences can lead to complacency or insufficient knowledge about
the specific process and how it works. Further, administrative practices (e.g.
the lack of reporting of and concern for smaller accidents as preludes to larger
scale events) frequently contribute to a diminished collective responsibility.

A procedure of systematic hazard assessment such as HAZOP should be not
only an integral part of initial plant design but also of paramount importance
whenever any changes in plant design or operating arrangements are intended.
Alteration to a process design such as modifications to pipelines, controls and
instrumentation, and resetting of limits can lead to accidents if they are not
subjected to thorough advance scrutiny through well-documented descriptions
of the proposed changes and their thorough review.

2.2.2 Some General Statistics on Chemical Accidents

As already described in Section 2.2.1, a chemical accident can result from a
variety of causes. Furthermore, the consequences of the accident, in terms of
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deaths or injuries to the human population or damage to the environment,
depend on many different factors. This underlying complexity makes it difficult
to compile reliable information on the relative importance of causative factors.
Care needs to be exercised in drawing conclusions from accident statistics. In
particular, the sources of the data, the methods of classification and any
screening applied to the data all need to be clearly described and the conclu-
sions qualified accordingly.

A source of information that gives some useful insight into the distribution of
chemical accidents by type, cause, etc., is the Acute Hazardous Events (AHE)
Database (US Environmental Protection Agency 1985; Crum, 1986). The
main purpose of the database is to characterize the kinds of events releasing
acutely toxic substances in the United States. Emphasis is placed on acquiring a
measure of the scope of events rather than on estimating quantities precisely or
frequencies of releases. The database is purposely biased towards events
considered to have the greatest potential for sudden, large-scale harm to the
populace. Criteria that are used to prioritize data for inclusion in the database
include the occurrence of death or injury, release of chemicals into the air,
release of a large quantity and of a chemical as opposed to petroleum-related
and other types of releases, and the involvement of evacuation. The records
cover the 5-year period from 1980 to 1985 and contain information on sub-
stances and quantities released, event location, description of causative fac-
tors, and description of consequences in terms of deaths, injuries and property
and environmental damage.

Of the 6928 events covered by the database, 468 (7%) involved human
casualties (138 deaths, 4717 injuries). Four high-volume industrial inorganic
chemicals (chlorine, ammonia, hydrochloric acid and sulphuric acid) together
were reported to have been released in over 25% of the events recording
human casualties. Over 200 additional identifiable substances were recorded as

released during events associated with deaths or injuries. More than half of the
incidents resulting in death or injury released less than 500 kg.

The data have been extensively analysed and classified in a variety of ways
(US EP A, 1985) and only a small selection of the conclusions can be presented
here. Of all the events, 74.8% occurred in plant and 25.2% in transit. The
distribution of the in-plant incidents by cause is shown in Figure 2.4 and by
location in Figure 2.5. The distribution of the in-transit incidents by cause is
shown in Figure 2.6 and by mode of transportation in Figure 2.7.

These particular data have obvious limitations in being restricted to US
experience of carefully selected incidents over a limited period. A rather more
widely drawn database has recently been developed in the United Kingdom
(Clifton and Wilkinson, 1987). This is the Major Hazard Incident Data Service
(MHIDAS). A major hazard incident is considered suitable for inclusion in the
database if it actually had, or had the potential to have, an off-site impact. An
off-site impact includes fatalities, injuries, evacuation, structural damage or
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Figure 2.4 Acute hazardous events database: in-plant events by cause
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damage to the environment external to the working site. Information in the
database has been obtained from a variety of sources. Incidents described in
standard reliability publications and journals have been abstracted together
with accident reports published in Britain, the United States and a number of
other countries. In addition, national and international newspapers have been
searched over the past 25 years to identify suitable incidents. It is believed that
most published major events over the past 25 years have been included
although information from developing countries and the USSR and other
Eastern European countries is somewhat limited in quantity and quality.

Up to 1987, incidents from 95 countries throughout the world have been
entered in MHIDAS. The countries with the most recorded incidents are the

United States (924), the United Kingdom (438), Canada (84), Germany (83),
France (62) and India (40). The most commonly appearing chemicals are LPG
(264), petrol (188), ammonia (168), kerosene (156), chlorine (151) and crude
oil (117). The most common accident origins are transport (649), process (627),
storage (437) and transfer (182). The principal causes of incidents are mecha-
nical failures (598), impact failures (470), human factors (399) and external
events such as earthquakes, lightning strikes, etc. (283). The most common
material forms at the time of the incidents are liquid (945), pressurized
liquefied gas (496), gas (371) and solid (162).

The only general conclusion that can be drawn from both the above
summaries is that there appears to be no dominant factor involved nor
conversely is any factor of negligible effect. Chemical accidents can and do
occur under a variety of circumstances and the emphasis must be on the need
for vigilance, care and attention to rigorous assessment of hazards in all sectors
of activity.

2.2.3 Specific Examples of Chemical Accidents

The examination of the events that led to particular large-scale accidents that
are on record provides useful insight into accident causation. It is possible to
draw lessons from this experience which can be applied to minimize the
possibility or recurrence. It needs to be emphasized that experience in this field
is not a sufficient guide on its own, due to the comparatively infrequent
occurrence of severe accidents. The technique of prospective analysis as
described in Section 2.2.1 is a necessary tool to identify accidents that have not
yet occurred and thereby to assist in devising measures to circumvent them.
With this firmly in mind, a review of some of the more notable accidents will be
gIven.

Potchefstroom, South Africa, 1973 (Lonsdale, 1975)

This accident is an exampleofaclassic,andfortunately very rare, spontaneous
failure of a pressure vessel containing a hazardous chemical. The vessel
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concerned was of the horizontal, cylindrical type, and sudden catastrophic
failure of a dished end resulted in the release of 38 tonnes of liquefied
ammonia. A total of eighteen people were killed, both on and off the site. The
lessons of this accident, in terms of measures to guard against brittle failure and
stress corrosion, have been well learned.

