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Preface

Sometimes our experiences determine everything that we do afterwards. For
Chris Pietersen, it was his involvement in the investigations into the causes and
consequences of two major industrial disasters. The explosion at PEMEX LPG depot
in Mexico and the tragedy with the toxic cloud at Union Carbide in India brought
Chris in contact not only with the hard reality of disaster, but with the social and
political game that follows as well. The game in which quite often economic interests
are more important than the victims or the question of how similar suffering can
be prevented. For Chris Pietersen, it meant the beginning of a lifelong career in risk
modeling, analysis and policy advice.
25 years after the disasters, Chris Pietersen provides a probing account of what
really went on at the time. Listen to the Chairman of the Dutch Safety Board and
you will be shocked to discover how little seems to have changed in this respect. It
is still difficult to go on a fact finding mission relating to accidents or to draw lessons
for the future without coming up against different interest groups. Even now, ethical
considerations when deciding on the acceptability of activities, location selection and
risk levels seem considerably less important than cost considerations.
This book describes what happened with the lessons of Bhopal and Mexico City in
the quarter century that followed. The reading of this book will be an educational
experience for anyone who is involved in risk management, within and outside the
process industry.
Prof.dr. B.J.M. (Ben) Ale
Professor of Safety and Emergency Management at Delft Technical University.

At the time of the disasters in Bhopal and Mexico City in 1984, Ben Ale was working for the
Dutch government in the Directorate General for the Environment, dealing with risk analysis
and risk management. He has played an important role in defining and implementing the Dutch
policy of Industrial Safety, particularly the land use planning aspect (external safety).
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Rationale for this book

Why is it useful to reflect on the fact that at the end of 1984 two major disasters
occurred? That is almost a generation ago, the world has changed since. In the
mean time, several major disasters have occurred with hazardous substances and
insights about industrial safety have changed dramatically. Moreover, it was often
said that these were typically Third World disasters that do not happen in the more
developed world. I remember a presentation in Germany for the LPG industry (full
room, some 100 people) of our investigation into the LPG disaster in Mexico City
that some members of the audience thought the topic was not relevant. After all,
in Europe we pay more attention to safety standards. The chairman of the meeting
came into action when I suggested that in that case I might as well stop the
presentation.
Who is interested in a book about these old disasters? To some extent, they are
old. The question, though, is whether the lessons are also ‘old’. The debate over
safety of plants with hazardous substances is still very topical. It is also often about
the same issues that we have seen in the disaster in Mexico City and in the Bhopal
tragedy1. There are good reasons not to forget the disasters.
Industry and governments have learnt important lessons from the disasters. Do
we also remember them? These disasters occurred because large companies
and governments did not follow the principles of safety. It is about process safety,
occupational safety and safety for citizens outside the gate. The latter is what we
often call External Safety. Here are a few examples of what is discussed in this book
about the immediate causes and underlying factors of the disasters. The failure of
management, cost reductions, inherently unsafe designs, (lack of) maintenance
of facilities, a lax culture with regard to safety. And all this at the expense of
thousands of victims. Independent analysis of disasters that took place after 1984
and especially in recent years shows that the underlying factors of these disasters
are comparable to those in the disastrous year of 1984. That is why some of these
more recent disasters are also addressed in this book. After the investigation of the
disasters in 1984, I continued to investigate many (fatal) incidents in the process
industry. Partly as a senior investigator at the Dutch Safety Board (OVV), partly
1

We follow the terminology used in India: ‘the Bhopal tragedy’. Because that is what is.
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Carolyn Merrit chairs a session at the Bhopal
Conference in 2004 in Kanpur, India. The author is
co-chair. Carolyn played an important role in defining
and performance independent of independent incident investigation in the USA. She died about one
year after she resigned from the CSB in 2008.

in my leadership role in safety advice with TNO (the independent Dutch research
organization) and later as General Manager of Safety Solutions Consultants (SSC),
a company that I set up at the request of TNO2. These include investigations of at
least 10 serious incidents per year. Again and again, you will arrive at the same
latent problems in the organization of the company. It is sometimes as if time has
stood still since 1984. There are also differences of course. What is important in
this context is the technical progress to more inherently safe solutions and improved
materials solutions. We have seen the introduction of safety management systems.
Furthermore, standards have been introduced for systematic hazard - and risk
analysis. The work permit systems have improved, distinguishing between high risks
and low risks.
Unfortunately, all these systems are not effective if management is not alert enough,
when organizational weaknesses are present in the company. It may happen that
there are procedures just for having procedures, or no checks are carried out as to
whether the work instructions are followed (Bhopal). It also happens that the issuing
of work permits has become a routine or that instrumentation is faulty because
of insufficient maintenance and inadequate testing (Mexico, Bhopal). The issues
mentioned here become clear from the studies of Geleen (the Netherlands, 2003),
Warffum (the Netherlands, 2005) and Texas (USA, 2005) in Annex 6 and the Feyzin
disaster (Annex 9).
The then chairman of the independent Chemical Safety Board (CSB) in the USA, the
late Carolyn W. Merritt, said this in a press conference in 2006 on the disaster in
Texas City:
“Almost everywhere I go, I hear one consistent message from companies. They
tell me that they are worried about what happened at BP. They worry that their
organizations face some of the same threats or risk blindness, cost-cutting or
2
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TNO withdrew from SSC in 2007. See www.safety-sc.com
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deterioration of safety programs and management systems. The safety culture
message resonates deeply in the industry “.
Previously, at a conference in India3 (2004, 20 years after Bhopal) she presented
a comprehensive paper on the lessons of Bhopal. Her summary list is given below.
They are all recognizable aspects, which will become clear in this book:
•
•
•
•
•
•

Lack of awareness / knowledge about the dangers of chemical reactions
Insufficient Management Of Change
Design of installation and maintenance are not adequate.
Inadequate training of employees
Inadequate preparedness for incidents
Insufficient learning from incidents (underlying factors are not addressed properly).

She added, that these aspects continue to be encountered in the CSB accident
investigation.
The independent incident investigation body in the Netherlands, the Dutch Safety
Board (OVV) noted in its report on the disaster in Warffum (NAM, 2005, 2 deaths,
see Annex 6) the following:
“The council’s work focused on answering the question how it is possible that the
NAM as a company with years of experience and much attention to safety, safety
knowledge and safety effort and relatively low incident rate, was yet faced with such
a serious accident in Warffum. The Council considered it important, given the serious
consequences of this accident and the fact that the psychological consequences for
employees and the survivors are still substantial, to answer this question.”
Again it became clear that a safety management system can deteriorate over the
years. From my own experience in accident investigation, I note that each system
tends to weaken unless everyone in the company understands its importance and act
in the same (safety) spirit. Furthermore, monitoring is essential. The great enemy of
safety is to perform safety procedures on a “pro forma” (just because you have to do
it) basis without the risk aspect being the key consideration. Does it work for safety?
Is it effective?
Why talk about the disasters from 1984? Of course, the story of what happened is
history. However, to know the lessons and linking them to the causes of more recent
disasters, has an important added value. It shows clearly why it went wrong and how
3

Bhopal gas tragedy and its effects on Process Safety’, International Conference, Kanpur, India
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it can still go wrong. Perhaps we have become safer and we are seriously working
on these issues on, but incidents are still rooted in the same type of problems.
Safety is a delicate balance. Who is willing to consistently take his responsibility? The
problems are increasing: economic issues and knowledge and experience problems,
in government as well as in companies.
And then there is the land use planning: at what distance to houses can we allow
installations with hazardous material? The lack of any rules was an important aspect
in the two disasters in 1984. In the Netherlands and other countries we have since
had a zoning system based on a quantitative risk analysis (QRA). That is something
that was dramatically absent in Mexico and Bhopal. Yet we must remain critical on
this point in the Netherlands too. Who understands a QRA? What is the validity of
the calculated risk levels on which decisions for land use planning are based? An
LPG tanker is currently assumed to pose no risk at a petrol station at a distance of
40 meters from houses in a residential area. “Shortly”, this critical distance will be
decreased to 25 meter if the tanker has a thermal coating. Are you really safe at
that distance? The basis of the assumptions is often not transparent enough and the
danger is that this type of QRA does not promote safety measures at the source. Why
should we actually accept LPG transport through villages? There is a good alternative:
LPG filling stations on motorways. No one questions this, until an unexpected
BLEVE (an explosion, fire ball)4 happens and people are killed. This was the case in
Viareggio (Italy, June 2009). See the pictures and description in annex 7. People
changed their minds about the acceptability of such situation in built up areas after
the disaster. Maybe we should change it before disaster strikes. In this book you can
read everything about BLEVEs and their devastating effect.
This book just had to be written. The ‘25 years on’ argument is only one reason
to tell the story again. How we from TNO in the Netherlands were involved in the
investigations, how we sometimes became under pressure and what the results
were. It is a good moment to use the experience and lessons from those studies
for safety of the process industry today. It is also a personal story. Since 1981 I
have worked in Industrial Safety. From 1984 I got a clearer idea of what I wanted to
achieve, my ambition to contribute to increased safety grew.
Sabotage
It was remarkable that both the management of PEMEX (Mexico) and that of Union
Carbide (Bhopal) announced that the cause was sabotage. A disgruntled employee
who took revenge. It is curious to see how Union Carbide in particular has put a lot
of effort in trying to ‘prove’ this. They wanted us to agree with their theory. However,
4
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BLEVE: Boiling Liquid Expanding Vapour Explosion. See the description in Annex 1 and BLEVE cases
in Annex 7.
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we knew so much already of the absence of safety in the installations that in our
opinion, other scenarios were much more likely. The facilities were inherently unsafe
and the management had in many respects not taken its responsibility.
Composition of this book
In chapter 1, our study of both disasters forms the main focus. Why and how did
we get involved? The sensitivities, the tension of the investigations at the sites and
our local contacts are described. The disaster in Mexico and the tragedy in India are
discussed briefly.
Chapters 2 and 3 provide more detail on the disasters and the findings of the
investigations. Chapter 2 concerns the disaster in Mexico City and Chapter 3 deals
with the tragedy in Bhopal. In chapter 4, conclusions based on the findings and the
link to the situation 25 years later are presented.
The annexes provide further explanation and give background data for those who wish
to deepen their safety and accident investigation knowledge.
Acknowledgments
Several former colleagues from TNO were involved in the investigation of the
disasters. I would like to thank them for the cooperation and the contributions they
have made. I also thank the industry participants and the representative of the fire
brigade in the “Mexico Team”. We had a unique experience and shared a focus on
safety.
Finally, I would like to remember the late Simon Shield. With Simon, I have talked
much about his work in Shell in the modeling of the effects and consequences of
the release of LPG [24]. He was an excellent scientist and an extraordinary man
and friend. I like to remember the many “talks” we had in the ‘Keizerskroon’ hotel in
Apeldoorn about BLEVEs and other hot topics. Simon died much too young in 2007.

25 years later • The two largest industrial disasters with hazardous material

11

Contents

Preface
Rationale for this book

5
7

1
1.1
1.2
1.3
1.4

The two disasters investigated
November 19, 1984, San Juan Ixhuatepec LPG disaster, Mexico City
December 3, 1984. The Bhopal tragedy, India
The human dimension
Safety Training in India

17
18
23
26
29

2
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8

The LPG disaster in San Juan Ixhuatepec
Installation
The surrounding area
Details of the LPG disaster
Analysis of the disaster
The damage
Effects and consequence assessment models
Emergency handling process
Evaluation of Investigation Results

31
31
32
35
37
39
44
54
56

3
3.1
3.2
3.3
3.4

The Bhopal tragedy
The plant and production
The events leading to the tragedy
Safety Information of MIC storage from UC manuals
Two theories about the cause
The water wash theory
The sabotage theory
3.5 The environment and the emergency handling process in the area
3.6 The gas cloud effects and prolonged inhalation of MIC vapour
3.7 The Process Safety issues in Bhopal

63
63
67
70
72

80
83
88

25 years later • The two largest industrial disasters with hazardous material

13

Contents

4
4.1
4.2
4.3
4.4
4.5

1
2
3
4
5
6
7
8
9
10

14

Industrial safety: 25 years later
Independent accident investigations and policy advice
Hazardous substances Safety Legislation in Europe in 1984 and later
The Safety Management System (SMS)
Land use planning: No residential areas next to the factories
Overall Conclusions

93
93
96
99
103
107

References

111

Annexes
The BLEVE phenomenon, definition and calculation
External pressure relating to the Bhopal investigation
Original log sheets from the Bhopal plant
HAZOP: systematic hazard identification
The SIL / LOPA concept applied to Mexico: how safe is safe enough?
Three more recent disasters and safety management
Three road tanker BLEVE cases and an LPG railway wagon without BLEVE
Learning from incidents
The LPG disaster in Feyzin (France), January 4, 1966
Situation in San Juan Ixhuatepec and Bhopal in 2009

113
115
123
125
127
131
145
159
173
179
183

25 years later • The two largest industrial disasters with hazardous material

1

The two disasters investigated

It is late 1984. Within two weeks, the two largest industrial disasters to date with
acutely hazardous material took place. Two major disasters with huge consequences
for the practice of safety management in the process industry.
On November 19, 1984, the LPG disaster in Mexico City occurred. Two weeks later,
on December 3, the Bhopal tragedy took place.
The two disasters have been investigated by a team from the Netherlands. As
project manager of both studies, the author visited the disaster sites and carried out
investigations locally.
Now, 25 years later, we look back on these two disasters. What happened, what have
industry and government learnt?
In this book it is also explained how the investigation was conducted and what the
results were. How did we get involved, how difficult and adventurous was the local
investigation, how did we collect the (sensitive) information etc. Furthermore, the link
to the situation of industrial and process safety in 2009 is made. Is it safer now in
and around LPG depots and plants with toxic substances?
Both studies were conducted in 1984 / 1985, soon after the disaster. The author
was working at TNO (Industrial Safety) in Apeldoorn. The studies were partly funded
by the Dutch authorities.

Left: MIC storage tank and piping from where the MIC vapours escaped. Right: LPG storage
tank ruptured in Mexico City.
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The study of the LPG disaster in Mexico was published an elaborate TNO report [1].
Such a report was never published by us for the Bhopal tragedy. The main reason
was that with the legal issues (and still ongoing conflicts) it was almost certain that
TNO as an independent investigator would get involved. TNO decided to avoid that.
Annex 2 gives some evidence of the external pressure on us. For examples the letter
of an American journalist of the magazine Chemical Engineering and a copy of a
memo that was sent to us by Union Carbide are presented. The memo covers the
investigation that was launched by Union Carbide for the trial and was intended to
show that water had not entered the MIC tank through a certain route. This study
took place in the presence of CBI (Central Bureau of Investigation, India). This and
other information increasingly put us under pressure and we were not in a position to
consider and check all potential relevant information.
Because the team had no (formal) role in the study (and insufficient budget) it was
decided not to publish a report. However, there is a general report published in a
series of publications of the authorities in the Netherlands: Lessons from Bhopal on
process safety and occupational safety [2]. There are also investigation reports on
the Bhopal tragedy published by the parties directly involved: Union Carbide [3] and
the Indian government [4]. A sound, independent investigation report is not available.

1.1 November 19, 1984, San Juan Ixhuatepec LPG disaster, Mexico City
This day was disastrous for the residents of the village of San Juan Ixhuatepec near
Mexico City. Around half past five in the morning a gas leak occurred in the LPG
depot near their houses. The gas cloud that was formed slowly drifted towards the
first houses and ignited there. Then the disaster developed rapidly. The fires and
explosions at the depot escalated into the full rupture of 4 large LPG spheres (1,600
m3 each) and a large number (16 minimum) horizontal storage cylinders (45 to 180
m3).
The bursting of LPG tanks in a fire is called a BLEVE: Boiling Liquid Expanding Vapour
Explosion. The consequences of these BLEVEs were such that within a distance
of approximately 300 metres the local residents had no chance of survival. An
estimated 500 fatalities and an unknown (large) number of victims with burn injuries
occurred.
The investigation
The study from the Netherlands, background
In the early 80s TNO completed a comprehensive analysis of the risks of the
supply, storage, transportation and use of LPG in the Netherlands. This study

18
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The worst is over, but
is it safe? See the
fire-fighters.

was commissioned by the Dutch government. LPG disasters such as at Los
Alfaques (camping site in Spain), a BLEVE of an LPG road tanker in Nijmegen in
the Netherlands in 1978 and a rapid increase in the use of LPG as car fuel in
the Netherlands initiated a major study of the risks of the LPG infrastructure. The
main purpose was to develop acceptable “safety distances” for residents in the
neighbourhood of LPG activities.
This study is known as “LPG, a study’ [5]. Necessarily, in the study a number of
assumptions had to be made because of a lack of information. For example: the
effects of heat radiation of LPG fires on people. The validity of the risk numbers was
(and still is) under discussion.
The disaster in Mexico offered a possibility to try to verify assumptions like the
effects of heat radiation to people from LPG fireballs. Immediately after the news of
the disaster, the author took the initiative to try to go to the site for the verification
of the scientific LPG effect and consequence models. The Dutch industry was also
interested in participating. The industry feared that, based on flawed risk models,
unrealistic limits could be imposed on the LPG market. The participation of industry,
the sponsorship from the government and the permission from PEMEX to talk to
us about the disaster, were internally agreed conditions in order to book the trip to
Mexico with the team. These conditions were fulfilled.
For the first time it is described how the investigation team had to operate and
eventually managed to publish a report that attracted a strong international attention.
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A fragment of a tank in Mexico. In LPG risk analysis
studies (QRA) the direct damage caused by fragmentation is not taken into account: the contribution to
the risk is negligible.

The adventure needed to be arranged quickly and also against the advice of different
parties. These parties, including the Dutch embassy in Mexico considered this
proposed investigation as unrealistic. However, through proper mediation of the
same Dutch Embassy in Mexico City, we managed to actually receive the green light
by the “Instituto Mexicano del Petroleo” (IMP). This institute was part of Petróleos
Mexicanos (PEMEX, the owner of the LPG depot5).
Two weeks after the disaster, the team travelled to Mexico City. The investigation
team consisted of six persons: three representatives of the Dutch industry (Shell,
Akzo Nobel and DSM), a representative of the Fire Department in the Dutch Interior
Ministry, a Mexican who happened to be temporarily stationed at TNO and the author
as a project/ team leader.
From the outset it was clear that it would be a difficult and sensitive project. This
prediction came true. Before our departure, a management representative of the
participating industries in the Netherlands, stated his conditions both on paper and
by telephone because of the delicate nature of the project. They were: Considerable
discretion on site and no discussions about who was to blame. It was suggested that
5
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From a telex send by the Dutch Embassy, dated November 28, 1984: “The Director General of PEMEX reacted
positively to our request to speak to the Dutch investigation team”. PEMEX added that it was nor an invitation,
nor an official visit.
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industry representatives in the team would act as safety experts, added to TNO. In
meetings in Mexico the names of the companies were not named.
Although we had a meeting with the IMP Institute, they provided us with little
information. It was striking to hear them claim that the cause was known and that
further investigation would be not so useful. It was specified that a disgruntled
employee had deliberately sabotaged the plant. Much later, Union Carbide would use
exactly the same theory to explain the cause of the Bhopal disaster. The information
in Mexico was mainly obtained by the investigation team through extensive local
detective work. The Mexican participant in the team was invaluable in this respect,
not only because of the language, but also because of his large local network. The
details never became fully clear, but he turned out to be a famous left-wing figure.
His presence was not appreciated by PEMEX, but that did not stop us from getting to
talk to many relevant people to receive important information, thanks to him.
The study was primarily intended for the verification of the newly developed effect
and consequence models for LPG releases. That was not so easy, but nevertheless
resulted in some important points and conclusions. It was found that the distances
from where people can suffer fatal or serious injuries by the thermal radiation of the
LPG fire were quite overestimated. Following the investigation it is concluded that
the different distances for first and second degree burns are significantly less than
predicted by the TNO models. This is also true for the lethal distance.
Eventually, the investigation provided much more information than just for
consequence modeling. We also found valuable information on the safety of the LPG
installation and the Emergency management of the disaster. The safety lessons were
shared, for example, with the American Petroleum Institute (API), which included
them in its standards for LPG installations [6].

The investigation team at work: The LPG tank was flung away and came down in a residential area, 1,200
metres away. It has been cut into pieces. Many young potential investigators are interested.

25 years later • The two largest industrial disasters with hazardous material

21

The two disasters investigated

The emergency management information and lessons of this major disaster with
flammable and explosive substances was shared with the medical sector, specifically
used for training of doctors of the Red Cross burn injury unit at Beverwijk in the
Netherlands. The author presented the information about the dynamics and the
impact of such a disaster in a series of evening courses.
In studies on the effects of LPG BLEVEs our investigation report is used and cited
internationally. It is one of the few reports with detailed information about the
damage caused by a major LPG disaster.
The investigation report was also sent to PEMEX requesting a response. No reaction
has ever been received, unfortunately.
This book provides information about the disaster, the main findings are described
and a link is made to other LPG disasters. Reference is also made to the ongoing
discussion about LPG safety and ‘safe distances’ around LPG installations.

The original wax seal with which the diplomatic bag was
sealed by the Dutch Embassy. In this way, the investigation information of the LPG disaster Mexico needed to be
“smuggled” out of Mexico. It was feared that all information collected would be taken away from us at the airport
on leaving the country.
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1.2 December 3, 1984. The Bhopal tragedy, India.
This day became a tragic day for thousands of residents of the slums around the
factory of Union Carbide India Limited (UCIL) in Bhopal. Shortly after midnight,
a deadly cloud of gas escaped from a pipe at a height of 30 metres. The Methyl
Iso-Cyanate (MIC) release continued for hours. There was no explosion or fire,
no warning. A silent, lethal gas cloud spread rapidly. The people inhaled the toxic
substance and almost immediately suffered the consequences: burning eyes, nose
and throat. It quickly led to coughing and vomiting. The longer exposure eventually
caused many people to die of pulmonary oedema.
The population inhaled the gas for a long time mainly because of a lack of
information (after some time, Union Carbide said that there was no major problem)
and because the people were not timely evacuated from the area. This gave people
increasing breathing difficulties, people panicked and fled to two hospitals nearby.
Unfortunately, these hospitals were also within the wind direction of the gas cloud.
The result is known: thousands of fatalities and even today, people are still suffering
from the effects of the disaster. The number of fatalities has been updated over the
years (including by reputable agencies), always upwards [7]. The most frequently
mentioned death toll is 7,000. On the website of Madhya Pradesh (the state to
which Bhopal belongs) is now giving a number of 3,787.

The scrubber was not able to destroy the deadly MIC gas: too little capacity,
also not in use.

Investigation
How did we become involved in the Bhopal study as Dutch investigators? When
the tragedy took place, the investigation team became aware of it through the TV
news in our hotel in Mexico City (investigating the local LPG disaster). An even larger
industrial disaster was announced. At that time, there was no reason to believe
that we also could, or wished to be involved in the Bhopal investigation. Yet it would
happen. The Mexico study attracted the attention of the official Indian government
investigation team.

25 years later • The two largest industrial disasters with hazardous material

23

The two disasters investigated

About one year after the disaster, the author travelled to Bhopal. Several colleagues
from TNO were involved in the study. Eventually, no report was delivered, contrary to
the Mexico LPG disaster6. The chances of getting involved in the (still ongoing) legal
proceedings were too high. This already indicates that the Bhopal study had different
sensitivities. This book provides further details for the first time. Further information
is given about the tragedy and the process safety lessons learnt at that time. Do we
remember them? What is the trend in process safety in the year 2009?
Background investigation Bhopal
The visit to Bhopal and the talks with the Indian investigation team took place
approximately one year after the disaster. How did we get there? How did the
investigation unfold?
The invitation
Approximately half a year after the tragedy, the leader of the Indian investigation
team (Dr. G. Thyagarajan) was visiting the Netherlands. This visit had nothing to do
with the Bhopal tragedy, he was here because of his collaboration with TNO, the
Dutch R&D organization, with respect to environmental issues of tanneries in India.
The Dutch government (partly) funded the project. At that time, Dr. G. Thyagarajan
was the director of the Indian Institute of Chemical Technology (IICT) of the Council
of Scientific and Industrial Research (CSIR) in Hyderabad, India. In 2007 the CSIR
had more than 17,000 employees. It is one of the largest publicly funded R & D
organizations in the world. CSIR has 38 Laboratories in India.

CSIR MISSION
‘To provide scientific industrial R&D that maximizes the economic,
environmental and societal benefits for the people of India.’
Serve the Nation

Dr. G. Thyagarajan

We used the opportunity to speak to Dr. Thyagarajan during his visit to the
Netherlands. During a ‘cold buffet’ dinner, we discussed the Mexico study and he
showed considerable interest. Eventually he concluded that it would be good if we
could do something similar for Bhopal and indicated that he would set up a program
6
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for the people to speak with in India. Also, he would arrange a visit to the MIC factory
in Bhopal.
The invitation was important and interesting. The next step however was not so easy.
First, there was the question of funding. India did not have the possibilities to finance
the mission. Finally we received contributions from three Dutch ministries. TNO itself
also contributed significantly. Next was the organization in the pre e-mail era. The
phone connections in India and elsewhere were not yet very reliable. In those days,
correspondence was conducted mainly by telex. CSIR managed to set up a program.
The IICT of Dr Thyagarajan in Hyderabad was the first port of call. Main contact: Dr.
Kahn. He was responsible for the investigation of the safety of the design of the
Bhopal plant. Subsequently, I travelled to Lucknow (Industrial Toxicology Research
Center ITRC to Pune (National Chemical Laboratory, NCL) and to New Delhi, for a
meeting with Dr. S. Varadarajan (president of the CSIR Board and the formal leader
of the Bhopal investigation) and last but not least, to the CSIR institute in Bhopal.
Visit to the Union Carbide factory
At the first meeting at the CSIR institute in Bhopal, we discussed the purpose of
the visit: an evaluation of the safety of the MIC plant. A visit to the UCIL factory was
required and planned by Dr. Thyagarajan. We were given assurances that we would
be granted access to the plant. However, the manager of the Bhopal institute denied
this and asserted that a visit to the plant was impossible. The plant was forbidden
territory, even he was not allowed to go there. I prolonged my stay in Bhopal and
tried for days to contact Dr Thyagarajan by telephone. When I finally reached him, I
passed the phone to the manager. The permit was arranged within an hour. We went
to the factory.

The Union Carbide plant in Bhopal.

Heavy military security at the gate was a barrier that was not easily overcome.
Discussions with raised voices, calling, denials that access was possible. Finally after
signing some papers we could go inside. The consternation at the gate was great and
it felt a bit like a threat. I was accompanied by two armed soldiers and a number of
Union Carbide staff. I asked whether we could start in the control room. No problem.
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The Union Carbide staff told me that they were not keen on visitors, as they would
probably pass judgments on them after leaving the site. By contrast, they were not
allowed to say a word about the plant and the tragedy.
The tension in the group mounted. I had to enter the control room on my own,
which I did. But not for long, as I felt intimidated. Next, I asked them to show me
the connection ( ‘jumper line’) between the RVVH (Relief Valve Vent Header) and
PVH (Process Vent header). This connection was mentioned in the press as having
contributed to the disaster (see Chapter 3). This question caused some uproar. The
soldiers were watching what was going on. The UC staff saw my question as a proof
that the outside world had already jumped to a conclusion. All the same, we ended
up at the jumper line (see also Chapter 3).
The ‘subterranean’ tank from which the MIC escaped is above ground (normally partly
mounded). It is clearly visible that the tank had been exposed to high pressure. The
tank was still intact and did not leak. The high pressure was relieved by a bursting
disc and a safety valve. It was exceptional that this safety system had functioned
correctly.
A further study of the storage tanks and equipment was on my programme. Maybe I
should have persisted, but it did not feel right. At my request, we therefore returned
to the gate. There was a sudden silence. Once in the car, a slight euphoria prevailed:
I was one of the very few independent investigators who had visited the plant after
the tragedy. That was the most important aspect that moment. The ambition to
contribute to a safer industry grew.
Ultimately, the investigation at the site of the plant did not result in a lot of
additional information. The main information was obtained in meetings with the
CSIR investigators. Unlike the Mexico study, the main objective here was to assess
the safety of the plant. Based on the original drawings of the plant, the other
UC documents and the discussions, it could be concluded that the system was
inherently unsafe, both in the design and in its management, which will be discussed
in this book. A link is made to the current practice of process safety. Are we much
safer now? What is the trend?
First the installation and the tragedy are described. See chapter 3.

1.3 The human dimension
Two disasters, examined on site. Two disasters that have caused immense human
suffering. In this connection, I recall an experience with a presentation of the
investigation of the disaster in Mexico City to students of the University of Bhopal
(“Bhopal University”, now ‘University Institute of Technology’). It was an emotional
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meeting for some students, some of them lost friends or relatives. A few stressed
the importance of correctly dealing with the victims: a good medical treatment
and compensation. They had no confidence. They insisted on an international,
independent investigation.
The people living near the LPG depot and the MIC plant could not escape. They had
not much choice for a place to live, they were destitute. They lived close to industrial
activities in order to survive. Unfortunately, that was next to plants with large
quantities of acutely hazardous substances which were also badly controlled. We
know the dramatic consequences this had. Neither the companies involved nor their
governments have cared for them.

Bhopal victims.

Also after the disasters, the lessons learnt in this area in both countries did not make
a difference. It is typical that the information bulletin of PEMEX in December 1984,
in which the disaster was one of the ten subjects, totally ignored the victims. The
information was limited to economic factors: “LPG supply continues.”
25 years after these disasters and partly on the basis of my own analyses of other
serious incidents, the author considers the (potential) victims as a vital aspect. When
we talk about safety, then we talk about the prevention of casualties.
At a conference in India in 2004 (20 years later): The Bhopal Gas Tragedy and its
Effects on Process Safety, a local journalist made a presentation. He had predicted
the disaster in several articles. Below a quotation from his paper7:
“Bhopal, to me, is not just a story. Nor was it that, even when I was investigating it
in 1982. It’s something about my family, my friends, my town, my people and me.
Hence when I think of Bhopal, it’s all about the killing of my friends, neighbours,
acquaintances and fellow Bhopalis.
7

Premonition of Bhopal disaster, Raajkumar Keswani
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It was one of my friends who used to work for Union Carbide in the mid 70’s. A fire in
the Carbide’s Alpha-naphthol store in 1978 and Ashraf’s death in 1981 because of
phosgene exposure put me on the job. It took nine months for me to investigate the
issue and reach at a conclusion. And the conclusion was that there was a disaster
awaiting an opportunity to kill the people en masse in Bhopal.
I regret I am proved right. I regret I failed in my campaign AIMED at saving the lives
of my own people. If I speak today of the disaster and my failed campaign it’s solely
with a purpose to inform everyone that you need to do a lot more to prevent such
disasters and massacres of the innocent people, like it happened in Bhopal.”
Prevention of victims of course, but also focus on victims after the event. That is an
important responsibility that must be taken seriously.
It is very positive that the Dutch independent Safety Board (OVV) always includes
this aspect in its investigations. When I worked for the OVV as a senior investigator
for underground pipeline incidents, I regularly spoke with victims. People with severe
burns caused by gas fire and explosions in their homes. It puts the investigation into
perspective. Care of the victims is of paramount importance.
In this context, it is also important that the population is adequately protected
against the effects of the release of hazardous flammable / explosive or toxic
substances such as MIC, LPG, ammonia or chlorine. With risk analysis for land use
planning (QRA), ‘safe’ distances for housing need to be determined. This should take
into account the interest of the potential victims. The Dutch Hazardous Substances
Council (AGS) is the only independent body that advises the government in on the
safe handling of hazardous substances8.

8
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The Hazardous Substances Council of the Netherlands (AGS) has been instituted, by law, in 2004. The AGS
advises the government and parliament with regard to policy and regulations concerning the prevention and
mitigation of major accidents with hazardous substances.
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1.4 Safety Training in India
The visits to India in connection with the Bhopal investigation had an interesting spinoff. Obviously, the industrial safety in India after the Bhopal tragedy was a hot news
item. We were approached by governments and industry on safety information. What
is risk analysis and do you have software for it? Safety became interesting, even from
a commercial point of view. Eventually, this led to the creation of a joint venture for
advisory and consultancy work in India: KLG-TNO, of which I was a co-director. For
many years, we performed safety studies with our partners from TNO-KLG and CSIR,
especially for large (state) enterprises. Furthermore, education and training on safety
was an important aspect.

Students and teachers of a Risk Assessment course that we gave to IOC
(Indian Oil Corporation).