Flixborough, UK, 1974 (Department of Employment, 1975)

The sudden failure of a large pipe in the reactor train of a cyclohexane
oxidation plant resulted in the virtually instantaneous release of about 30
tonnes of cyclohexane at a temperature well in excess of its normal boiling
point. Ignition of the flammable cloud occurred after a short delay and a
devastating explosion took place, killing 28 workers. There were no fatalities
outside the plant. A large ammonia storage sphere was damaged in the
explosion but fortunately did not rupture. The pipe that failed was a temporary
connection whose design had not been subjected to careful scrutiny and, in the
words of the report of the official inquiry, 'the integrity of a well-designed and
constructed plant was thereby destroyed', (Department of Employment,
1975).

Seveso, Italy 1976 (Strigini, 1983)

A runaway reaction in a plant for the production of herbicides was vented to
the atmosphere. The vented products contained the extremely toxic compound
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), a contaminant of the reaction
and this was distributed over a large area of the surrounding country. There
was considerable ground contamination with delayed fatal effects on herbi-
vores and there was further delayed injury to the exposed human population.
The presence of TCDD in the emission was not notified to the authorities for
some days, thereby delaying the implementation of remedial measures.
Although TCD D might reasonably have been suspected to be a contaminant of
the reaction, the plant was designed so that vented products were discharged
direct to the atmosphere.

Houston, USA 1976 (Anon, 1976)

A road tanker containing 19 tonnes of ammonia crashed through the roadside
barrier of an overbridge and fell to the ground. The tanker failed catastrophi-
cally, releasing the full contents to the atmosphere. The accident resulted in the
death of six people and injuries to 200.

Los Alfaques, Spain 1978 (Hymes, 1985)

A road tanker containing 23 tonnes of propylene suffered a complete failure
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alongside a campsite. The resulting fireball caused the death of 210 people. The
tanker had been overfilled so that there was insufficient voidage to accommo-
date thermal expansion.

Bhopal, India, 1984 (Varadarajan et aI., 1985)

A major leakage oftoxic gas took place on the night of 2/3 December 1984, in a
pesticide manufacturing and formulation facility from a buried tank in which 42
tonnes of liquid methyl isocyanate (MIC) had been stored for about 2 months.
The leakage resulted in loss of life of about 2500 people and injury to several
thousands. Damages occurred to plants and animals.

A further quantity of MIC in a second buried tank presented a serious
hazard. Based on an appreciation of the chemical reactivity and properties of
MIC, a number of measures were adopted on site and off site to minimize the
recurrence of another leakage and to contain the effects of such an eventuality.
A risk management system utilizing multi-disciplinary, multi-institutional and
multi-agency efforts was established and the material in the tank and other
small containers was processed safely.

The report of the scientific inquiry into the accident (Varadarajan et ai.,
1985) states:

In retrospect, it appears the factors that led to the toxicgas leakage and its heavytoll
existedin the unique properties of veryhighreactivity,volatilityand inhalation toxicity
of MIC. The needless storage of large quantities of the material in very large size
containers for inordinately long periods as well as insufficientcaution in design, in
choice of materials of construction and in provisionof measuring and alarm instru-
ments, together with the inadequate controls on systemsof storage and on quality of
stored materials as well as lack of necessaryfacilities for quick effective disposal of
material exhibitinginstability,led to the accident.These factors contributed to guide-
lines and practicesin operations and maintenance.Thus the combinationof conditions
for the accidentwere inherent and extant. A smallinput of integrated scientificanalysis
of the chemistry, designand controls relevant to the manufacture would have had an
enormously beneficial influence in altering this combination of conditions, and in
avoidingor lesseningconsiderablythe extent of damageof December 1984at Bhopal.

2.3 THE CONTROL OF OPERATIONS WITH LARGE-SCALE
ACCIDENT POTENTIAL

2.3.1 The Origin of Hazards Regulation

Regulations and safety prescriptions for certain industrial activities and sub-
stances have long been enforced, e.g. for fired pressure vessels or for the
storage and handling of explosives, introducing the concept of 'dangerous
installations' subject to special precautions. The Flixborough disaster (1974)
prompted a complete re-examination of the safety issues of the chemical, petro-
chemical and associatedactivities, foremost by the UK Advisory Committee
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on Major Hazards. Somewhat in parallel, regulatory tools were elaborated
at European Community level, resulting in the 'Seveso Directive' (Commis-
sion of the European Communities, 1982) of mandatory implementation in EC
Member States. Reference can be made, for a reasoned and more explicit
outline, to the Guide to the Control of Industrial Major Accident Hazards
(CIMAH) Regulations issued in the United Kingdom (Health and Safety
Executive, 1985).

The basic intent was to identify certain classes of processes, certain sub-
stances present in quantities causing concern, consequently too certain siting
situations, which singly or jointly could, in the case of an accident, be at the
origin of disastrous consequences to populations and the environment in a
broad sense. Although economic consequences were not necessarily under-
lined, records show that such major accidents almost invariably also entail
considerable economic losses and disruption. The term 'major hazard' was thus
adopted to identify those - potentially - most dangerous cases, selected from a
far wider number of industrial hazards extant in the chemicaVpetrochemical
branch or in the use of its products.

2.3.2 The Intents of Hazards Regulation

The prime intent was to identify worst situations or cases in order to produce a
remedy. This is why, in a first approach (and apart from the influence of
historical precedents and accident statistics), little consideration is given to the
likelihood of occurrence of the disastrous event. Several types of classification
are introduced simultaneously:

- by identifying a list of process operations given, Table 2.1, frequently
encountered and generally intrinsically hazardous (energy potential present,
operating conditions, presence of flammable/toxic materials, etc);

- by giving simply indicative criteria whereby toxic substances can be ranged
into three classes (Table 2.2) and flammable substances divided into flamm-
able gases, highly flammable or flammable liquids (Table 2.3), depending on
boiling or flash-point values;

- by distinguishing between 'isolated storage' (e.g. a warehouse, a tank farm),
which does not imply storage of a single substance but rather isolation from
other industrial activities, and 'non-isolated' storage, which simply implies
that the hazardous substance is present in a process or at a process site (be it
as intermediate, in associated storage, being piped, etc.), because of or
jointly with manufacturing operations. Note that beyond a separation
distance of 500 m, this coupling is disregarded.