“Indo Dutch ‘Safety and Risk Analysis Seminar (April 1987)
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The LPG disaster in San Juan
Ixhuatepec

2.1 Installation
The LPG storage and (off)loading
The layout of the LPG plant is given in Figure 1. It is a bulk LPG storage and
distribution depot. The depot consisted of 6 spherical tanks (four with a volume
of 1,600 m3 each). The two largest spheres had a volume of 2,400 m3 each. The
installation also included 48 horizontally placed, cylindrical tanks with different
volumes (see Figure 1). The total storage capacity was 16,000 m3. At the time of
the disaster, the tanks contained about 11,000 m3.
The LPG was supplied from three underground pipelines: a 12’ pipeline from Minatlan
covering a distance of 576km, a 4’ pipeline came from Poza Rica covering a distance
of 235km and a 4’ line came from a refinery in Azcapotzalco (covering a distance
of 8km). The LPG was also distributed to two adjacent companies (Unigas and
Gasomatico) through underground piping. Gas was loaded into tank trucks and rail
tank wagons for transportation elsewhere.

A photo of the plant from 1979 (the two largest spheres are missing in this picture).
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The depot was built around 1962. The two largest spheres were only added in 1981.
What is striking is that the legs of the 4 spheres were not protected against fire. This
was also the case for the two spheres added in 1981.
The pictures also show the storage product lines, the fire fighting water piping, steam
vent piping and a ground flare. Each storage tank has a safety relief valve designed
for fire situations. With pressure building during a fire, these blow off to atmosphere.
The vapour released through the safety valve often ignites, resulting in an upward
flare on top of the tank. This can be seen on video and photos from the Mexico
disaster. According to PEMEX, the sphere storage safety valve settings were 150 psig
(about 10 bars).
The installation is surrounded and partitioned by walls of about one metre high.
Thirteen separate storage compartments with different sizes can be seen in figure 1.

Spheres: F-1 r/m F-4: 1600 m3; F-5/
F-6: 2400 m3.
Cylinders: Series I: 270 m3 (4×);
serie G en H: 180 m3 (14×); Series
A en B: 54 m3 (6×) en 45 m3 (3×);
Series C, D en E: 36 m3 (21×).

Figure 1: The LPG tanks in sections separated by walls. Six spheres and several series of horizontal,
cylindrical tanks.

2.2 The surrounding area
San Juan Ixhuatepec
San Juan Ixhuatepec (also known as San Juanico) is one of the most northern
districts of Mexico City. At the time, there were about 40,000 people living in that

32

25 years later • The two largest industrial disasters with hazardous material

The LPG disaster in San Juan Ixhuatepec

district and another 40,000 in the surrounding hills. The majority of the residents
were people from the countryside who had come to Mexico City in the hope of a
better future. The location of the depot in San Juan Ixhuatepec is displayed on the
map and aerial photo below.

LPG depot location, see *) in San Juan
Ixhuatepec.

The LPG depot in San
Juan Ixhuatepec.

The residential area where the victims lived is located on the south side of the
depot. On the north side, there is a small hill. The houses on the other side of it
were protected by the hill from the heat radiation, though not from fragments of the
exploding tanks: see the picture below.
The residential area around the LPG depot was built over the years. When the
construction of the depot, began there were no residents. The residential area
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(particularly south of the depot) developed over a period of 20 years and advanced to
a distance of only 130 metres from the storage tanks.
This outlines the importance of determining a ’safety distance’ between vulnerable
objects (houses, people) and installations containing dangerous substances.
Because land use planning legislation was lacking, the building of houses could
continue closer and closer to the plant over the years. On the other hand, when
the residential area was already built, PEMEX just added the two largest spheres.
This increased the risk to the population even further. Most houses in San Juan
Ixhuatepec are of the same construction: walls constructed of concrete columns
separated by a brick masonry wall. The roofs are sometimes made of concrete, but
more often made of corrugated iron plates. Some houses have floors.

House with a fragment of spherical tank on its roof.

The depot in 1972 and 1982. Note that
the two largest spheres were added in
that period. The residential area took
shape.

One of the few houses with
a floor as it looked after the
disaster.
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2.3 Details of the LPG disaster
Monday, November 19, 1984, early morning (at approximately 05:45 hours), a
series of events occurred in the LPG depot which would ultimately result in one of
the biggest disasters caused by industrial activities. A major fire and a series of large
explosions resulted in the almost complete destruction of the storage depot. The
explosions were recorded by the University of Mexico at a distance of 25km. The
seismographic data showed the timing of the explosions. See the table below. The
last explosion was recorded at about 07:01 hours in the morning. Smaller explosions
lasted until about 11:00 and the fire lasted until 20:00 in the evening.
Number of

Time registered by the

Interval between the observations

explosion

university

in minutes

1.

5 hours, 44 min. and 52 seconds

2.

5 hours, 46 min. and 01 seconds

1

3.

6 hours, 15 min. and 53 seconds

30

4.

6 hours, 31 min. and 59 seconds

16

5.

6 hours, 47 min. and 56 seconds

16

6.

6 hours, 49 min. and 38 seconds

2

7.

6 hours, 54 min. and 29 seconds

5

8.

6 hours, 59 min. and 01 seconds

5

9.

7 hours, 01 min. and 27 seconds

2

The earthquakes 2 and 7 were the most intense. According to the University of
Mexico the shocks had a magnitude of about 0.5 on the Richter scale.
Five plant workers were fatally hit and 2 workers suffered serious burn injuries. In the
residential area about 500 people were killed and possibly 7,000 were injured. The
emergency rescue service is described in section 2.7.
In a period of 12 to 14 hours, more than 200,000 people were evacuated. Most
deaths were found in an area stretching to a distance of about 300 metres from the
centre of the depot. See Figure 3.
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The picture below shows that the four spheres of 1,600 m3 disappeared completely
(fragmented). The two largest spheres are not fragmented but burnt empty because
of ruptures at the top. See the photos. Note that only a few of the 48 cylindrical
tanks are still resting (partly) on their support. Most tanks are fragmented in the area.
The two largest spheres burnt out but did not fragment.

The two largest
sphere’s did not
fragment, but
ruptured at the top
and burned out
completely

36

25 years later • The two largest industrial disasters with hazardous material

The LPG disaster in San Juan Ixhuatepec

2.4 Analysis of the disaster
Our analysis showed that a leakage of a pipe connection (flange, gasket) to one
of the cylindrical tanks is the most likely scenario. This happened possibly in
combination with overfilling and vapour relief through a safety valve. The leakage of
the pipe is also reported in an official report of the Mexican Attorney General, the
Public Prosecution Office [8]. More ‘analysis’ than this was never given by PEMEX or
the Mexicans.

Figure 2. Map of the LPG depot and two adjacent companies (right).

An employee of Unigas (see Unigas Company: Figure 2) also mentioned the leak
(in the press). Furthermore, in an interview with military guards of the site, who
survived by fleeing into a sentry box, see Figure 2, No. 24), also said that the leak
started from a pipe of a cylindrical tank. They described the resulting heavy vapour
cloud9 spreading. The cloud travelled over the wall (1 m high) in the direction of the
residential area with a weak north-easterly wind (this was also the location where the
first houses caught fire). The vapour cloud is shown in Figure 3.

9

LPG vapor is heavier than air, initially it will spread preferentially close to the ground.
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The cloud had an apparent height of about 2 metres when ignition occurred. The
ignition source is uncertain, possibly in the residential area, but the depot itself is
also possible. This is concluded from statements in the press of people who stated
that flame fronts from the site went into the residential area. The Attorney General
too mentions an ignition on the site: a burner. The basis for this is unclear. Some
people stated they had seen several smaller gas clouds. This could also explain that
several explosions were heard after ignition. Many people said that they smelled gas
just before the disaster.
After ignition there was a large fire around the storage tanks. A large number of
explosions (BLEVEs) followed. See the table in 2.3.
It is assumed that the vapour cloud explosion after the ignition was the first one
recorded by the university. After 1 minutes and 9 seconds a second explosion
occurred, the most intense of all. The investigation team assumes that this was a
BLEVE of a 1,600 m3 sphere10. It is also possible that two spheres exploded almost
at the same time. We analyzed the possibility of a BLEVE of a sphere after fire
engulfment of the tank after only 1 minute and 9 seconds. The calculations show
that this is possible in the case that the vapour space of the tank is directly targeted
by a flame, this is called “impingement”. One or more of the spheres were still not
filled, the filling was in progress when the leak occurred. See also Annex 1.
BLEVE’s occurred within 3-5 minutes in the disasters of Texas (1978) and Port Newark (1970).
The Texas report mentions an already weakened sphere by overfilling. At the camping in Los Alfaques (Spain, see annex 7) reports mention a BLEVE of an overfilled road tanker after 1 minute.

The possibility that tanks were overfilled is supported by information from various
sources that major problems existed with the level instrumentation of the tanks,
possibly caused by a high sulphur content in the LPG (corrosion).
It was further revealed that the pumps in the underground pipelines from which
the tanks were filled, had a maximum pump pressure of more than 60 bars. These
pumps were only installed a few months before the disaster. They replaced pumps
with a lower pump pressures.

10
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Summary of the start of the disaster
• It is clear that a vapour cloud developed from a leaking flange from one of the
tanks. After ignition of the cloud, an explosion occurred at the depot.
• The overfilling of a tank, combined with overpressure from the pumps in the
underground pipelines may have played a role. Ignition occurred most likely at the
depot. The explosion that followed did not cause damage in the residential area.
However, there were possibly some local explosions of houses in which gas had
penetrated and some houses on the edge of the residential area caught fire.
• The vapour cloud explosion resulted in damage to piping at the tanks, partly
because some of the tanks were blown off their supports. The relatively high
overpressure was created by the high degree of confinement of the gas within the
walls of the storage and the large number of storage tanks close to each other
(on their concrete ‘saddle’ support). This caused a large fire because of more LPG
release from damaged piping.
• About 1 minute after the ignition took place, one of the most violent BLEVEs
occurred. The short duration can be explained by the fact that this sphere was not
full and that the vapour space was impinged by the flames. This will rapidly lead to
a BLEVE. It is possible that one (or two) of the smaller spheres (in domino-effect)
led to BLEVEs. The eighth explosion that was recorded was as strong as the first
one. It possibly involved the BLEVEs of the two other spheres.

2.5 The damage
The damage to the LPG storage tanks
The LPG tank storage area was completely destroyed, see the picture in chapter
2.3. The four smaller spheres FI-F4 (Figure 1) were completely fragmented and had
disappeared. A large number of fragments was scattered in the area. The largest
fragments are shown in Figures 3 and 4.
The largest spheres (F5/F6) did not fragment. However, the support legs were heavily
damaged in the fire. One of the spheres was ruptured at the top, most likely by heat
radiation caused by a flare on the safety relief valve.
Cylindrical tanks
Series I was relatively unharmed. The tanks 14, 13 and G7, G6 were the only ones
to remain on their concrete support. See Figure 1 and the photo in 2.3.
Series G: 5 tanks were not at their support. had moved a few metres and were
still in the original order. Apparently these were moved by a pressure wave from an
explosion of one of the H cylinders.
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H cylinders: 3 tanks in this series completely disintegrated. Two cylinders are moved
in the section I. The smaller tanks have landed at different locations in the area,
some at considerable distances, up to 1,200 metres. We have performed an analysis
of the fragmentation and distances. See Figures 3 and 4.
Out of a total of 48 cylinders, a number of tanks landed at the depot. 12 cylinders
came down outside the depot. Of the tanks that came down outside the depot,
with most of them one of the sides (spherical front) disappeared in the fire. This is
called an ‘end tube’, see photo in 2.6. Because the tanks were relatively loose at
their supports, they could take off (like a rocket) and end up in the area. 4 cylinders
completely fragmented.
Besides that, the damage at the PEMEX storage depot was limited to local burning
of buildings. In the neighbouring company Unigas (Figure 2) the office was partially
destroyed by a fragment of one of the PEMEX tanks. On the site of the neighbour
Unigas, 17 cylinders were present. There was only one cylinder of which the safety
relief valve had blown with a flare. This was evident in the peeling paint on the tank.

Figure 3. The affected area (shaded) and the fragments. The initial gas cloud has been sketched in.
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Figure 4. The fragments
that ended up relatively
far from the depot
(*: cylinders)

The Unigas tanks had a narrow escape, see the picture below. One fragment landed
right between the tanks. A hit of one of the tanks would have destroyed the complete
storage site.

Fragment between the Unigas
cylinders.

In the other neighbouring company, Gasomatico, no damage occurred to the
storage tanks (cylinders). These tanks were probably well cooled during the fires
and explosions. However, there was extensive damage to a car park with 100 trucks
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with gas bottles (20 to 40 kg, filled by Gasomatico). They burnt out completely and
hundreds of explosions of gas cylinders took place. Probably the fire there started by
a fragment of one of the PEMEX tanks. See the photos below.

The car park with trucks carrying LPG gas bottles.

The damage in the residential area
The damage in the residential area was huge and dramatic in terms of human
suffering. Around 500 people were killed and about 7,000 people were seriously
injured by the fire and heat. Most people were surprised in their sleep by the fires
and explosions. A number of people died trying to escape.
Our investigation team tried to map the damaged area as well as possible. Our goal
was primarily to validate the LPG effect and damage models. We have mapped the
severely damaged area through on site observations, aerial photographs, videos and
photos of the disaster and by conversations with the people who lived in San Juan
Ixhuatepec. See Figure 3. The heavily damaged area extends to a distance of about
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Damage in the residential area. In
the background one of the large
spheres is still burning.

300 metres from the depot. See the shaded area. ‘Heavy damage’ is defined as
“completely destroyed” or “largely destroyed” (collapsed roofs, destroyed walls, etc.).
Photos and videos showed that the damage by overpressure was relatively small. The
huge damage was mainly caused by the intense fire (fire balls) and the associated
heat radiation. In some houses, explosions may have occurred. Wooden houses
burnt down as far as 500 metres away from the depot. Local damage was caused
by the fragments of tanks or cylinders and the ‘end tubes’ that landed at larger
distances. For example a house was destroyed by a cylinder end tube at a distance
of 1,200 metres. See the picture below. It was impossible to assess glass damage/
injury distances. Two cases are known: both at a distance of 600 metres, with a view
of the fires, probably caused by thermal radiation.

The LPG tank that landed 1,200 metres away.
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2.6 Effects and consequence assessment models
With respect to the standard modelling of LPG release scenarios, the following two
scenarios are relevant for the Mexico situation:
• An LPG vapour cloud which is ignited. This results in a flash fire and an explosion
• A BLEVE of the LPG storage tanks
The models for modelling the effects and consequences of releases of hazardous
substances are described in two standard guidelines.
The effect models are described in what is also called the Yellow Book [9] and
the consequence/impact models are given in the so-called Green Book [10].
(Incidentally, the current editions of these books are no longer either yellow or
green.) The models are used for risk calculations (QRA) to assess the risk of lethality
(death) of people in areas around installations/ transport of hazardous material. A
comparison with an acceptability criterion for lethality used by the authorities defines
distances around the installation from where the risk is low enough for residents.
That does not mean that it is safe to be at those distances, but the risk is considered
acceptable. In Mexico, there was no risk approach at all.
The relevant models for the mentioned scenarios:
Effect models [9]:
1. Outflow models (how much LPG is released from the tank per time unit: kg/s)?
2. Dispersion (mixing of gas with air under the influence of wind and turbulence
in the atmosphere). To calculate the locations/distances where the vapour
cloud concentration is still above the Lower Explosion Limit (LEL, expressed in
concentration of gas in air: ppm or mg/m3).
3. Vapour cloud explosion model, to calculate the overpressures which arise when
the vapour cloud is ignited. The model allows the calculation of the explosion
overpressure (bars) as a function of the distance.
4. The BLEVE model: the size of the fireball that results in the case of failure of the
tank in a fire situation. What is the heat radiation (kW/m2) as a function of the
distance from the fireball?
Consequence/damage models [10]:
1. Consequence model of the burning vapour cloud (flash fire). This is one of the
simplest models [10]. It shows that everyone who is present within such a burning
vapour cloud will not survive. Outside the cloud, there is no damage (negligible
thermal radiation).

44

25 years later • The two largest industrial disasters with hazardous material

The LPG disaster in San Juan Ixhuatepec

2. The vapour cloud explosion damage model used in the Netherlands for risk
calculation (QRA) is also simple: within the contour of 0.1 bar overpressure, an
average of 2.5% of the people will not be able to survive. This is an estimate
based on case histories. The damage mainly occurs by indirect effects, e.g.
collapsing buildings.
3. The damage from a BLEVE fireball created by the fireball itself and its thermal
radiation. The first damage model is simple again: everyone inside (the projection
of) the fireball will not survive. The second is more complex: the percentage
lethality as a function of distance can be calculated with a mathematical
relationship. See Annex 1.
That concludes the theory of modeling of the consequences of LPG releases for now.
We will now examine which of the above models are applicable to the situation in
Mexico and mention the models which we could check/validate.
Model check
As mentioned before: a gas leak occurred on one of the cylinders, because of
overfilling. The released gas has mixed with air to form a flammable and explosive
vapour cloud (dispersion). The release quantity per unit of time (kg/s) could not be
established.
The dispersion (effects model 2) took place with a north-easterly wind and low
wind speed. According to the analysis, the vapour cloud at the time of ignition had
just reached the edge of the residential area. This means that the cloud was still
flammable at the edge: the LPG gas concentration in air was higher than the Lower
Explosion Limit (LEL). The LEL for LPG is approximately 2% (volume in air). The overall
estimated contour of this concentration in San Juan Ixhuatepec is shown in Figure 3.
At that time, the entire area between the walls at the storage area was filled with a
flammable vapour cloud (partly because LPG vapour is heavier than air). A check with
the heavy gas dispersion model was not really possible given those circumstances. It
was also not known how much LPG was released at the leak source (kg/s).
The vapour cloud likely ignited near the houses on the outskirts of the residential
area. After the ignition there was a combustion of the vapour cloud (flash fire)
including the space at the depot within the surrounding walls, followed by a severe
explosion (effect model 3). The relatively large explosion overpressure was caused by
the high degree of confinement and obstacles in the cloud: many tanks together and
confinement by the walls of 1 metre high. Such a situation facilitates overpressure
through an acceleration of the flame front to speeds exceeding 100m/s. This was the
basis for the development of the TNO Multy Energy model [9]. See Figure 4a.
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Figure 4a. The flammable and explosive vapour cloud covers two areas where obstacles occur. In this case,
two explosions will occur. The amount of gas that “participates” in the explosions is the gas that is trapped
between and around the obstacles.

In [1] the explosion modelling using the Multy Energy method has been worked out
in detail to try and verify the explosion damage at the Mexico City installation and
surroundings. It is assumed that the entire storage location (the area between the
walls of the tank) can be seen as an “obstructed” region. The calculated explosion
0.1 bar peak overpressure distance in the residential area was calculated to be
385 metres. Based on our analysis, it can be stated that this is a substantial
overestimate. At 0.1 bar overpressure, terraced houses will be heavily damaged.
With reference to casuistry, the Green Book modelling is based on the assumption
that 10% of the houses will collapse at 0.1 bar overpressure (see table below). The
houses in Mexico City were simple dwellings with one-stone thick walls. Most of
those walls were still standing in the affected area. It can be stated that the 0.1 bar
overpressure distance will not have been larger than about 130 metres (the edge of
the residential area).
Peak Pressure (bar)

Damage

0,3

90% of the homes severely damaged

0,1

10% of the homes severely damaged

0,03

injury by flying glass shards

0,01

broken windows

Damage criteria for overpressure

The explosion also caused damage to tanks / pipes at the site, allowing more LPG to
be released, adding to the fire around the tanks. This has led to a number of BLEVEs
being registered by the university (effects model 4). The explosion and fireball models
/ radiant heat models were checked by the team as much as possible.
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The (lethal) injury of residents in San Juan Ixhuatepec was caused by the following
effects:
• “Direct flame impingement”: presence in an area where LPG burns. This can be in
the flash-fire (damage model 1) or the fireball from a BLEVE (damage model 3).
• Heat radiation from the fireball (damage model 3).
• Explosion overpressures. Two types of explosions occurred: a physical explosion
(rapid evaporation and expansion of vapour as the tank burst) and a chemical
explosion (in the case of an ignited vapour cloud, damage model 2).
In our study the aforementioned effects were calculated with the then prescribed
models. It soon became clear (and known from previous LPG-accidents) that the
BLEVE scenario was dominant here. Significant overpressures only happened at
the depot. This is also apparent from the fact that several tanks in the depot were
“moved” from their support. This may have been caused by the physical or the
chemical explosion. The residential area did not show damage that points to a vapour
cloud explosion. But explosions inside some houses did occur.
Conclusions for the explosion overpressure damage:
• The vapour cloud explosion has only led to significant damage at the depot, not
in the residential area. The simple houses in the residential area may have been
exposed to pressures (much) lower than 0.1 bar, perhaps to a maximum of 0.03
bar. The vulnerable, one-stone walls were often still standing. According to the
model, broken glass should have been observed at much larger distances than
300 metres. That was not the case either. The Multy Energy Model from the Yellow
Book [9] therefore provides a substantial overestimation of the overpressure in
this case.
• The physical explosion because of the rupturing of the tanks (expansion and
explosive evaporation) was significant and led to further (domino-effect) damage,
but only at the depot. Our calculations (for a 50% full tank) showed higher
overpressures than observed in the residential area, even for tanks with a high
filling degree (and so less vapour space). This led to the conclusion that also the
physical explosion model [9] overestimates distances for this disaster.
BLEVE fireball, considerations
It was difficult for the investigators to estimate the size of the fireballs that occurred
in San Juan Ixhuatepec. The available photo and video material were studied
extensively. For example, see the fireball in the picture below. It is concluded that
this fireball had a diameter of 200 to 300 metres. This must have been a BLEVE of
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a tank of 180 m3 (series G / H see Figure 1). With the series I tanks (270 m 3) no
BLEVEs occurred (see Figure 1 and the photo in 2.3).
In the table 2 below, the calculated fireball dimensions for the various tanks are
given. The tank of 180 m3 provides a fireball diameters of 260 metres. This is
consistent with the picture.
Tank volume (m3)

Contents (103 kg) tank

Fireball Diameter (m)

filled for 90%
1600

735

270
180

Fireball
Duration (s)

520

29

125

300

18

83

260

16

55

25

170

12

45

20

160

11

35

16

150

11

Table 2. BLEVE dimension table for the various tanks.

The largest BLEVEs (fireballs of 1,600 m3) were not captured on photo or video. A
calculation of the dimension of a BLEVE fireball is included in appendix 1.
Conclusion
• The largest BLEVE determines the damaged area. The smaller damage distances
therefore could hardly be checked.
• The radius of the fireball of the largest tank (1,600 m3) is 260 metres (see table).
This is in reasonable agreement with the overall severe damage distance of 300
metres that we have seen in the residential area (see Figure 3).

Photo of a BLEVE in San Juan
Ixhuatepec. The picture was
taken at a distance of about
1,350m. It is estimated that the
maximum height of the fireball
is 300 m. The maximum width
is 200 m.
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Considerations:
The BLEVE fireball of a sphere of 1,600 m3 (90 vol. %) cannot be adequately
modeled with the current model. The amount of gas released is so large that the
simple, empirical model for the fireball dimensions is not suitable. The model is
mainly derived from experiments with small scale BLEVEs. The model does not
include the phenomenon of a spread of unburnt LPG (droplets), see also annex 1.
This is what happened in Mexico City. The conclusion is that with such a quantity of
LPG, there is insufficient air for immediate vaporization (heat from the air) and to
burn the LPG. The local fire brigade has informed us that ‘burning’ drops came down
and that a “wall of fire” came from the streets, not an immediate rising fireball.
Just over one minute after the vapour cloud explosion, the largest BLEVE took place.
Such a short duration can be explained by the fact that the fire around the tanks
weakened the vessel wall very quickly (fire impingement at the vapour space). So it
was a BLEVE caused by a fire, but it was not a so called “hot BLEVE” (see Annex 1).
See also the consideration in 2.4.
Most victims died by “direct flame contact” within the fireball of the BLEVE. This
fireball occurred partly at ground level.
BLEVE heat radiation, considerations
We also attempted to verify the results of the calculations of the heat radiation
and consequence models with the actual damage in the area. We have performed
calculations of the heat radiation from the fireballs of the various tanks. See the
table below.
The model used to calculate the risk of lethal injury by thermal radiation
(consequence model) is included in the box below.

Damage model voor heat radiation [10]
The Probit function below concerns the calculation of the percentage lethality due to a certain
level of heat radiation and exposure duration for an unprotected body.
Pr = -36.38 + 2.56 ln (t.q4/3)
t = exposure duration in seconds
q = heat radiation in W/m2
Pr =
Probit, can be converted to a percentage lethality using table 5. See chapter 3.6.
It is generally assumed that the damage will be a factor 7 smaller if people are protected by
clothes. So, 1% lethality for people with clothes compares to 7% (probit value 3.52) for unprotected people.
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Tank volume (m3) Distance (m) at which there is Distance (m) at which 1% of people has
1% lethality

1st degree burns

1600

925

1550

270

450

725

180

375

600

55

220

340

48

200

310

35

190

290

Table 3. Compiled during the investigation in 1985 with (lethal) injury distances from thermal radiation
from the fireball of the BLEVEs.

The calculation results using the Probit function for the BLEVE are shown in table 3.
The calculations are performed with a Surface Emissive Power (SEP) of 200 kW/
m2 (which was the standard at the time) and an exposure time of 20 seconds.
Nowadays, higher SEP values are used for the “hot and cold BLEVEs”, resulting in
larger distances. See Annex 1.
We restrict ourselves to a consideration of the lethal injury distances for the largest
BLEVE. The calculations indicated that the limit at which lethal injury was caused by
the heat radiation was 925 metres (see table). The limit for first degree burns is even
larger: 1,550 metres. In the calculations it is assumed that no protection (clothes or
anything) is present. Also a possible escape behaviour of the people is not included
in the modeling. These are factors that partly explain the huge overestimation of
the distances when compared with the actual distances. The local investigation and
interviews with residents made it clear that at distances beyond 300 metres from the
depot, there were few or no lethal injuries. For burn injuries, such a statement cannot
be made.
The following distances of heat radiation effects were determined by the team:
• Heat radiation affected tree leaves at a distance of 1,200 metres on a hill
• Damaged plastic flags: 1,200 metres
• Paint blistered: 400 metres
• Glass damage and small fires (curtains): 600 metres
With a heat radiation of 5 kW/m2 glass windows can crack and the effects that were
noted at a distance of 1,200 metres can occur. This can be explained with the heat
radiation for a fireball diameter of 520 metres (1,600 m3 tank BLEVE). The broken
windows at a distance of 600 metres can also be explained by this.
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It is concluded that the calculated heat radiation and damage to plastics, paints
etc. are reasonably in agreement with the modelling results. However, the calculated
percentages for lethality and injury compared with the situation in Mexico City are
a significant overestimations. That is not so much caused by the thermal radiation
model, but to the damage model for (lethal) injuries. This is the Probit model that
was presented above. Compared with the current model as e.g. used in the software
SAFETI, the overestimation is even more severe. This should be a reason for further
research. See also Annex 1.
International investigation
Our findings about the BLEVEs of this disaster are often internationally referenced.
See for instance the table below from a French government report in 2002 [22] in
which several BLEVE models are compared with the Mexico disaster case.

Figure 5. Reference to the Mexico study (with less than accurate references to our findings). Note that
the “Surface Emissive Power” in the TNO model was doubled in 1997 (by introducing the concept of ‘hot
BLEVE’). The thermal radiation distances calculated nowadays are thus significantly larger. In most cases
this is a substantial overestimate for BLEVEs that are not ‘hot’. This applies to a large proportion of BLEVEs.
CCPS: Center of Chemical Process Safety (USA). TRC: Thornton Investigation Center, UK. Simon Shield [24]
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Fragments
The BLEVE of an LPG tank in a fire situation generally leads to the emergence of a
number of fragments of the tank that are flung away. The energy for this originates
from the physical explosion after the rupture of the tank, particularly through the
expansion of the LPG vapour above the liquid. It is noted that the damage in the
area by the fragments is local and limited. In QRA calculations for LPG installations
in the Netherlands the aspect of fragmentation is not included. The risk of it is
negligible compared with the risk of the other phenomena (fireball, vapour clouds
etc.). Nevertheless, the fragmentation in Mexico took place on a large scale and had
a remarkable character. Chapter 2.8 shows further details.
The investigation team mapped the fragmentation. See Figures 3 and 4.
Fragments of spheres
From BLEVE statistics it is known that in the case of the PEMEX spheres, a number
of 5 to 18 fragments per sphere would be expected. See a sphere fragment in the
picture below and in the photo in 2.2. We could locate a total of 40 fragments. With
an expected number for 4 spheres of 20 to 70 fragments, it means that at least
40% of the fragments could not be traced. The reason being that several fragments
had been removed before we came. If they were not in a picture, they had to remain
unidentified and could not be taken into consideration.

A fragment of a sphere.

The largest distance at which a fragment of a sphere came down is 600 metres
(north, over the hill on a luxury house), see the picture in 2.2.
The majority of the fragments (75%) landed within a distance of 300 metres. It
is noted that the fragments damaged other tanks that subsequently failed as well
(domino effect). Calculations show that the energy of the fragments is large enough
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to penetrate other tanks. A speed of 4 to 12 m/s is needed for this. It is calculated
that the velocities are in the order of 100 m/s. No information is available about the
occurrence of domino effects.
Fragments of cylindrical tanks
During the disaster in Mexico, there was widespread specific fragmentation of the
horizontal cylindrical tanks. These tanks split into just two fragments: one of the sides
of the tank (also called the front) and the rest of the tank (more or less intact). This
phenomenon is called ‘end tube “.The analysis of this phenomenon in Mexico is as
follows:
• The horizontal tanks were all placed in the same direction, rather loose on the
concrete supports. All pipe connections were at the front at the north side of the
tanks. See photo 2.1.
• The fire occurred mainly under / next to the tanks on the side of the pipe
connections (most vulnerable for leaks upon overpressure effects / fire). The
northern front then becomes so fragile that if a BLEVE occurs the front comes off
(at the weld) with a fairly regular break. See the picture below.

An ‘end tube’. Cylinder with the front separated at a
regular line of fracture.

• Because the tank is not connected to its support, it could be propelled south
by the evaporation energy of the LPG. In the literature vapour speeds of 60 m/s
are mentioned. Our calculations showed that in that case a cylinder can only
travel 360 metres. However, we know that one landed 1,200 metres away.
The difference can be explained by the lift factor (upward pressure from the
flight). If the lift factor is included, it appears that these cylinders under certain
circumstances theoretically can travel to distances up to 2,000 metres.
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2.7 Emergency handling process
The emergency handling process for a disaster with a large number of severe burn
injury patients is complicated. It requires tremendous medical capabilities and
specialized hospitals. A representative of the Dutch fire brigade took part in our
investigation team, to learn lessons for disasters with flammable hazardous material
like LPG. The results of the investigation were also presented by the author to
medical doctors in a specialized burn injury hospital.
The technical analysis of the development of the disaster was not easy, but getting
a clear picture of what is needed for emergency management and the emergency
services was even harder. Through interviews with a number of people (especially the
fire brigade) we managed to obtain a reasonable picture.
The beginning
On Monday, November 19,1984, at approximately 05:45 hours the fire brigade
of Mexico City heard and saw from a distance an explosion followed by a fireball.
Several people phoned the alarm number, but the firemen were already on their way.
This applied to various fire stations in the area.
The “Highway Patrol” was now alarmed, and the operation “Vulcano” started. All
roads to and from the area were closed off for normal traffic. Subsequently, the
Ministry of Defence put emergency plan DN-111-E in action. The Central Military
Hospital was ordered to get ready to receive injured people.