In practical terms, those provisions apply jointly: attention is given to the
process if and when relevant quantities are allowed in isolated storage.
Automatically then thresholds are introduced, trying to 'quantify' the hazard
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Table 2.1 Listing of processes
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1. (a) Installation for the production or processing of organic or inorganic chemicals
using for this purpose, in particular:
- alkylation
- amination by ammonolysis
- carbonylation
- condensation
- dehydrogenation
- esterification
- halogenation and manufacture of halogens
- hydrogenation
- hydrolysis
- oxidation
- polymerization
- sulphonation
- desulphurization, manufacture and transformation of sulphur-containing

compounds
- nitration and manufacture of nitrogen-containingcompounds
- manufacture of phosphorus-containing compounds
- formulation of pesticides and of pharmaceuticalproducts.

(b) Installations for the processing of organic and inorganic chemical substances,
using for this purpose, in particular:
- distillation
- extraction
- solvation
- mixing.

2. Installations for distillation, refining or other processing of petroleum or petroleum
products.

3. Installations for the total or partial disposal of solid or liquid substances by inciner-
ation or chemical decomposition.

4. Installations for the production or processing of energy gases, for example, LPG,
LNG, SNG.

5. Installations for the dry distillation of coal or lignite.
6. Installations for the production of metals or non-metals by a wet process or by means

of electrical energy.

Source: Health and Safety Executive (1985).

and those thresholds in turn depend greatly on the properties of the substance
(flammability, exothermicity/instability; toxicity, degradability if released,
etc.). This first identification process largely disregards the local context (e.g.
the density of surrounding populations, the presence of waterways, aquifers,
wildlife, etc.) which intervenes at a later stage.

2.3.3 The Obligation of Notification

Above certain thresholds outlined next, the obligation of 'notification' applies
and it has wide-ranging consequences, both for the manufacturer and the
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Table 2.2 Indicative criteria for toxic substances

Very toxic substances:
- substances which correspond to the first line of the table shown.
- substanceswhichcorrespondto the secondlineof the tablebelowandwhich,owingto

their physical and chemical properties, are capable of producing major accident
hazards similar to those caused by the substance mentioned in the first line.

(1) LDso oral in rats.
(2) LDso cutaneous in rats or rabbits.
(3) LCso by inhalation (four hours) in rats.

Other toxic substances:
The substances showing the following values of acute toxicity and having physical and
chemical properties capable of producing major accident hazards:

(1) LDso oral in rats.
(2) LDso cutaneous in rats or rabbits.
(3) LCso by inhalation (four hours) in rats.

Source: Health and Safety Executive (1985).

appropriate regulatory authorities to which he is held to report his case( s). This
more or less standardized first reporting essentially outlines in simple terms:

- the nature of the process and hazardous substance(s) involved and unde-
sirable consequences which may result;

- the location and map of the plant and surrounding, the dominant meteorolo-
gical conditions, accident prevention and mitigation devices extant, number
of staff present on site;

- provisions taken and means available for first intervention (on-site emer-
gency planning, interfacing with the off-site one).

Inevitably, because of the complexity of most installations and the range of
accidents and consequences one may contemplate, and also because of pre-
existing situations (e.g. close settlements), a simplified reporting does not

LDso (oral) (I) LDso (cutaneous) (2) LDso (3)

mg/kg body weight mg/kg body weight mgl (inhalation)

1 LDso <5 LDso <10 LCso <0.1

2 5<LDso <25 10<LDso <50 O.l<LCso <0.5

LDso (oral) (I) LDso (cutaneous) (2) LDso (3)

mglkg body weight mglkg body weight mgl (inhalation)

25<LDso <200 50<LDso <400 0.5<LCso <2
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Table 2.3 Indicative criteria for flammable and explosivesubstances
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Flammable substances:
1. Flammable gases:

substances which in the gaseous state at normal pressure and mixed with air become
flammable and the boiling point of which at normal pressure is 200e or below.

2. Highly flammable liquids:
substances which have a flash point lower than 21 °e and the boiling point of which at
normal pressure is above 20°C.

3. Flammable liquids:
substances which have a flash point lower than 55 °e and which remain liquid under
pressure, where particular processing conditions, such as high pressure and high
temperature, may create major accident hazards.

Explosive substances:
Substances which may explode under the effect of flame or which are more sensitive to
shocks or friction than dinitrobenzene.

Source: Health and Safety Executive (1985).

suffice. It triggers a host of further examinations and assessments called
collectively a 'safety case', for which this time no standard format (or possible
methodology) could be readily defined. In that respect, national practices still
differ greatly, also for structural reasons. The composition of a safety case is
described in Section 2.3.4. Reporting places several obligations on the national
authorities:

- informing (possibly jointly with the manufacturer and local authorities) the
surrounding populations which may be at risk;

- setting up an off-site emergency plan, covering such aspects as alarm
notification, coordination of intervention teams/means, medical prepared-
ness, warning, evacuation, temporary accommodation, etc.;

- monitoring of the quality of operations and overall precautions taken.

When dealing with non-isolated storage (in plants), one single threshold is
assigned to each hazardous substance, only above which notification and
associated duties become mandatory. Those threshold values (quantities in te
or kg) span a wide range and bear no proportional relationship to quantities
likely, on average, to be present or stored. Actually, they were derived by
simple 'effects modelling', postulating that such threshold major hazard could
seriously endanger an area of 1 km2 (exploding cloud, fireballing, dispersing
toxic cloud), or longer term (lasting contamination, over one year) and result
indeed directly proportional to the energy release for flammables in an
explosion (e.g. by TNT equivalence) or to LCsclLDso values for acute toxics.