Huge task
An entire residential area was heavily damaged or destroyed. It is estimated that
hundreds of homes were destroyed and 500 people were killed and 7,000 injured,
most with burn injuries. The fire-fighters said about 1,000 of them were seriously
injured. 200,000 people were evacuated from the area.
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Direct aid in the area lasted for 12 to 14 hours. Approximately 7,000 professionals
were involved, including people from the fire brigade, police, military and ambulance
personnel.
Impression of the practical emergency handling
Within 30 to 45 minutes, many aid workers were on site. The constant threat of
more explosions and fires meant they had to be very cautious. They approached
the area from the most distant edges. With a new explosion and a “wall of fire “in
the streets, they had to temporarily withdraw from the district. Fire-fighters also
went to the depot to try to fight the fires and explosions (see photos above). The
question is whether that was safe. They claimed it took too long before the tanks in
the neighbouring facilities (Unigas and Gasomatico) could be cooled. The fires were
under control around 15:30. The last flames were extinguished at 20:00 hours.
There were no casualties among the fire fighters. The water supply went well,
although water needed to be brought in with water road tankers, because a pumping
station had been damaged by the explosions.
From an interview with a medical worker in the press we learnt that they had to work
under dramatic conditions. It was necessary to select the people who could survive
and therefore were given treatment. More severe patients without a good prospect
for surviving, were given less priority. This process is also called ‘triage’.
Impressions of the evacuation
Most residents of San Juan Ixhuatepec spontaneously fled via the nearby main road
( “Insurgentes Norte ‘) to the surrounding hills. The first people arrived around 06:50
hours at the nearby metro station (Indios Verdes). Apparently during the first hours
there, no organized evacuation took place. It was a chaotic first phase as is seen
more often with disasters. According to some sources of information, some people
refused to leave their houses. This was when the fires and explosions were still going
on
Ambulances were very busy taking the patients with severe burn injuries to the
hospitals in the area. Within a radius of 10km, 9 hospitals were present.
Gradually, the hospitals had to improvise because they got full. Temporary
accommodation was arranged. There was also a reception in the area of the well
known Basilica of Guadalupe, about 5km away from the area. Some patients were
flown to more distant hospitals by helicopter.
Later on, buses and trucks were used to transport evacuees. They were housed in
sports centres, health centres etc. About 5,000 to 7,000 spent the night in the
National Polytechnic Institute. It was organized by students and volunteers. The press
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report about all manner of private initiatives: the collection of clothes, shoes etc.
However, so much was raised that some people started selling items.
Around 14:00 hours, all wounded were under treatment and the evacuation was
completed. The dead were still lying where they were found. The next day a mass
funeral was organized to prevent the outbreak of diseases. Most victims were not
identified.
Some figures from the Ministry of Health
Medical assistance was provided by 985 doctors, 1,780 paramedics and 1,332
volunteers. 7,231 injured people were treated, 262 of them were collected in
makeshift centres. 1,969 wounded were transferred to hospitals. Of these, about
900 stayed for further treatment. On February 25, 1985, the situation was as
follows: 710 patients had been discharged from hospital, 32 were still treated and
144 people had died in hospital.
A total of 363 ambulances were deployed as were 5 helicopters. Furthermore, there
were 11 shelters designed to accommodate the 39,000 homeless and evacuated
people. 35,000 hot meals a day were provided, in total 125,000.

2.8 Evaluation of Investigation Results
Summary of results
Consequence Modeling
The main objective of the mission to Mexico City was to try and validate the Dutch
models with which the risks of LPG installations and LPG transport were calculated. It
was about gas dispersion, fireballs (BLEVE), explosions and heat radiation modelling.
The different effects have manifested themselves in the same area and were difficult
to trace individually. Which phenomenon caused the damage? Yet it was possible
to draw conclusions, especially because of the way the disaster had started and
developed.
In summary, the disaster according to our analysis developed as follows:
• The emergence of a significant gas leak during overfilling of one of the spheres
or underground LPG cylinder tanks from one of the underground pipelines that
provides LPG for the depot. Some time before the disaster, new, stronger pumps
had been installed which could deliver higher pressures.
• The LPG released evaporated immediately and mixed with air to form a flammable
and explosive vapour gas cloud in the wind direction (NE). In the south-western
direction the cloud was ignited near some houses (the houses caught fire).
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• The vapour cloud burnt back to the depot (“flame front”) and the part of the
vapour cloud between the tanks exploded. This led to damage to piping, more
LPG released and long-lasting fires around the LPG tanks. This is a situation that
ultimately led to the series of BLEVEs as described.
We have concluded that in the residential area no vapour cloud explosion took place.
After ignition, a few houses on the outskirts of the residential area caught fire. This
means that the damage in the area is almost exclusively caused by the BLEVEs and
the resulting fire balls and ground fire. In that case any damage to the largest storage
tank is the determining factor. On this occasion, that meant the spheres of 1,600
m3. The effects of the BLEVE with the smaller tanks fall within the distance for the
1,600 m3 tanks. The validation of the models thus refers to the BLEVE of the 1,600
m3 tank.
Results
BLEVE Fireball
Given the size of the heavily damaged area (a radius of up to 300 metres), the
calculated fireball diameter was reasonably consistent with the observation.
However, it is noted that this agreement may be somewhat accidental, since it is
concluded that the modelling of a BLEVE of this size (tanks of 1,600 m3) is more
complex than is currently modelled. This concerns the considerable spread in the
area of non-evaporated and unburnt LPG. This is because not enough heat was
available (from the mixing air and liquid LPG) to turn the LPG instantaneously into
vapour that rises in a fireball.
The fire brigade (in an interview with us) and residents (in the press) indicated that a
“wall of fire” at ground level occurred after an “explosion”. It was also indicated that
“drops” burnt the skin. This confirms the spread of unburnt / liquid LPG droplets. This
phenomenon of a “ground fireball” is not included in the modelling.
Heat radiation
From the verification of the heat radiation consequence models it was concluded that
the models significantly overestimate the distances at which severe burn injuries and
fatal injuries occurred. This is caused by the fact that in the models it is assumed
that unprotected people (not shielded from the radiation) are exposed to the intense
heat.
However, shielding from the fireball, by example through “hiding” behind a wall,
directly provides a more or less safe situation. That this should be an important
factor in the modelling is reinforced by the fact that the modelling is quite correct for
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the effects of heat on the paint /plastic (blisters) up to distances of 1,200 metres
(plastic flags). It was noted that in 1997 in the Yellow Book [], the heat radiation at
the surface of the fireball was doubled (from 200 kW/m2 to 400 kW/m2). This was
done because it is considered that when a BLEVE occurs as a result of a fire around
the tank ( ‘hot BLEVE “) the pressure rises first to 20% above the set pressure of
the tank relief valve. This means that the entire tank content must have warmed up
considerably. This assumption leads to a greater fraction of the available heat to be
radiated to the environment and thus significantly greater heat radiation distances.
The largest BLEVE in Mexico was not ‘hot’. The casuistry shows that fires around
the tank do not always lead to a hot BLEVE. When the vapour space is radiated or
impinged by the fire, a BLEVE can take place within a very short time (minutes). The
doubling of the value to 400 kW/m2 is therefore a highly conservative assumption.
Fragmentation
In a BLEVE, the tank breaks up into a number of fragments. This results in local
damage in the area. The fragments of the storage spheres on average ended up
further away than could be statistically expected. The reason is unknown. We have
not investigated why the two largest spheres (each 2,400 m3) did not fragment at
all. These ruptured at the top (due to the heat of the flare at the relief valves at the
top). All we know is that the four smaller spheres where of American design and the
two largest were of Mexican design. Most striking however, was the “fragmentation”
of a number of the cylindrical (“bullet”) tanks. Some were launched like a rocket
and ended up in the area, the largest distance being 1,200 metres. This is what is
called the “end-tube” phenomenon: a fire at one end of the tank causes the front
to fragment and the tank is launched in the opposite direction. This is one of the
lessons of this investigation: take into account the direction of the cylinders with
the design of new installations. Although we mapped the fragmentation in detail, a
verification of models was not performed. In quantified risk analysis studies (QRA)
it is shown that fragmentation does not significantly contribute to the risk levels for
people in the area and is therefore neglected in a QRA. This is because of the fact
that the effect is local, with a relatively small surface of damage. The likelihood to
be hit is small, although the impact is potentially fatal. Especially with the specific
‘end tube’ type of fragmentation as was the case here. This phenomenon was not
yet known before. Fragmentation is very important in the development of possible
domino effects: e.g. the cause of a BLEVE of an adjacent tank. This probably
occurred with a few tanks. The fragment in the photo in 2.5 landed precisely in
between tanks. Two metres to the left or right and probably a new series of BLEVEs
would have occurred.

58

25 years later • The two largest industrial disasters with hazardous material

The LPG disaster in San Juan Ixhuatepec

Safety of LPG installations.
The mission of our investigation was quickly broadened to safety of LPG installations.
In particular, the design aspects of the PEMEX depot raised a number of questions.
These are listed below.
Our analysis was presented to and discussed with the American Petroleum Institute
(API) in Washington. PEMEX have argued that the design of the facility met the
standard API 2510 (Design and Construction of LPG installations). As far as we could
check, that was correct. This standard is now partly adjusted based on our analysis.
An important aspect is the grouping of a number of horizontal cylinder tanks and
the importance of the direction of the fragments of these tanks. In the API Standard
2510 (8th edition, May 2001) these aspects are now included as mentioned below.
Other issues discussed by the investigation team are:
• The walls of the various sections of the storage tanks of 1 metre height. This is
undesirable for two reasons. First, any LPG leak will accumulate around the tanks.
LPG is a gas that is heavier than air and so it will remain within the walls. In this
situation there is inadequate ventilation to dilute the gas to below the limit where
it can still be ignited. Secondly, when it ignites, the gas cloud explosion leads to
significant overpressures because of the large degree of confinement of the vapour
cloud (and the large number of obstacles like the concrete supports of the tanks).
An open, ventilated tank area is required, preferably with a slightly sloping floor
underneath the tanks (leading the heavy gas from the tanks away).
• The lack of thermal coating on the support of the spheres. This is required by the
API in 2510: 10.8.2 Fire proofing shall be provided on the above ground portions
of the vessel’s supporting structure. It is possible that the “legs” of one or more
of the 1600 m3 spheres weakened and collapsed. This could have contributed to
API 2510, 2001
5.1.3 Siting of Pressurised LPG Tanks and Equipment.
5.1.3.3 Horizontal LPG tanks with capacities of 12.000 gallons or greater shall not be formed
into groups of more than 6 tanks. Where multiple groups of horizontal LPG vessels are to be
provided, each group shall be separated from adjacent groups by a minimum horizontal shell-to
shell distance of 50 ft.
Note: horizontal vessels used to store LPG should be oriented so that their longitudinal axes do
not point toward other facilities (such as containers, process equipment, control rooms, loading
or unloading facilities, or flammable or combustible liquid storage facilities or off site facilities
located in the vicinity of the horizontal vessel)
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the BLEVEs. We could no longer establish this. The photos in 2.3. show that the
support of the 2,400 m3 spheres collapsed. See the same phenomenon in the
disaster in Feyzin, 1966 (Annex 9).
• The fire extinguishing / cooling system was inadequate. The capacity of the
sprinkler system was much less than the minimum of 10 liter/m2 per minute to
be effective for cooling for BLEVE prevention. Furthermore, the picture of the
installation (see 2.1) shows that the fire-fighting water pipeline is constructed
above ground (in the foreground, red line). Reportedly, the piping soon ruptured,
so no water was available.
• The safety of the design was not considered in a systematic hazard identification
study (HAZOP) See Annex 2. This can explain the lack of an automatic overfill
protection system that stops the supply when a preset high level is reached.
Nowadays, this is a must. The required reliability of the overfill safety system
needs to be established through a risk assessment. In that way, the required test
interval is also determined. See Annex 3 (SIL concept).
• Stationary LPG storage tanks are increasingly being placed underground or
mounded. In this way, the tank cannot be engulfed by a fire and a BLEVE can
be excluded. The API 2510 still allows above ground placement. API warns of
problems of corrosion of underground tanks and lists measures to prevent damage
to the tank if excavated for inspection.
Impact of the Mexico report
Our report of the Mexico disaster generated much interest in the media and had
a major impact in the industry. For many companies, industry associations and
agencies at home and abroad we gave presentations about the analysis of the
disaster. The report was a ‘bestseller’ A number of articles were published in various
magazines. See the (not exhaustive) list below.
Furthermore, the analysis played an important role in various scientific publications
on the risks of LPG installations and the BLEVE phenomenon in particular. See the
“standard work” by the French government [22] on BLEVEs modelling, which used
data from the Mexico disaster from our report. They also analyzed two other disasters
used for comparison, including the Los Alfaques Disaster in Spain, see annex 7). The
comprehensive review article on BLEVEs (Abassi, [19]) frequently refers to our report.
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• Newsweek, 2 December 1985, Inquest into the PEMEX Gas Explosion:
• “ …The Netherlands Organization for Applied Scientific Research (TNO) concluded that
the leaking gas formed a vapour cloud that was probably ignited by a flame on the
PEMEX site. Another issue identified by TNO is the placement of potentially dangerous
industrial plant in a densely populated area…”
• The Chemical Engineer, October 1985
• PEMEX- The forgotten disaster; What can we learn from PEMEX?
• TNO Magazine Toegepaste Wetenschap: Gegevens Mexico ramp getoetst aan situaties
in Nederland. Januari en mei 1985.
• First, SKANDIA International journal (insurance company): in corporation with TNO: an
extensive analysis and pictures. 1985.
• Belgisch Brandtijdschrift: LPG-Opslagplaats San Juanico, d.d. juni 1986; Gebaseerd op
TNO rapport.
• Gas, water, wastewater, nr 6, 1986: Analysis of the LPG-disaster in Mexico City
• Health & Safety at Work, July 1985. Mexico City LPG disaster analysed. “..The TNO
team were the only foreigners to speak officially to PEMEX..”
• International Environmental Reporter, d.d. 6 December 1985. Study of 1984 LPG
Explosion. ..” With permission of the Mexican Government, a team of safety experts
..visited the area two weeks after the disaster..”
• Fire international, July 1985; analysis of Mexican LPG Disaster. Announcement of TNO
report.
• Time magazine, 3 December 1984; Fire in the dawn sky. 2 pagina’s. “..PEMEX safety
record is spotty..”
• Butane Propane, nr. 111, 1986. La catastrophe de Mexico; 6 pagina’s artikel op basis
van TNO rapport…”la plus grave jamais registrée dans un depot de g.p.l…”
• Daily, Canada, 11 August 1987. Krantenartikel: Experts meeting to discuss Pressure
Liquified Gas Safety. “..Mr. Pietersen said that one of the lessons of Mexico City is that
residents lived in too close proximity of the storage areas..”
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3.1 The plant and production
The Union Carbide India Limited (UCIL) plant
is located in Bhopal, in the heart of India. The
plant was 50.9% owned by Union Carbide
Corporation (UCC) in the USA and 49.1%
by Indian investors. It had been producing
carbamate pesticides since 1969. The raw
materials were initially imported from the USA.
In 1975 they started their own production of
carbaryl (Sevin). Methyl isocyanate (MIC) is an
intermediate product which as also imported
initially . The production of MIC in Bhopal
started in 1979. The tragedy described in the
next section is related to the MIC storage. The MIC production and storage are
therefore considered further below. A block diagram [1] of this process is shown
below.

Figure 6 Schematic representation of the MIC production

MIC is produced from raw materials Mono Methylamine (MA) and the highly toxic
phosgene. Phosgene was also produced locally from the raw materials chlorine and
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carbon monoxide. Carbon monoxide was produced elsewhere in the factory. The MA
and the chlorine are supplied by road tankers and stored in tanks. Chloroform is used
as solvent in the process.
MA: Mono Methyl Amine
MCC: Methyl Carbamoyl Chloride
MIC: Methyl Isocyanate
HCL: Hydrochloric acid
Reaction: Fig 6
COCl2 (phosgene) + CH3NH2 (MA)
Pyrolysis: Fig 6
CH3NHCOCl (MCC) + heat

CH3NHCOCl (MCC) + HCl + heat

CH3NCO (MIC) + HCl

After the first reaction step, the reaction products are diluted with chloroform and
then brought on specification in the phosgene stripper. Subsequently, the pyrolysis
step takes place (reaction 2). In this step, MIC is formed. The MIC is then distilled
into a “Commercial Grade (CG)” MIC. The MIC is then stored in half mounded
storage tanks.

‘Artist impression’ of the MIC installation
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The MIC storage facility
Below you can see an ‘artist’s impression’ (not accurate) of the MIC unit and storage
connections. The different parts of the installation are discussed in this chapter: the
MIC distillation column (‘refining still’), the Vent Gas Scrubber (VGS), the flare (flare
tower) and the cooling system of the storage tank through internal coils (‘refrigeration
unit ‘). Furthermore, there are the nitrogen connection (for pressure regulation on
small overpressure) and the Relief Valve Vent Header (RVVH). The connection to the
VGS is via the Process Vent Header (PVH), see the description below.
The MIC in Bhopal was stored in three storage tanks of stainless steel: numbers
610, 611 and 619. Tank 619 is a spare tank to store MIC that does not meet the
specification. The tanks each have a capacity of 56.8 m3. The contents of the tanks
is cooled with Freon to keep the temperature at about 0 °C. The cooling is important
for the prevention of (polymerization) reactions. The tanks are kept at a small
overpressure of 0.14 bar by means of a nitrogen pressure regulation.