When dealing with isolated storage, the complementary notion of 'sensitive'
inventory or threshold is introduced. The numerical value is appreciably lower
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than for notifiables and the list only retains a limited number of both flammable
or toxic substances (CI2,NH3, S02, etc.) likely to be present in large quantities,
plus liquid O2 because of high reactivity. At any value between sensitive and
notifiable, requirements are lower too as long as the degree of 'isolation' from
neighbouring process activities or storages exceeds a radius of 500 m. In that
case, the manufacturer's responsibility consists in examining the accident risks,
providing mitigation devices, informing the on-site staff and training interven-
tion teams; all of which may have to be documented in a safety case. Otherwise,
and at any rate for distances less than 500 m or quantities above notifiable, the
full notification obligations apply also with isolated storage. Strictly speaking,
no account is taken of possible synergistic effects, e.g. in warehouses contain-
ing many different substances.

Examples of those complicated threshold values are given in Vilain, (this
volume, Chapter 17) for a modicum of relevant, common substances, subject
to later revisions. The listing of the Seveso Directive itself, for non-isolated
storage, presents a random appearance and de facto introduces two types of
toxic substances: a limited number of bulk toxics in tonnage quantities and an
extensive mixed bag of acute toxics, carcinogens, mutagens, teratogens, etc.,
in small quantities. The CIMAH regulations regroup more practically notifi-
able thresholds into toxics (less than or more than 1 te), highly reactive
substances, explosive substances and flammable substances.

2.3.4 The Safety Case

It must be recognized that the Seveso Directive, in its quintessential form,
limits itself to notification and emergency planning and places the burden of
auditing on the national authorities. This auditing is carried out on the basis of a
safety case submitted by the manufacturer. The safety case is essentially an
abstract of relevant information about the major hazard aspects of the manu-
facturer's activities drawn from a much more extensive body of information. It
serves to convince the authorities that the manufacturer has fully considered all
safety matters pertaining to the plant he operates. Essentially, the requirement
to prepare a safety case rests on the argument that if a manufacturer is unable to
do so, doubts would arise about his competence to manage the major hazard
activity.

Expectedly, there is a diversity of approaches to the preparation of the safety
case, also because of the availability of fundamentally different methodologies
(qualitative, quantitative, deterministic, probabilistic, etc.) to which varying
emphasis may be given.

The fundamental purpose of a safety case (complemented later by periodic
inspections) is to demonstrate to the regulatory authority (and maybe to public
opinion) that hazards, upset and failures modes, possible immediate and
longer lasting consequences are well identified and that all possible precautions
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at all stages have been taken to prevent and mitigate accidents or to remedy
them. The exercise is, potentially, all-encompassing and not reducible to one
preferred methodology or to some 'maximum credible accident' and its en-
forcement, being sometimes novel, runs against many defacto situations, to be
tackled progressively. In addition, knowledge is often lacking to back whatever
predictive/quantitative arguments and research work; model databases are still
amply needed.

A lucid argument is present in the Guide to the CIMAH Regulations which
however are specific to the UK situation. The distinction is made between the
factual information pertaining to the site and its surroundings, the processes
and hazardous inventories involved, the control and mitigation devices extant,
the on- and off-site people and related emergency procedures and, conversely,
the evaluations and reasoned judgements one may make about the type,
magnitude and likelihood of hazards present being materialized into quite a
range of accidents and consequences, or about the feasibility of preventing or
mitigating them in a timely fashion or at an acceptable cost. The latter are, of
course, the hard core of the safety case, for which there is no standardized
approach, but rather a combination and iteration of approaches. The CIMAH
outline, for instance, strikes a balance between reducing the exercise to
predominantly emergency planning or, conversely, relying excessively on
computer-based risk quantification, but the latter approaches are also encoun-
tered.

Which are the important aspects? Not limitatively, following CIMAH:

- the hazard magnitude and incident likelihood (i.e. risk evaluation);
- its location;

- significant features of the process, plant and related safety and mitigation
systems (i.e. HAZOP, etc.); documenting design, operation and mainte-
nance aspects (process and containment);

- the quality and training of operating staff and intervention teams;
- the categories of people at risk, on and off site. Correspondingly, the

emergency planning measures and means of implementation (e.g. com-
munication, access);

- historical experience (case studies) and whatever reasoned arguments back
the case (e.g. ruling out systematic worst outcomes);

- the incidence and feasibility of remedial measures (e.g. retrofitting, setting
up water curtains, bunding, embankment, etc.), especially when dealing
with existing plant.

One sees readily that there are two categories: dealing with design, hardware
and layout; dealing with 'people'. From there, too, is much recent emphasis on
the 'human factor' as a source of errors or in terms of surrounding populations
to be protected, which indeed is the prime motivation of the whole exercise.

One may note that chemical disasters (acute, sudden accidents) are unlikely,
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except when extended pollution results, to affect more than a limited area,in
contrast to nuclear catastrophes or some natural disasters, but this is offset by
the multiplicity of particular cases to be tackled, requiring nationwide efforts
all the same.

In principle, it is the manufacturer's responsibility to prepare the safety case
and this is also viewed (by CIMAH) as needed proof of his qualification to
handle dangerous operations. However, once mandatory recourse is made to
sophisticated procedures (e.g. quantified risk assessment), expertise is not
necessarily available in-house and recourse is made to consultancies; qualifying
them is also a problem.

2.3.5 The Reporting of Accidents

This is not a new topic, in so far as safety at work and civil legislation, insuring
against liability, compensation, etc., come into playas soon as fatalities/
casualties and losses are incurred.

Major hazards regulations, however, introduce the obligation of reporting
chemical/petrochemical accidents (with Seveso Directive, to appropriate
national and European Commission authorities) and this covers on-site as well
as beyond-the-fence aspects. No particular lower limits are set and the informa-
tion required is rather general (e.g. Vilain, this volume, Chapter 17), as it
would otherwise run against counter-arguments of industrial confidentiality.

The broad intent here is informative: to enable the community to see the
bewildering array of major and lesser accidents in perspective and to 'learn
lessons' therefrom. Accident notification should at least ensure that a majority
of cases do not go unrecorded or swiftly side-tracked (as they often did before)
but the present mandatory information to be supplied will only allow broad
statistical categorization. It is insufficient for the purposes of empirical risk
analysis, where accident features and details (e.g. nature of damages, travel of
missiles, nature and spread of contamination, longer term impact, etc.) are
essential. To preserve the evidence, damage maps, analyses performed, photo/
video records, follow-up aspects would be desirable and this implies a willing-
ness to communicate them too (note that the same may be said for reliability
data). The UK Advisory Committee on Major Hazards (Health and Safety
Commission, 1984) considered this issue and identified a need for a taxonomy,
or perhaps better, a model of major accidents which could be used as a basis for
the investigation and reporting of accidents and the collection of data. The
Committee regarded current practice in the investigation and reporting of
accidents to be unsatisfactory. Reports are often incomplete and unbalanced
and draw misleading conclusions. Given a suitable and internationally
accepted accident model, the Committee felt that it should be possible to
devise guidelines for improved accident reporting. Unfortunately, this recom-
mendation has not yet been acted upon.
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Just as much would be learned from near-misses, which even more often go
unrecorded. Actually, large companies do keep such records and schemes
should be devised (e.g. with the assistance of industrial federations) to facili-
tate access to valuable information extant without creating an undue burden of
further form filling. Voluntary schemes exist already (e.g. the Loss Prevention
Bulletin of the UK Institution of Chemical Engineers), which could be ampli-
fied and supported.

2.3.6 What Present Regulations do not Cover

Schemes mentioned and the Seveso Directive in particular do not really
address the issue of transportation and cross-country pipelines. It cannot
always be argued that quantities in transit are lesser than onsite or in isolated
storage and some bulk carriers (LNG, barges, chemical trains) would possibly
fall under corresponding obligations if they were not mobile items. Nor is the
energy or toxic potential revealed in, e.g. some derailments or with berthing
ships lesser than for fixed items; escalation is frequent in train accidents.
Similarly, pipeline ruptures can generate considerable flammable/toxic clouds,
torching is next to impossible to quench and ill-located pipeline spills have the
potential to cause extensive disasters.

Whereas static storage of chemicals at manufacturing plants is handled by
experienced and trained personnel, the dynamic part of storage in movement is
usually done by transport contractors who are less knowledgeable about the
hazards involved. Many an accident has happened during road transporting
due to anyone or a combination of some of the following:

1. The prime mover and chassis are not maintained in good condition.
2. The bulk tanker and accessories like safety alves, isolation valves, etc., are

not inspected or kept in proper condition.
3. Rash and negligent driving.

To some extent, transportation accidents leading to disaster (because of
unfortunate place of happening) are akin to natural disasters which may be
expected within certain threatened areas but not pinpointed in advance.
Intervention, as opposed to on-site accidents, must rely entirely on forces and
means available in the vicinity and on swift arrival. Those interveners will not
necessarily be fully aware of hazards involved [toxicity, boiling liquid expand-
ing vapour explosions (BLEVE)] and remoteness of the disaster area: difficulty
of access may cause delays. However, as a rule of thumb, the more threatened
the population nearby, the more likely one is to send fire brigades, ambulances,
police, etc. It all becomes a problem of general preparedness and not of specific
chemical disaster preparedness and in some countries ad hoc 'chemical train-
ing' schemes have been devised for those units, a worthwhile effort.
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For many lesser accidents (road tankers), identification of the substance,
knowledge of its harmful properties and of remedial measures is essential. The
transporters (especially the drivers) should be educated on the nature of
danger inherent in the dangerous substances carried and the safety measures to
be taken to avert the danger. They should carry with them written instructions
about what action to be taken and what treatment is to be given in the event of
persons coming in contact with the chemical carried. There are some chemi-

cals, like oleum (fuming sulphuric acid), the release of which may be aggra-
vated if one applies a jet of water. A list of do's and don'ts must be clearly
spelled out in the written instructions. Besides, there could be distinct easily
identifiable marks on the body of the container indicating the nature of the
potential hazard and the specific 'don'ts'. Civil authorities (en route on the
highways) as well as industrial units and hospitals may also be kept informed
about the contents of such transport emergency instructions.

There are, of course, several coding schemes implemented (UN/EC, etc.).
In Europe, CEFIC (Conseil Europeen des Federations de l'lndustrie Chimi-
que) affiliates have introduced (on a voluntary basis) TREMCARDS, carried
by the tanker/lorry drivers themselves. They are easily identifiable and feature
in the necessary languages all basic information needed - about 600 substances
(the more likely ones) are covered at this stage. More elaborate schemes:
properties' data banks, answering services, assistance networks, etc., also exist
but presuppose availability of telephones or communication links. Portable
information, on one disc or digital tape, with simple readers and flat displays
would be an obvious development. An international effort would be needed to
coordinate those various attempts.

Adequate precautions need to be taken while loading and unloading trans-
port containers. Preferably, the loading/unloading facility should be located
well away from the centre of operations. Proper connections with good packing
gaskets, earthing or bonding and continued vigilance not to overfill containers
are some areas requiring skilled and trained operative staff. Retraining at
frequent intervals is a necessity for operators, drivers, etc.

As previously mentioned, the control of transportation hazards does not
come within the scope of major hazards legislation such as the Seveso Direc-
tive. However, many of the requirements for safety, e.g. driver training,
packaging and labelling of hazardous substances, construction of vehicles,
routing, etc., are covered to a greater or lesser extent by regulations and codes
of practice in many countries. In addition to such forms of control, industry
needs to be encouraged to examine the scope for reduction of transportation by
suitable location of producing and using plants. Planning controls for new
plants could include a consideration of the scale of transportation involved. A
comprehensive study to develop software tools for the management of hazar-
dous substances and the control of risks, and including the transportation
hazard, has been reported by Fedra, 1985. This study for the use of planners,
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managers, policy and decision makers, is intended to facilitate the evaluation
of alternative policies and strategies for the management of risks from hazar-
dous substances. Clearly, the interaction between the location of producing
and using plants and transportation between them, is an integral part of such an
evaluation. The UK Advisory Committee on Major Hazards (Health and
Safety Commission, 1984) carried out a preliminary study of the major hazards
aspects of transport and presented a comprehensive review of the accident
record. They identified a number of topics which they considered to merit
further study. The control of transportation hazards, aided by the results of
such studies, is a priority area for further work.