Figure 7 Original P & ID drawing of the MIC storage tank from which the MIC escaped

Figure 7 is a diagram of the storage tank No. 610, the accident tank. This is the
original technical design drawing of the tank. Note the nitrogen pressure control (PC
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610-2) at the tank. The control takes place with a nitrogen inlet valve (PV-610-2A)
and an outlet valve to the Process Vent Header (valve PV-610 2B). Later we will see
that this system was defective and no nitrogen pressure was present in the tank.
In Figure 8, the two connections of the pressure control are also shown (4 and 12).
The tank is connected to two headers. The first is the Process Vent Header (PVH).
Through the PVH MIC vapours are vented to the installation which eliminates MIC
vapours: the Vent Gas Scrubber (VGS). The tank is also connected with the Relief
Valve Vent Header (RVVH), it concerns the safety relief valve (7). The RVVH is
connected to the VGS. There is also a connection to the flare (Flare Tower, FT). The
VGS is able to neutralize contaminated, liquid or vaporous MIC with caustic soda. The
FT is primarily intended to burn CO and MA vapours. In addition, also MIC vapours of
the distillation unit, the MIC storage and the VGS can be flared.
Figure 8 also shows a “jumper line” between the PVH and RVVH. This connection
is made in a later stage, about one year before the tragedy. It established a route
to the VGS, also during maintenance of the PVH. This connection is a major design
modification, which should have required approval from the parent company in the
USA. This connection has probably played an important role in causing the tragedy.

Figure 8 Drawing of the interconnections of the E-610 MIC storage tank
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The manhole of a tank in Bhopal with MIC
connectors. See also Figures 7 and 8.

The scrubber with the pipe from which the
MIC flowed (highest point in the picture)

3.2 The events leading to the tragedy
The events that took place at the plant directly before the tragedy are described
chronologically below. The possibility that washing with water of filters/ pipes could
have led to water in the MIC tank is takes into account. Another option (the view put
forward by Union Carbide) was sabotage by a disgruntled employee. These options
will be discussed later.
Sunday, December 2
In the morning, the product manager instructed the MIC plant managers to wash four
lines. Apparently, there was a contamination with chemicals to be washed away. The
pipes are shown in Figure 9. The water was connected to connection 17. Valve 19
was closed. The rinse water ran back out through pipes 18.
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Figure 9. Drawing of the water wash connections. See Figure 10.

Figure 10. MIC piping lanes with the MIC tank connection (top left, see Figure 8) and water wash connections (bottom right, see Figure 9)

The wash operation started in the evening on December 2. See also figure 9.
21:30 - valve 19 is closed. The instruction is that also a blind flange needs to be
installed, to make sure that no water can pass. This blind flange was not installed. The
valves in the pipes were opened to flush with water. The washing showed that water
did not return from all openings, suggesting there was a blockage. After consulting
the supervisor it was nevertheless decided to continue washing. At this moment, most
likely water started leaking through water valve 19 into the RVVH. Figure 8 indicates
that the MIC storage tank is connected to the RVVH, see also Figure 10.
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Figure 10a . Again the lines, now with connected parts of the installation. At the far right the scrubber is
located. Directly to the left of it, the vent through which the MIC was released to the area is shown.

21:45 - The operator increases the pressure in the MIC tanks by increasing the
setpoint of the pressure regulator at the MIC storage tanks. In that case, the vent
valves (PV 610 - 2B, Figure 8) will close and the nitrogen valve (PV 610 - 2A)
will open. The pressure in tank 611 rose, but it did not in tank 610. The pressure
increase was needed to transport the MIC from the tanks to the production. Pumps
were also present to pump the MIC. However, it is likely that these pumps were not
in operation (decommissioned). This happened after the circulation of the cooling of
the tank had stopped (see below), perhaps partly because the suction head was too
small now for the higher vapour pressure of the MIC at the higher temperature.
22.45 - Shift Change, limited information was exchanged.
22:45 - The RVVH is probably filled with water up to the highest point now (6.1
metres high) and start to leak into the PVH through the jumper line (see Fig 8 and
10). Some pressure rise is noted through the PI 610-2 (Fig. 7).
23:00 - The pressure in 610 now stands at 0.7 bar (normally 0.14 bar). Hardly any
attention was paid to this, because the Pressure Indicator (PI) was not considered
reliable. The temperature indicator + alarm did not function. This was the moment
that pressure control (PC 610-2, see Figure 7) probably closed the nitrogen valve
and opened the vent valve.
23:30 - An operator identifies an escape from the vent pipe to the atmosphere.
Probably an escape of MIC/N2 vapour as a result of the opening of the vent valve.
Water flows through this valve from the PVH into the tank.
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Monday, December 3
00.15 - A rapid pressure rise is detected and a leak at the VGS (RVVH). The RVVH
now probably contains no water anymore (forced out by the vapour and leaking into
the tank).
00:30 - The overpressure protection of the MIC tank is activated: the bursting disc
and the relief valve open (Figure 7) and large quantities of vapour flow into the area
(from a pipe at the scrubber at 30.5 metres height). The pressure indicator is out of
range (max. 3.8 bars). The area around the tank is warm and the concrete casing
shakes. The pump of the VGS is activated, but there is no circulation of caustic soda.
The VGS operator refused to perform a check on his own because of the vapours that
were already escaping. Nobody went to check.
00:40 hours - There is panic among the employees at the plant. They escape in a
direction opposite to the wind direction.
01:30 hours – 02:30 hours - The relief valve closes at the storage tank.

3.3 Safety Information of MIC storage from UC manuals
The Union Carbide manual included the following safety aspects of MIC:
• MIC should not be in contact with iron or steel, aluminium, copper or tin. See
Figure 11. These particles act as catalyst for the dangerous trimerization reaction
(which has occurred). The induction period of such a reaction is of the order of
several hours to several days. MIC should be stored and transported in stainless
steel tanks and pipes. For a larger part this was the case. The tank and the
transmission lines for MIC transport to the Sevin plant for the production of
pesticides were made of stainless steel. However, the Nitrogen piping (pressure
regulation) to the tank was only partly made of stainless steel. This was the piece
from the control valve to the tank. The control valve itself and a piece of pipe to
a filter were of carbon steel. Furthermore, the RVH and PVVH and valves in these
headers were also made of carbon steel.
• Caustic soda components are a perfect catalyst for a runaway reaction in the MIC
tank. According to UC, complete trimerization occurred within 10 minutes (1-3%
in MIC). For iron particles, the reaction time is about one hour. It is noted that
caustic soda was used in the Vent Gas Scrubber (VGS, see Figure 12). There were
no measures taken to prevent this from entering the tank through the PVVH and
RVH (design error).
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Figure 11 A page from the Union Carbide MIC safety handbook.

• It is known that water reacts with MIC. The duration of the induction period is
shorter for higher storage temperatures. According to a UCIL report (1978), it was
found that at 6 oC a runaway reaction occurs within 67 hours. At 20 oC this is 23
hours.

Figure 12 MIC Vent Gas Scrubber
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• For safety reasons, the storage tank is designed at double capacity. The extra
volume can be used for addition of a large amount of an inert material in a
threatening runaway situation. This will substantially reduce the temperature and
saves time for getting the problem under control. It is mentioned that, as an
alternative, one tank should always be kept empty, to allow the dumping of the
reaction mixture. It is noted that in Bhopal three (partially) mounded (in concrete)
storage tanks were present: E 610, E 611 and E 619. E 619 was designed as a
stand-by tank in case of emergency. However, after the tragedy the E 619 tank
was also shown to contain MIC and could not have been used as an emergency
tank.
• Because the temperature sensitivity, an MIC storage tank always need to be
cooled. The UC manuals indicate that this is normally done via external cooling
coils on the tank or possibly through a heat exchanger in the tank, where the
coolant cannot serve as a catalyst in case of leakage of the coolant (this type
was present in Bhopal). The tank temperature should be kept below 15 °C,
preferably at 0 °C. Redundant temperature meters are present to alarm when an
abnormal temperature rise occurs. It is noted that the cooling of tank 610 was not
functioning and that temperature alarms were therefore not working either. The
storage temperature was normally equal to the ambient temperature.
• The MIC tanks should be kept under pressure to avoid contamination. This is done
via a pressure control system with nitrogen (an inert gas). This pressure control
system was not functional. It had been defective from at least as early as October
22, 1984. Attempts to restore the pressure control failed at November 30 and
December 1. If the tank is not on overpressure, water and caustic soda can easily
enter the tank. On December 2, around 22:45 hours (end of the second shift), no
pressure increase had been seen. The night shift soon noticed that water and MIC
gas leaked from the pipes. In the control room it was noted that the pressure was
rising rapidly, the local pressure gauges on the tank showed that the pressure was
so high that they no longer could be measured (out of range).

3.4 Two theories about the cause
The water wash theory
Overall, the ‘water wash’ theory is regarded as the most likely explanation of the
water entering the MIC tank. From the above data, both the people who worked
there during the tragedy and a number of experts concluded that washing of the
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pipes is the most likely cause. The facts are so strong that it probably is the real
cause. However, there were also other water routes. That made the plant inherently
unsafe. There was insufficient safety and detection to prevent water contamination.
One of the routes that has not been published before (as far as I know) will become
clear from the original drawing of the installation (see Figure 13). It concerns the
route to the MIC storage tank E 610 from the distillation column. The drawing shows
a “TDRA” measurement and alarm (Temperature Difference Recording Alarm). A
temperature difference between the rundown of the overhead condenser E 213 and
the storage tank is alarming. This indicates for example a possible reaction of MIC
with water, possibly from a leak from the cooling / condensation system (‘brine’).
According to our information, this TDRA was not installed. This is all the more
undesirable, because an interim storage of MIC was missing. This contrasts with the
practice of UC in the USA. Practice was to first send MIC to a buffer storage and only
send it to the MIC storage tank after a check of a sample.

TDRA

Figure 13 Original P & ID of the MIC distillation unit and outcome.

The washing of the pipes
The pipes needed to be washed / flushed because of a blockage with chemicals.
Refer to the indications number 21 in figure 9. These are the pipes connected to
the relief side of the safety valves (# 20). The washing water flowed out from the
‘Bleeder’ valves (18). This washing operation was performed periodically. This time,
washing the pipes started around 20:30 hours on December 2 and lasted until about
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00:15 hours on December 3. The procedure should always start with the placement
of a so-called “blind flange” in the pipe to the MIC plant before washing. Normally,
valve 19 is first closed and then the valve to that pipe disconnected, the blind flange
placed and the installation is closed again. This way, it is physically impossible for the
wash water to leak into the plant. However, the blind flange was not placed this time,
only valve 19 was closed (there was a label on ‘closed’). According to the operators,
it was likely that this valve was leaking as most valves did, even in closed position.
Because of the presence of the chemicals blocking the pipes, pressure could build,
so a leak was even more likely.
The route of the water
The water hose was connected to connection 17 at the RVH, the water washed the
pipes and flowed out from the openings (18). However, because of the blockage, the
pressure increased and the water started to leak through valve 19 into the RVVH.
Then the water flowed through the RVVH and ended up in the PVH through the
connection between the two headers ( “jumper line ‘, see fig 8). The water could flow
further into the MIC storage tank 610 E (see Figure 8). This could happen because
the MIC storage tank is placed lower than the headers (see Figure 10) and because
the nitrogen pressure system failed (and the tank was depressurized). The water
flowed through the (leaking) valve # 15 into the MIC storage tank. This lasted about
1.5 hours.
Because the water was probably contaminated with iron (rust) and sodium hydroxide
components, the catalysts for a reaction in the tank were also present now.
This, combined with the fact that the tank was not refrigerated, ensured that the
trimerization reaction quickly got underway and went out of control. The initiation of
the reaction probably started around 22:00 hour. At 00:15 hours, the pressure was
so high that the RVVH began to leak (water vapour and MIC). Initially, the leak was
not seen as very alarming, and a water curtain was put in place to dilute and absorb
the vapours.
It is noted that the water could not reach the other MIC tanks (E 611 and E 619),
these were continuously under (over) pressure.
Tank E 610 E was 80% full. Consequently, it was not possible to add an inert, cold
liquid to slow down the reaction (as mentioned in the UC manual). Pumping to the
emergency stand-by tank E 619 was perhaps possible, even though it contained
some MIC. Moreover, the problem would have been relocated to this tank. Under
these circumstances, the disastrous course of the reaction could not be interrupted.
Until the pressure reached a level of 2.8 bars, the gas flowed through the blow down
valve into the PVH. Beyond that point, the gas flowed through the jumper line 5 into
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the RVVH. From there, the gas flowed through an open vent next to the Vent Gas
Scrubber (VGS, Figure 10a) into the surrounding area. The VGS is intended to absorb
and eliminate the gas. However, the VGS was not in operation and its design capacity
was inadequate for such emergencies anyhow. The estimated flow rate from the vent
next to the VGS on December 3 was over 18,000 kg/hr with a pressure of 12.4 bars.
The design capacity of the VGS was 85 kg/hr with a pressure of 1 bar.
When the pressure in the tank exceeded 2.8 bars, the rupture disk (6) and the safety
valve (7) opened (figure 8) and the gas flowed directly into the PVVH to the vent at
30 metres height. The investigation team from India disagrees on a number of points
with the Union Carbide report, see [3]. It concerns the mechanism that the fatal
reaction in the tank started. Was it a large quantity of water and an excess amount
of chloroform (Union Carbide) or was it a small amount of water and a relatively large
amount of phosgene that initiated the reaction? India claims the latter, pointing to a
UC “trade secret” which meant that instead of 0.02% of phosgene 2% was added as
a stabilizer in the MIC.
Summary of the problems with the design/ operation:
• Water washing the filter safety valve discharge lines (Fig. 9) took place for a considerable
time without a blind flange having been installed at valve 19 (see Figure 9).
• Installing the jumper line (Fig. 8)
• The decommissioning of the freon / cooling system of the MIC tank. The Freon was tapped
for use elsewhere in the factory.
• The circulation of caustic soda in the VGS was stopped (probably in October 1984). The aim
was to start it in case of emergency.
• The Flare Tower was not connected. This was probably due to maintenance problems, the
flame could not be kept going.
• The Process Vent Header PVH was in maintenance. The valves in the jumper line were
therefore in open position [11].
• A temperature difference alarm system (TDRA) had not been installed to detect potential
reaction problems early.
• A failing nitrogen pressure control of the MIC storage tank

The sabotage theory
It is generally agreed that water entered the MIC storage tank. Most publications on
this topic consider the water washing as the most likely cause.
Union Carbide visiting TNO offices in Apeldoorn (NL).
Union Carbide had (and still has) a completely different view. The company claims
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that the water in the tank was caused by sabotage by a disgruntled employee (see
www. Bhopal.com, a site from Union Carbide). That theory was presented to the TNO
team in an attempt to convince us. A delegation visited Apeldoorn on October 6,
1987. The delegation was led by Mr. A.S. Kalelkar which was also in charge of the
investigation of Union Carbide. He was employed by the Arthur D. Little agency. Other
delegation members: N.T. Parack (Union Carbide India, Calcutta), S. Sridhar (Rhone
Poulenc Inc. USA), R.E. DeHart II (Union Carbide Corporation, USA).
In a telex of September 25, 1987, from Rob DeHart II about the agenda of the meeting:
“The reason we would like to talk with you concerns the factual content of the draft .... We would
like to discuss with you the results of the investigation because we believe such a discussion will
give you an accurate account of the incident and the circumstances surrounding it’.

Without mentioning it, this was about the sabotage theory. Shortly after the meeting
he sent us a copy of his paper under embargo about the sabotage theory that he was
going to present at a conference in London. At the meeting in Apeldoorn, he also
presented a video animation of the sabotage.
The afore-mentioned London conference was about “Chemical Industry after
Bhopal” (November 1988). The author also presented a paper on process safety at
that conference. At that conference, the presentation of Mr. Kalelkar was not well
received. The participants felt that Union Carbide misused the conference to promote
its sabotage theory. It was felt that the organizers should not have allowed that.