2.4 THE PHYSICAL CONSEQUENCES OF AN ACCIDENT

2.4.1 Release of Hazardous Substances

In an accident in which a hazardous substance is released, the substance may be
emitted to the atmosphere as a gas or as an aerosol, to the ground and thence
into the ground water as a solid or liquid or directly into a watercourse as a
liquid. In order to assess injury, the first requirement is to define the concentra-
tion at the location of the receptor as a function of time. Information in this
form then provides the input to the assessment of the impact of the accident on
man and his environment.

There are two ways in which these estimates are used in practice. Firstly,
they will be required in carrying out the safety assessment described earlier, in
which the consequences of potential accidents are described in order to judge
whether the regulatory control measures are adequate. Secondly, they may be
needed in the aftermath of an accident, to aid in the control of evacuation and
in the investigation of causes and to provide information on exposure in order
to plan remedial treatment of survivors and to determine the long-term
ecological effects.

The sequence of events following an accident in which a hazardous substance
is released depends on the storage conditions, the properties of the substance,
the geometry of the breach in the vessel and the surroundings into which the
release takes place. For each of these factors, there is an almost endless variety
of possibilities. The behaviour of the substance during release and its sub-
sequent dispersion will depend on the conditions of the accident. For assessing
the consequences of potential accidents, it is necessary to make some idealized
assumptions and it is generally wise to test the sensitivity of the conclusions to
these assumptions. For calculations in support of the investigation of an actual
accident, it will usually be possible to narrow down the range of possibilities
from information available.

It is both convenient and a reasonable representation of the physical
phenomena to separate the description of the processes involved in the release
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of the substance from the description of the subsequent dispersion, except in a
few cases where there is a natural and readily describable progression such as
unobstructed emissions in the form of a jet. The objective of this partition is to
make a separate estimate, based on the physics of the release process, of the
source conditions for a dispersion calculation. These source conditions are
required in a standard format as inputs to mathematical models and comprise
some or all of such factors as the source quantity or rate of release, the physical
properties of the substance, the geometry of the source, as well as controlling
independent variables such as windspeed, atmospheric stability and ground
roughness.

The variety of release conditions encompass the following:

1. For the storage conditions, whether the substance is a gas, a liquid or a gas
maintained as a liquid by pressurization or by refrigeration.

2. For the breach in the vessel, whether it is a catastrophic failure of the vessel
or partial failure, e.g. of a connecting pipe, and whether this occurs above or
below the liquid level.

3. For the surroundings, whether the vessel is surrounded by a bund and, if so,
the type of bund, or whether the spillage is free to spread over the ground or
whether there are obstructions such as pipe racks or other structures against
which the gas or liquid will impact.

A review of the various possibilities and guidance on sources of information is
given by McQuaid (this volume, Chapter 11).

2.4.2 Dispersion to the Atmosphere

The dispersion behaviour of gases released to the atmosphere in chemical
accidents is markedly different to that observed with atmospheric pollutants
such as chimney emissions. The factors that give rise to this difference include
the very large quantity involved (usually emitted at a rapid rate), the com-
plexity of the source geometry, the possibility of phase and chemical trans-
formations and, most importantly, the fact that the emitted gas is generally
denser than air.

The denser-than-air property results either from the molecular weight, per
se, the presence of liquid droplets or a low temperature. It results in a shallow,
ground-hugging cloud with a large extent in the cross-wind direction. This
feature has been observed in many accidents and in experiments (McQuaid,
this volume, Chapter 11). The dispersion of the cloud proceeds through several
phases. Firstly, there is a gravity-spreading phase in which the mixing between
the cloud and air is governed by entrainment across the cloud boundaries as a
result of the gravity-induced spreading. There follows a phase in which mixing
by atmospheric turbulence is influenced by gravitational forces, while the
gravitational forces continue to produce enhanced spreading of the cloud.
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Finally, the gravity influence subsides as the density difference between the
cloud and the ambient atmosphere becomes small. In this latter phase, mixing
by atmospheric turbulence becomes dominant so that the dispersion is
described as 'passive' and corresponds to the conditions for conventional
pollutant dispersion,

The above physical behaviour must necessarily be represented in any model
of the dispersion process. Models which do not allow explicitly for the effects of
gravity-induced motion have long been known to be inapplicable. A variety of
models of various types have been developed in recent years. Much effort has
been devoted worldwide to the conduct of large-scale experiments in order to
provide data with which to validate these models. At the present time, a
number of reliable models are available and simple correlations suitable for
many purposes have been established. A review of the subject of dense-gas
dispersion and sources of further information is given in McQuaid (this
volume, Chapter 11).

2.4.3 Dispersion via Solid or Liquid Phases

From the viewpoint of human health, release into the atmosphere is more
likely to have injurious results than release of a solid or liquid on to the ground
or into water. From an ecotoxicological viewpoint, the reverse is the case
(Peakall, this volume, Chapter 12).

Several detailed models have been developed to simulate the dispersion of a
chemical in rivers and lakes and an exposure analysis modelling system has
been developed by the US EP A (Burns, 1985). It has been used to estimate the
behaviour of organic chemicals, released from both point and non-point
sources using a compartment type model approach. Environmental data (e.g.
flowrates, dimensions of water bodies, sediment characteristics), chemical
data (e.g. physical/chemical properties and transformation rate constants) and
loading data are taken into account.

The Sewekow model (1986) has been developed to calculate the distribution
of chemicals entering a river (point and non-point sources). The model allows
for calculation of evaporation into the atmosphere and chemical and physical
properties of the chemical and physical configuration of the river are limited
(depth-averaged behaviour, average flowrate, no obstructions, suspended
water transport not considered). The output shows the concentration of
substance, as a function of distance from source at various temperatures,
windspeeds and water flow.

A simple model to evaluate the behaviour of hydrophobic organic com-
pounds in lakes has been developed by Schwarzenbach and Imboden (1983/
84). Both point and non-point sources are considered. Input data include,
besides the chemical and physical properties of the compound, the water
renewal rates, mixing rates, particle concentrations, temperature, pH and
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averagewindspeed.The model assumessorption equilibrium and fast
horizontal mixing.

From the viewpoint of human toxicology, releases to soil and other solid
surfaces following a chemical accident are of concern if the chemical evapo-
rates into the atmosphere or is leached into water supplies. In the former case,
binding of chemicals to soil is, at least for the time being, likely to be
advantageous. From an environmental perspective, the results may be quite
different as the chemical can affect soil organisms and be taken up into the food
webs.

One extreme condition occurs when ground surface is covered with ice and
snow, a common ground surface for part of the year in large areas of the world.
Most work has been done on the spread of oil under Arctic conditions; in this
case high viscosity is important but oil is outside the scope of this volume. A
more generalized approach has been presented by Kawamura and Mackay
(1986); they have considered a dimensionless number approach based on plots
of area against time and a more specific model which includes absorption,
evaporation, and solubility of the chemical in snow and ice.

In the case of contamination of water supplies by leaching through soil, a
considerable effort is currently devoted to this problem in the context of the
safety of shallow disposal sites for radioactive wastes. Although there are
obvious differences between this problem and that involving a chemical
substance due to the solubility of the substance, none the less, it seems
reasonable to expect some beneficial technology transfer between the two
areas. The paper by Thompson (1986) is a source of further reading on this
topic.

2.4.4 Input Requirements for Damage Assessment

The ultimate utility of dispersion modelling is that it provides the information
needed by toxicologistsand ecologistsin order to determine the injury to man
and the environment. This information is in the form of the concentration of
the harmful substance (in air or water as the case may be) as a function of time.

Dispersion models are universally framed to provide the concentration-time
record at any particular location downwind (or downstream) of the release
point. It is necessary, however, to exercise some care in using the model
estimates if short-time averages of concentration are required. The atmos-
pheric dispersion models generally provide concentrations averaged over a
time of order 10 minutes. If concentrations over a shorter time are required, it
will be necessary to use complex 'hydrodynamic' models which solve the
time-dependent conservation equations. Even then, the special requirement
on averaging will need to be specified and the model suitably formulated. An
alternative approach is to postulate a statistical model for the probability
density function of the short-term concentration fluctuation. The importance
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of short-term concentration fluctuations has been emphasized by Ride (1984)
and Griffiths and Harper (1985) in the context of exposures to gases exhibiting
a non-linear dosage-effect relationship.

2.5 ENGINEERING MANAGEMENT OF INITIAL EVENTS
FOLLOWING AN ACCIDENT

In spite of various preventive measures taken, an accident may occur. In that
event, steps to be taken immediately will depend on the nature of the accident,
the type of operation, nature and quantity of materials in storage and in process,
and the extent of initial damage and the amount of leakage of material.

In case of fire or explosion, steps must be taken to prevent damage to nearby
plants and storage vessels, and release of toxic material. In the case of
exothermic runaway reactions, the reactant supply to the reactor must be
stopped immediately. In case of hazardous liquid spillage, all attempts should
be made to contain its spread (see Varadarajan, this volume, Chapter 16).

In the likelihood of release of toxic material, the disaster control plan
effectively planned and executed by drills, comes into prominence. The
simulated dispersion model (McQuaid, this volume, Chapter 11) must be fitted
in with data so that the emission type, quantity and concentration of toxic
material likely to be prevalent in various areas around the manufacturing unit
can be ascertained and information passed on to the evacuation authority and
other concerned agencies.

Specifically, on-site sounding of alarm for general alert, removal of affected
workers to a safe place, administering first aid and sending to hospitals those
needing more medical care, evacuation of non-emergency plant personnel
should be taken up on priority. Emergency personnel should wear suitable
protective clothing and contain the leakage/release using appropriate
techniques.

There may be special situations wherein residual material in storage may
have to be disposed of. This involves special management needing knowledge
of inventory of materials, status of plant system and utilities. A multi-
disciplinary expertise may have to be called in to handle this unique situation
(Varadarajan, this volume, Chapter 16).

Only effective preparedness both on site and off site (Chapter 5, Disaster
Emergency Planning), coupled with coordinated efforts immediately after an
accident, can lead to a successful management of the initial events following an
accident.

2.6 THE INFORMATION NEEDS FOR ASSESSMENT AND CONTROL

The assessment and control of major hazards requires access to a wide range of
information sources. The particular needs will already have emerged in the
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descriptions given above under each heading. They are here brought together
and sources of information are identified where possible.

For identification of hazardous chemicals, there are a number of inter-
national inventories and guides in addition to the 'Seveso Directive'. There is,
for example, the European Inventory of Existing Commercial Chemical
Substances and the International Register of Potentially Toxic Chemicals
(IRPTC) of the UN Environment Programme (UNEP) now has data profiles on
some 450 chemicals of major international significance. The profiles contain in-
formation on physico-chemical properties, production and use, environmental
transformation, toxicity, spills, waste management, poisoning and national and
international recommendations. The UN Orange Book provides information
on transported chemicals in terms of immediate response to accidents. ILO has
established a Hazard Alert System for a limited number of hazardous chemi-
cals. The European Chemical Data Information Network (ECDIN) provides
chemical information on a computerized database accessible within Europe.

Physical property data on a wide range of substances are also available
through the Physical Property Data Service (PPDS) of the Institution of
Chemical Engineers in the United Kingdom. This is a computerized database
accessible by users.

Exchange of information on accidents, on dangerous occurrences and on
new approaches to safety assurance takes place through symposia, the pro-
ceedings of which are published. Of particular note are the Annual Loss
Prevention Symposia of the American Institute of Chemical Engineers, sym-
posia on particular safety and loss prevention topics by the UK Institution of
Chemical Engineers and the triennial International Symposium on Safety and
Loss Prevention in the Process Industries organized by the European Feder-
ation of Chemical Engineers.

Information on accident experience worldwide is provided by the Major
Hazards Incident Data Service (MHIDAS) described in Section 2.2.2. The
most widely available database on safety and occupational health literature in
the scientific and technical press is HSELine operated by the Health and Safety
Executive in the United Kingdom. The database is computerized and acces-
sible by users throughout the world.