Text from the Kalelkar London- paper:
“..a disgruntled operator entered the storage area and hooked up one of the readily available
rubber water hoses to tank 610, with the intention of contaminating and spoiling the tanks contents. It was well known among the plant’s operators that water and MIC should not be mixed....
He unscrewed the local pressure indicator, which can be easily accomplished by hand and connected the hose to the tank. The entire operation could be completed in five minutes.”
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Anticipating what is described below, we as independent investigators found the
story of the sabotage hard to believe, although we could not prove it wrong during
the meeting in Apeldoorn. We claimed however, that from the process safety point
of view, the Bhopal MIC installation was inherently unsafe. The sabotage theory is
not required to explain the possibility of water entering the tank. There were different
other routes of the water present in the design. This fact made the plant inherently
unsafe. That is what we were looking at, we wanted to learn about process safety:
design and operation of process plants.
Here is the structure and argumentation of the sabotage scenario, according to UC:
In the “Bhopal Methyl Isocyanate Incident Investigation Report [4] (1985)”, UC
already indicated that a large amount of water must have entered the tank: “either
inadvertently or deliberately”. In the same report, UC rejects the water wash theory.
It was admitted that the blind flange had not been installed, but it was noted that
the water would have had to pass a number of closed valves. This possibility was
ruled out. The sabotage theory was not mentioned yet. But the UC statements led to
speculation that a Sikh terrorist group by the name of ‘Black June’ was involved.
It was not until August 11, 1986, that UC released a statement that it was a
disgruntled employee who had connected a water hose to the tank. No name was
ever given. It was mentioned, however, that a worker was present at 2 December
who had recently been demoted. After some time, UC stated that they could not give
a name because the colleagues did not want to cooperate with the investigation and
were even prepared to lie.
Colleagues have subsequently stated that there was indeed a “disgruntled” colleague
at work that night. He formally was no longer authorized to work in the MIC unit. His
name was M.L. Verma. There was a labour dispute with regard to an alleged lack of
training. He refused to work as a regular operator. It was just before the disaster that
he was transferred to another unit. That he was still working there was tolerated so
as to prevent problems with the union). All this according to one of his colleagues
[11].
Regarding the value of the information in general that was obtained from employees
in an incident investigation, Mr. Kalelkar stated the following at the London
conference:
“a natural tendency [for employees] not to feel involved in the incident and to use
the information for their own objectives at their discretion”.
Mr. Kalelkar also spoke about a “cover-up” operation. It was stated that the operators
soon knew that water was deliberately put into the water tank and tried to conceal
this action. At the meeting in Apeldoorn, Mr. Kalelkar handed us several documents
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to illustrate that there had been a cover-up by the operators. He showed apparent
modifications to log pages and gave a sketch ‘found in the control room’ which would
suggest that people knew.

Figure 14 A sketch that Union Carbide said was found in the control room in Bhopal

The sketch is shown in figure 14. The story is that the sketch shows that a pressure
gauge was removed (upwards arrow). Then the hose was connected (right side).
As mentioned, UC also made an animated video of it. See Figure 15 for two stills
from the video. In annex 3, an original log form from the plant is shown. In several
log pages times are changed, apparently after the disaster. The motive would be
to conceal the fact that the operators already knew that water entered the tank.
They then started to pump the water from the tank to the Sevin unit ‘charge pot’.
Explanation: water is heavier than MIC, so two layers would have been in place. The
lowest (water) layer was pumped from the lowest point from the tank This pumping
operation can be ‘deduced’ (according to UC) from the log in Annex 3). UC used this
as evidence of the sabotage theory. Obviously this will be difficult to check, and it was
not in our scope anyhow.
Other supporting evidence of UC is the fact that a hose was found the next day, next
to the storage tank. It is also stated that the pressure gauge was not present the
day after the disaster, according to a senior worker at the plant at that time. Other
workers from the plant have responded by saying that a hose on that spot is normal.
This is used to clean spray the floor. It was also said that the pressure gauge was
replaced because the high pressure gauge of the reaction had become defective.

78

25 years later • The two largest industrial disasters with hazardous material

The Bhopal tragedy

They wanted a properly functioning pressure monitoring device as soon as possible
after the event. So, the workers agreed that indeed, temporarily, there was no
pressure gauge present.

Figure 15 Images from the sabotage video of Union Carbide

Furthermore, Mr. Kalelkar presented the following ‘evidence’:
• An examination of the contents of the Sevin charge pot showed “that there are
also residues of a water / MIC reaction”. This would prove the cover-up pumping
(see annex 3).
• Examination showed that there was little water in the headers. That should
underpin the UC statement that water could not have had sufficient pressure
to reach the PVH. This argument is rejected by others who stated that there
was pressure building from the blockage in the pipes (at the point of the water
washing). Moreover, the absence of water in the headers may be caused by the
high pressure vent gas through the headers, which also caused all connected
piping to be drained (venturi effect).
The employees themselves rejected the sabotage theory [11]. They indicated that the
pollution in the charge pot is normal (moisture, impurities of the refining process).
An important argument that the opponents of the sabotage theory bring forward is
that the timing is wrong. Because the wash water from the tap was clean (free of
contamination), the runaway reaction should have lasted much longer (at least 23
hours, according to the UC manual). The logic of the cover-up action is questioned.
Why should colleagues protect this ‘disgruntled’ colleague? The alleged action would
also have been very dangerous for themselves and their families.
Finally, managers of UCIL declared in Bhopal court that the water from the water
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wash procedure entered the tank. This according to “The Pioneer, Lucknow, February
27, 1993.
Sabotage theory: the chemical reactions
The report of the Indian government [3] states that only 512 kg of water was
required for the reaction that occurred, and indicates that there were several options
for the water to enter the MIC tanks. These options are possible because of the
inherently unsafe design of the facility and its improper operation. Union Carbide
reported that significantly greater amounts of water must have entered the tank to
cause the reaction. This, it is claimed, can only be explained by the deliberate act
(sabotage) of the employee.
The main chemical reaction that took place in the MIC tank was trimerization. This
is an exothermic reaction that produces heat to evaporate the remaining MIC. The
question is how the trimerixzation was initiated. It is a slow reaction at ambient
temperature and will accelerate with higher temperatures. Metal ions accelerate
the reaction. It is particularly in terms of the initiation of the reaction that the two
investigation teams have different opinions.
UCC indicates that there has been a hydrolyzation of chloroform. This is a reaction
that takes place at a temperature above 100 °C and for which a significant amount
(> 10% weight) chloroform should have been present in the tank. However, there is
insufficient support for this theory, because the reaction residue did not contain the
chemicals that could prove this. Furthermore, the concentration of chloroform in the
feed lines, although higher than normal, was too low to initiate the reaction.
CSIR has a more plausible theory. It assumes the presence of phosgene in the tank
(phosgene is used in the production process of MIC). The reaction between water
and phosgene is extremely fierce. The amount of heat released is large. Even small
amounts of phosgene and water can already give a temperature rise of the MIC
above the boiling point (39 oC). It is calculated that 260 kg of phosgene and 65 kg
of water were sufficient for the reaction. That means a phosgene concentration in the
MIC tank of 8 per thousand.
It is noted that the safety valve on the tank (Figure 7) was not designed for ‘2 phase
flow’ (vapour and liquid). Its capacity therefore was too small and the pressure
increased. Higher pressure accelerates the reaction.

3.5 The environment and the emergency handling process in the area
The Union Carbide plant is situated on the outskirts of the city of Bhopal in Madhya
Pradesh in India, with a population of about 800,000. Opposite the plant, a densely
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populated residential area exists (“slums”). The type of houses does not give
protection against a gas cloud. The population density in that area is more than 250
persons per hectare. Also, a railway station is situated nearby. There were many
casualties at the station as a crowded train arrived at the station at the moment of
the tragedy.
When the plant started its operations in 1969, the plant was situated outside the
Bhopal Municipal Corporation limits and the population density in the vicinity of the
plant was low. But within five years, a dozen residential neighbourhoods had emerged
near the plant.

Figure 16. The Union Carbide plant in Bhopal and surroundings. It shows to which
extent the different areas are affected by the MIC gas. See also 3.6
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In 1975, the municipality of Bhopal and Union Carbide had started talks about
moving the plant to another location. These talks led to nothing. On December 21,
1981, the subject was on the agenda of the Bhopal State Assembly. The Minister of
Labour argued that relocation was not necessary because the plant was very safe. He
referred also to the high cost of moving the plant: “it is not a small stone which can
be removed just like that”.
The presence of the plant in the vicinity of residential areas is an aspect which is
similar to the LPG plant in Mexico City. The population density around the plant grew
steadily there too. The tragedies underline the importance and the necessity of a
“safe” area around plants with hazardous substances.
There was no contingency plan. Nobody knew what to do in a situation where
hazardous substances are releases into a residential area. There was no evacuation
plan. The scarce information available [14] shows that the army did what they could
do and helped in the evacuation and gave aid to people in the area. From a factory
in the district, the managing director called the Army about 01:15 hours asking for
help to evacuate its staff. The army sent a number of trucks into the area. Many
more vehicles followed, but most of them came too late. The siren of the factory
sounded only for 5 minutes around 01:00 hours. At 02:00 hours, the siren sounded
continuously. Between 01.25 and 02.19 hours, the police called the UCIL plant three
times. The information was reassuring, “everything is OK [14] and we do not know
what happened “. At 01:45 hours there was contact with the UCIL manager who was
at home. He knew nothing of the tragedy that was going on. UCIL declared that MIC
was not dangerous, just a substance that is very irritating.
The exodus of people
When the irritation to the eyes and lungs was getting worse, people started to flee.
Hundreds of rickshaw and truck drivers risked their lives in helping to evacuate the
people. Many people went to the hospital. Unfortunately, the hospitals were in the
wind direction (figure 16a). It means that people continued to breathe MIC all the
time. Hospitals were flooded with people. Eventually, about 25,000 people were
present in and around the Hamidia Hospital (750 beds). Many died on the spot. The
problem was enormous, the hospitals were not prepared, did not know the effects of
MIC nor how to treat patients.
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Figure 16a The surge towards the hospital during
the tragedy

3.6 The gas cloud effects and prolonged inhalation of MIC vapour
An estimated 30 tons of MIC were released into the atmosphere in two hours time.
The weather conditions were such that the MIC vapour cloud was diluted only slowly
(very stable weather, 14 oC, wind speed 3 m/s). Figure 16 from [14] shows the worst
affected areas. Approximately 250,000 persons were exposed to the gas. Estimates
of the number of deaths shortly after the tragedy range from 2,000 to 10,000
victims. In 2004 at a conference in India, several speakers mentioned about 7,000
victims [7]. On the website of Madhya Pradesh the mentioned number is 3,787.
Union Carbide refers to that number on its website about the tragedy (www.bhopal.
com). The latter figure will probably be more realistic and also originates from the
authorities. Unfortunately, until today, many people suffer from the consequences
of exposure. Several new hospitals were built in Bhopal, partly financed by Union
Carbide. From the symptoms presented y the people of Bhopal, it was concluded
that the gas cloud mainly consisted of (unreacted) MIC vapours. The MIC evaporated
because of the reaction heat in the MIC tank. The possibility that mainly reaction
products caused the consequences was investigated, but considered unlikely.
We have tried to simulate the size of the gas cloud in Bhopal with heavy gas
dispersion calculations. We calculated that a concentration of 2 ppm (limit of 5%
fatal injuries, see below) theoretically could have occurred at a distance of about
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10km. This is calculated for a release of 2 hours, with an amount of 4.2 kg/s
(the entire tank contents). For larger percentages of fatal injuries (e.g. 50%), the
calculated distance reduces to about 5km. In reality, this distance most likely was
shorter. It is noted that dispersion calculations for an urban environment, especially
for a heavy gas are complex. This is demonstrated in the simulations in a wind tunnel
shown below (figure 17).

Figure 17 Wind tunnel simulation
of dispersion of a heavy gas (heavier
than air) and a neutral gas (same
weight as air).

The upper part of the figure shows a vapour cloud of heavy gas. On the left: empty
area, no buildings present. On the right: a built-up area. The lower two pictures in
the figure show the same for neutral gas (same weight as air). The wind direction is
‘West’ all the time. It is noted that a heavy gas cloud in a built-up area disperses not
only in the wind direction, but in almost all directions (upper right picture).

Dispersion calculations and the number of victims [15]
In a publication from 1987 [15], the number of victims is assessed for the various
residential areas in the district. This was estimated on the basis of dispersion
calculations and other information. The furthest distance at which people died is
found to be about 5km.
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Zones in Figure 16
I

Very seriously

Concentration MIC (ppm)

Area (km2)

Deaths

> 25

1,33

1265

II Severe

8- 19

1,95

767

III Moderate Severe

1,5- 4

4,6

270

<1

7,5

108

IV Moderate
Outer zone
Total

166
2576

Table 4. Dispersion

The number of deaths was estimated on the basis of information through personal
contacts of the authors [15] in the districts. The official death toll stands at 3,787
(according to the State Governments of Madhya Pradesh (http://www.mp.gov.in/
bgtrrdmp/default.htm). At the same website, the number of claims that have been
awarded for compensation of suffering from the gas is said to be 574,366.
The effects of exposure to the MIC gas cloud
MIC data
MIC is highly reactive, unstable, flammable, explosive and highly toxic material. It
reacts with acids, bases, water and some organic compounds. MIC can also react
with itself. Most reactions are exothermic, some are extremely violent. The flash point
is -18 °C. The explosion limits in air are 5.3% (v) and 26% (v), respectively lower and
upper.
The TLV value (Threshold Limit Value) is 0.02 ppm. This value was set in 1975 by
the U.S. ACGIH (American Conference of Government Industrial Hygienists). Union
Carbide published a comprehensive brochure about the properties of MIC in July
1976. See Figure 18: information from the Union Carbide MIC manual. MIC affects
the respiratory system, eyes and skin. At an early stage of exposure, people mainly
suffer from burning eyes, nose and throat. It leads to cough, headache, vomiting.
Continued exposure leads to pulmonary oedema and flooding of the lungs with fluid.
This will lead to death. Little is known about the long term effects of MIC.
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Figure 18 MIC hazard sticker from Union Carbide.

For the acute effects of MIC exposure, only scarce information is available. Example
of a known MIC LC50 value (concentration at which 50% of the exposed population
will not survive): LC50 = 12 mg/m3 in rats for an exposure time of 2 hours.
Determination of fatal injury
Based on only a few toxicity data (LC values of rats), a Probit relation has been
established. The method of deriving the Probit relation for different chemicals
is described in PGS 1 [10]. The probit is a mathematical representation of the
vulnerability of an average population for the accumulation of certain toxic load. The
Probit table below shows the relationship between the calculated Probit (Pr) and the
percentage of the exposed population that suffers (lethal) injury.
MIC probit calculation
The following Probit for MIC is derived with the method from [10]:
(1)
Pr = -1 + ln (C0.7. t)
Where :
C = concentration MIC in mg/m3
t = exposure time in minutes
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%

0

1

2

3

4

5

6

7

8

9

0

--

2.67

2.95

3.12

3.25

3.36

3.45

3.52

3.59

3.66

10

3.72

3.77

3.82

3.87

3.92

3.96

4.01

4.05

4.08

4.12

20

4.16

4.19

4.23

4.26

4.29

4.33

4.36

4.39

4.42

4.45

30

4.48

4.50

4.53

4.56

4.59

4.61

4.64

4.67

4.69

4.72

40

4.75

4.77

4.80

4.82

4.85

4.87

4.90

4.92

4.95

4.97

50

5.00

5.03

5.05

5.08

5.10

5.13

5.15

5.20

5.20

5.23

60

5.25

5.28

5.31

5.33

5.36

5.39

5.41

5.44

5.47

5.50

70

5.52

5.55

5.58

5.61

5.64

5.67

5.71

5.74

5.77

5.81

80

5.84

5.88

5.92

5.95

5.99

6.04

6.08

6.13

6.18

6.23

90

6.28

6.34

6.41

6.48

6.65

6.64

6.75

6.88

7.05

7.33

--

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

99

7.33

7.37

7.41

7.46

7.51

7.58

7.65

7.75

7.88

8.09

Probit table: left and top: percentage of exposed people lethally injured. Example: Probit 5.31 means that
62% of those exposed suffer fatal injury.

Interestingly, the exponent of the concentration of MIC in air that is inhaled is less
than 1 (n = 0.7). This is different for known toxic substances such as chlorine (n =
2.75) and ammonia (n = 2)11. This means that the long exposure duration of the
people in Bhopal relatively played a larger role than the concentration of the gas
that was inhaled. The lack of an emergency plan and organized evacuation therefore
contributed significantly to their ordeal.
Calculation Example.
Exposure time of 60 minutes. What is the concentration at which 5% of the exposed population suffers lethal injury?
The table 5 shows the Probit of 5% fatal injuries: Pr = 3.36.
This is put in formula 1:
3.36 = -1 + ln (C 0,.7 .60)
Result: C = 1.45 mg/m3 MIC. This is about 2 ppm.
That is to say: if people are exposed to a concentration of MIC in air of approximately 2 ppm for
one hour, then approximately 5% of the people will not survive.