Information on the failure rates of instruments and safety devices is compiled
by the National Centre for Systems Reliability in the United Kingdom.

In Europe, there is a network of national poison centres which provide
information on-line for use in emergencies. Also see Appendix in Part A of this
volume for additional resource documents.

2.7 THE INVESTIGATION OF ACCIDENTS

Should an accident happen, it is most important that the investigation should
commence as soon as possible. There are provisions that can be made in
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advance and this should be done as far as possible. For example, some
explosions have occurred in plants where the control room was destroyed and
consequently the instrument records were lost. This happened in the explo-
sions at Flixborough (Department of Employment, 1975) and Beek (Ministry
of Social Affairs, 1976). The UK Advisory Committee on Major Hazards
(Health and Safety Commission, 1979) considered this issue and recommended
that control rooms should be designed to withstand explosions or should be
placed outside the area where damage was foreseeable.

Matters that will influence the effective conduct of the investigation includ-
ing the following:

1. The site of the accident needs to be secured with strict control on entry. All
items of evidence need to be impounded and only to be moved with the
approval of the appropriate authority. In the case of accidents involving
fatalities, the authority will ultimately rest with the coroner who conducts
the inquest on victims.

2. The site may have to be made safe before the investigation can begin. This
may involve demolition of dangerous structures or removal of debris to
recover bodies. There may also be hazardous substances remaining and
careful planning is necessary to ensure their neutralization or removal if a
further accident is to be avoided. As soon as possible, technical experts
should assess the safety of recovery operations before these are attempted
by rescue teams who are generally not well informed on the possible
dangers.

3. The earliest form of evidence that can be collected is photographic. In the
case of large plants, the photographic equipment will often be held on
standby with designated staff to act as operators independently of rescue
teams. In the case of an accident which extends over a period of time, a
video record is especially useful.

4. Written statements from individuals, prepared independently, should be
obtained as soon as possible.

5. It is important that site plans and any instrument records and log books that
are available should be impounded for the investigating team.

6. A leader of the investigation needs to be appointed quickly, where such a
designation is not already clear from the standing organizational arrange-
ments. The body responsible for the investigation, for example, the Factory
Inspectorate or its equivalent, will already have clearly laid responsibilities.

The collection of information by the investigating team needs to be carefully
organized and controlled. The following guidelines are offered as constituting
the basic requirements of a thorough investigation. Further information can be
found on particular aspects in, for example, Sadee, Samuels and O'Brien
(1977), Roberts (1980).

Movable witness items should be collected, with an accurate record of their
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location and orientation on a site map. Records of blast damage should be
made, according to the classification scheme which relates overpressure to
damage on ubiquitous items such as reinforced concrete walls, brick walls,
tiled roofs, windowglass, etc. (Health and Safety Commisssion, 1979). This
information allows the pattern of overpressure against distance to be built up
and thereby the equivalent mass of TNT involved in the explosion can be
estimated.

Thermal damage to materials of different types, not directly exposed to fire,
provides information on the thermal radiation exposure from fireballs. Such
information allows an estimate of the mass of fuel to be made.

Samples of materials involved in fire should be recovered in sealed con-
tainers, and can be used to identify the fuel from analysis of residues.

For releases of a toxic substance, the location of dead and injured
persons (and the extent of their injury) should be collected as far as poss-
ible (see Section 3.3.3). Similarly, information on effects on animals and
vegetation should be collected. In the latter case, colour photography is
especially valuable and in some circumstances provides direct evidence of
exposure (Peakall, this volume, Chapter 12).

Meteorological data covering the time of the accident should be obtained
from the nearest weather centre. Local supplementary information, albeit
crude and subjective, should be sought. The parameters required include the
windspeed and direction at some reference height, the atmospheric stability
and atmospheric temperature, pressure and humidity.

It is sometimes possible to obtain independent confirmation of the time of an
accident from records of ground pressure at seismic recording stations and of
atmospheric pressure waves from satellites.

Where there are several possible explanations for the observed effects, it will
be necessary to construct models to simulate the different explanations. These
models may be analytical and describe events in mathematical terms, or they
may be physical and attempt to reproduce the event sequence in, for example,
an explosion (Baker, 1982). If the physical models are at reduced scale, their
design needs to take proper account of the laws governing physical similarity at
different scales. Full-scale replication of the events leading to the accident is
sometimes possible and provides particularly convincing evidence. Such a
replication was carried out in the course of the investigation of the Flixborough
explosion (Department of Employment, 1975).

This listing is not exhaustive. An important factor in helping to ensure as full
a coverage as possible is to conduct frequent reviews of progress during the
investigation. These will assist in identifying matters for further investigation
while the evidence is stilI available.
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2.8 RECOMMENDATIONS

1. HAZAN, HAZOP or similar studies should be an integral part of plant
design and safety audits should be regularly undertaken. Plant modifica-
tions must be subjected to the same stringent requirements.

2. Research on the principles of safe design of chemical plants should be
encouraged.

3. Training in all safety matters should be an integral part of the curriculum of
plant managers and designers.

4. Reporting of dangerous occurrences should be mandatory leading to a
better statistical database.

S. All official reports on accidents should be published and readily made
available.

6. Information exchange on accidents and dangerous occurrences should be
organized by industry or professional associations on an international
basis. The information should be published in an anonymous form to
encourage participation.

7. National governments should implement regulations incorporating a re-
quirement for a safety case, taking account of the models provided by UK
CIMAH Regulations and the EC Seveso Directive.

8. The safety case should be reviewed and revised regularly in the light of
available information.

9. Continued operation of potentially unsafe and outdated plants should be
subject to regular review and governments should consider appropriate
legislation.

10. Emergency plans for on- and off-site contingencies should be revised and
updated regularly with the implementation of practice drills.

11. The need for an international agreement on standard formats useful for
describing accidents is endorsed.

12. Consideration should be given to ways in which the proper balance
between commercial secrecy and the public interest might be achieved in
all matters relating to the provision of information to the community.
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