11 Chlorine Probit: Pr = -6.35 + 0.5 ( ln C2.75. t) ; Ammonia Probit: Pr = -15.6 + 1.0 ln (C2.0. t )
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The Probit method as described in [10]
On the basis of toxicity data of animal experiments for different exposure durations, a probit relation for the specific animal is derived in the form of
Pr = a + b ln (Cnt) (C is the concentration of the gas inhaled (in mg/m3, or ppm) and t is the exposure time (in minutes). The 30 minutes LC50 animal is derived in this way. With the use of an
extrapolation factor, the 30 min LC50 for humans is determined. The value for ‘n’ is copied from
the animal probit, and b is calculated as b = 2/n. If n cannot be derived from animal data, then
the following values are used: b=1 and n=2. Consequently, the a value is calculated for Pr=5,
C= 30 min LC50 human and t = 30 min; This completes the probit relation for humans.

Uncertainty in the modelling for Bhopal
The problem is that the gas concentrations in the different areas are not known.
We know to some extend the areas where the (lethal) injuries occurred. The large
uncertainty in the MIC Probit in combination with the uncertainty in heavy gas
dispersion (see Figure 17) made it very difficult for us to perform a reliable simulation
of the consequences.
Problems in risk calculations
It is noted that the MIC probit only relates to acute lethal injury. Non-lethal injuries
and long term effects are not included. For an exposure such as in Bhopal, longer
term effects however play a significant role. For risk calculations to define “safe
distances” around an installation with dangerous substances, this is an omission.
The real risk therefore will be greater.

3.7 The Process Safety issues in Bhopal
In the previous paragraphs, most aspects that contributed to the tragedy have
been addressed. In this paragraph, we will categorize the problems into a number
of process safety categories. Sabotage is excluded. Sabotage Prevention is not our
profession. Moreover, the credibility of the sabotage theory is questionable. This does
not apply directly to process safety. On the other hand, there were indeed flaws in
the process safety management of the plant. If the pertinent safety features (alarms
and automatic actions etc.) had been functional, they could also have safeguarded
the plant against sabotage. In the next chapter, these issues are dealt with in terms
of process safety. External safety aspects (land use planning, safe distances) are also
addressed.
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The following categories are distinguished.
The design of the MIC plant
Inherent (in)safety
• The choice of a Sevin production route which required substantial amounts of
MIC to be stored was unsafe. An alternative route was possible: convert the MIC
directly into Carbaryl without intermediate storage. Bayer, among other companies,
used such a process. This route however is more expensive.
• The size of the storage capacity of the MIC was not consistent with the need for
flexibility in production. Too much MIC was in storage, as a consequence it was
stored unnecessarily long. This increased the risk in Bhopal considerably.
• The overhead condenser of the MRS still (MIC distillation column) used water
(“brine”) as cooling medium with a higher pressure than the MIC side of the
condenser. This means that any leak (however small) would immediately lead to
contamination of MIC with water. This is inherently unsafe.
• The design capacity of the Vent Gas Scrubber (VGS) was insufficient for
emergency situations. This was only meant to blow off regular quantities in relation
to maintenance and process disturbances.
• The vent headers were made of carbon steel. In the case of backflow, rust
particles could flow back into the tank (catalyst for runaway reaction). No check
valves (non return valves) were installed.
• The installation of the connection between the two vent headers (jumper-line)
constituted a risk. The risks of this design modification was never considered. The
jumper valve in the line was open because the Process Vent Header (PVH) was in
maintenance.
Inadequate instrumentation and safeguards
• There was no possibility of checking the purity of the MIC (if any leakage of
condenser water should occur).The UC plant in Virginia (USA) on the contrary had
that option (using a separate buffer tank for measurement).
• The temperature measurement and alarm (TIA) at the tank never functioned
adequately.
• For safety reasons, the design included a TDRA (Temperature Difference Recording
Alarm). This was never actually installed. Figure 13.
• There was no pressure alarm (H / L) at the MIC tank.
• The instrumentation was not reliable, the result of a lack of maintenance and
testing.
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Operations
• Washing the filter safety valve discharge lines with water had been going on for
some time already without a blind flange having been installed. This was contrary
to the work instruction.
• The dismantling of the freon cooling system of the MIC tank is an important
aspect of increased risk. The freon was drained for use elsewhere in the plant for
economic reasons.
• Insufficient / incorrect control of the MIC distillation resulted in too much
chloroform and phosgene in the MIC. This is unsafe.
• Insufficient information was transmitted during shift changes.
• No lessons learnt from earlier incidents: between 1981 and 1984, 6 incidents
occurred at the plant (2 severe phosgene leaks, one person killed, 25 wounded).
• There was negligence in maintenance: piping and valves were often in poor
condition.
Emergency Services
• The Flare Tower was not connected. This was probably because of maintenance
problems of keeping the flame. This degrades the safety system.
• The circulation of caustic soda in the VGS was stopped (probably in October
1984). The aim was to start it only in case of an emergency. However, the VGS
could not be started, the pump was defective. There was insufficient caustic soda.
This was a serious degrading of an important safety system.
• The operators were not sufficiently informed about how to handle major
emergencies. There were no emergency drills.
• An MIC gas detection system was not available. Smell and irritation only occurs at
values that are already dangerous.
• The water spray system present was not designed for the height at which MIC
escaped.
• The residents living around the plant were not warned, the external siren was no
longer connected to the internal siren.
• The consequences were more serious because the residents and doctors did not
know about the toxic effects of MIC and how these needed to be treated.
Staff
• The production of the plant in 1981 was only 50% of the design capacity. The
staff therefore had been reduced with 35%. The maintenance staff had been
reduced from 6 to 2 people. One month before the disaster it was no longer
deemed necessary to have a maintenance technician on duty at night.
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• On November 16, 1984, a change in the staffing of the shifts had been
introduced. This meant that none of the people who performed the water wash
operation was trained for the MIC unit.
• The turnover of trained staff was considerable. On November 5, 1984, five
operators had been transferred from the Sevin unit to the MIC unit. They had to
run the complex unit after only 20 days of training.

Figure 19. Decline in trained staff in the MIC plant in the years 1980/ 1984
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4.1 Independent accident investigations and policy advice
Independent accident investigation
The two largest industrial disasters with acutely hazardous substances in history
took place in 1984. Now, 25 years later, we re-examine how it could go wrong so
dramatically. Bit by bit, information became available from interviews and various
reports. We now have a reasonably reliable picture of what happened. After
1984 there have been other disasters involving hazardous substances. These are
generally thoroughly investigated by independent experts with extensive reports that
often are available via the Internet. At that time, it was different. The independent
TNO investigation of the LPG disaster in Mexico City was the only one published.
Unfortunately, under the circumstances we had to decide not to release such a report
for the Bhopal tragedy. An independent investigation report of the Bhopal tragedy was
never published.
Independent, thorough studies allow us to learn and improve safety. In this regard,
an interesting development takes place. The investigations are so thorough that

Independent incident investigation
Netherlands: The Dutch Safety Board (OVV) investigates accidents in various sectors, including
those with hazardous substances. The reports are public. See Annex 6: the explosion of
Warffum (2005).
United Kingdom: Independent Committee’s with varying chairmen and members. Example:
the disaster of the offshore platform Piper Alpha (1988, 167 deaths) investigated by an
independent commission led by Lord Cullen
USA: After the tragedy in Bhopal the Chemical Safety Board (CSB) was established for
independent research. See Texas disaster (Annex 6).
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the findings of many studies are similar: problems in the safety management and
safety culture. This is obvious, because they are at a high level. It is very important
that all the separate parts of a safety management system are addressed in the
investigations. Otherwise, the results will be of a too generic character and will not
get the attention they need. Routine in incident investigation would be disastrous.
However, the key to safety is precisely in the safety management and safety culture.
A strange paradox.
It is concluded that through the ‘globalization’ of independent accident investigation
and the (Internet) communication about it, the conditions under which lessons can
be learnt from incidents and safety levels can be raised do exist. We mentioned
‘conditions’. In reality, learning from incidents is not performed very well in the
industry. The direct and underlying causes of the Bhopal and Mexico City disasters
are still identified in today’s incident investigations. This is illustrated by the causes
of the more recent disasters, see annex 6. Safety requires everyone to work
conscientiously on implementation and enforcement of all elements of a safety
management system. This is clearly the responsibility of the company. The elements
of the safety management system are addressed later in this chapter.
The government has a responsibility to monitor whether the companies actually
take their responsibilities and whether the citizens and employees are adequately
protected. Just because of the different interests of the government
and the industry, independent investigation and advice is necessary.
Independent policy advice for the government
In my role as a senior incident investigator at the Dutch Safety Board a number of
years ago, and in my current role as a member of the Hazardous Substances Council
(AGS), I have experienced the importance of independence. The huge (economic)
interests in decisions about safety requires this. The need for independence is also
illustrated by the fact that resistance is constantly encountered when independent
recommendations (often for the government) are made after an incident (OVV) or for
safety policy in the Netherlands (AGS).
This is illustrated below with three issues on which the AGS advised the ministries
and Parliament. It includes topics which are decisive for the prevention of disasters,
both at source (the company) and for the citizens (through land use planning).
1. The Hazardous Substances Council (AGS) advised the ministries that for
quantified risk assessments (QRA) for land use planning, appropriate modelling is
necessary. The currently prescribed Dutch methodology does not meet the quality
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criteria as set by the AGS Board. Furthermore, internationally, more (reliable) data
on the probability of failure of (parts of) plants is required. The uncertainty is that
decisions can lead to either too large a safety/risk distance (costly) or too small a
distance (unsafe). The Hazardous Substances Council asks for a reorientation in
this respect.
2. The AGS also evaluated the relationship between the current laws, regulations,
norms and standards to assess the effectiveness of government regulations with
respect to hazardous substances (Publication Series Hazardous Substances). The
conclusion of the Board was that more goal setting rules are needed and that
the current detailed prescribed rules hinder safety rather than promote it. A more
systematic approach is required. The Board proposes that safety measures should
always be based on a systematic hazard identification and risk assessment study.
It is advised that implementation will occur within a safety management system
(see Annexes 4 and 5).
3. A major concern of the AGS is the eroding knowledge about safety activities
with hazardous substances. The advice that the council published in this area,
found support from the industry, research and education institutions and the
government. There is a need to strengthen safety education and research in the
Netherlands and internationally.
The tragedy in Bhopal had a large impact on the chemical industry in the United
States. It resulted in the creation of the Center for Chemical Process Safety (CCPS)
in 1985, in the introduction of safety management systems (OSHA) in the nineties
and the risk management program rule (EPA). In Europe, an European directive on
safety was drafted already in response to an earlier disaster: the dioxin disaster in
Seveso Italy. The next section will deal with that.
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4.2 Hazardous substances Safety Legislation in Europe in 1984
and later
The introduction of compulsory Safety Reports and safety management
systems
Eight years before Mexico City and Bhopal, the Seveso disaster occurred in 1976.
This disaster had a major impact in Europe. See the information in the box below.

Seveso dioxin disaster
In an explosion at a chemical factory in Seveso (1976), near Milan, a toxic cloud was released.
The company ICMESA - daughter of the Swiss firm Hoffman-Laroche – released 170 grams of
highly toxic dioxins. The dioxin cloud contaminated a densely populated area of one by six kilometres. People who were exposed to the cloud suffered chloracne, a severe skin disorder associated
with the dioxin contamination. There was a high fatality rate among the animals in the area. It
was decided to evacuate 736 people from the immediate vicinity of the plant and to house them
elsewhere. It is assumed that about 37,000 people were exposed to dioxins. Four percent of the
local livestock died, while another 80,000 animals were slaughtered to prevent dioxine in the
food chain. An area of 110 hectares had been fully evacuated and transformed into the Seveso
Oak Park. In two other zones, agriculture and consumption of local agricultural products was
strictly prohibited. Under the Seveso park two large concrete tanks were constructed. These tanks
were filled with the topsoil from the site - up to 40 inches deep - .The carcasses of the slaughtered animals were buried, along with the remains of the factory building (which was demolished
brick by brick) by workers in protective clothing .

The Seveso disaster was the signal for the European Union and the member states to
put regulation of safety of hazardous substances on the agenda.
The Seveso Directive
The disaster initiated an European Directive to prevent major accidents involving
dangerous substances. This Directive is still known as the Seveso Directive. The first
version of it was released in 1982. Two years before the disasters in Bhopal and
Mexico. The Directive requires companies to do what is necessary for optimal safety.
The results and details of the safety systems need to be described in a Safety Report
for the competent authority. The competent authority considers the reports when
issuing licenses to operate. The competent authority also needs to indicate how it
intends to deal with a disaster at those companies.
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The area contaminated by
dioxins in Seveso.

A second version of the Seveso Directive was released in 1996. This is called the
Seveso II Directive. Where the Seveso I Directive has industrial activity as a starting
point, the scope of the Seveso II Directive is based on the type and quantity of
dangerous substances, regardless of the activity. Compared with the Seveso I
Directive, more establishments are now subject to the Directive. The Directive is
implemented in different ways in the European Countries. In the Netherlands there is
the Major Accident Hazards Decree 1999 (BRZO). In the UK it is called the Control of
Major Hazards (COMAH) Act.
The Mexico City and Bhopal disasters contributed in the urge to modify the
Directive, so did the environmental disaster that took place in 1986 at a Sandoz
chemical storage near Basel was in important contributor. The Rhine was severely
contaminated as a result of water that was used in extinguishing the fire on the
Sandoz site flowing into the river. In the Netherlands, the Sandoz disaster led to the
development of new regulations for the storage of hazardous substances.
The Seveso II Directive and Mexico City and Bhopal
Back to the disasters in 1984. Given the above, it can be said that the awareness
of the risks of hazardous substances was present in Europe in 1984. This resulted in
the European Seveso Directive. The effect on safety, however, had yet to come.
The Bhopal and Mexico disasters have underlined the importance of a rapid
deployment of the Directive in the Member States. The lessons from the disasters
have contributed to the preparation and provision of the second version of the
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Directive (Seveso II) which appeared in 1996. It included amendments following the
fireworks disaster in Enschede (NL), the ammonium nitrate disaster in Toulouse (FR)
and the pollution and toxic sludge in a river in Romania. The main aspects of the
Mexico City disaster and the Bhopal tragedy were checked against the draft Seveso II
Directive. The aspects were divided into three main categories that are addressed in
the Seveso II Directive. It concerns the following categories:
Safety of the installation and the operation
The plants in both Mexico City and Bhopal were inherently unsafe for parts of the
design. In Mexico City with regard to the placement of the many tanks together
and the lack of instrumentation. In Bhopal it concerned the process route, the
runaway reaction safety and the unnecessarily large amount of MIC storage.
For both installations, the operation of the plant was sub-standard. Also the
safety management was not adequate. The hazards of the installations were not
effectively addressed. No risk evaluation was performed to define the technical and
organizational management measures required. At this point there was insufficient
information, insufficient awareness and lack of responsibility of the management of
the company, but also of the authorities.
Emergency management
A systematic, prepared plan to fight and manage the tragedy in Bhopal was
completely lacking. The lack of an organized evacuation plan and the lack of
knowledge about the toxic effects of MIC had dramatic consequences. The problems
with the disaster in Mexico City were at least as big as the problems in Bhopal.
Again, there was no established plan or any preparation.
Land use Planning
No ‘safe zones’ around the LPG depot in Mexico City and the MIC plant in Bhopal
were determined. Although the facilities were constructed in a relatively undeveloped
area, the residential areas soon began to grow, almost next to the installations. There
was no policy to keep a restricted “safe” zone around the installations.
In Chapters 2 and 3, the above aspects have been discussed extensively.
In conclusion, it can be stated that the introduction of the Seveso Directive in
Europe was a major leap forward in relation to managing the risks of companies with
hazardous substances. It significantly reduced the potential for a future disaster in
Europe, comparable to the Bhopal and Mexico City ones. However, the underlying
factors which played a role in 1984 are still insufficiently controlled.
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4.3 The Safety Management System (SMS)
Following the analysis of the two disasters in 1984 and the issues summarized
above, we now describe the current views of the management of safety in
installations with hazardous substances based on goal setting requirements.
The second version of the European Seveso Directive, which came out in 1996
(in The Netherlands: BRZO ‘99) is strongly focused on control of safety by means
of a coherent safety management system. This was an addition to the Seveso I
Directive. It was prompted partly by the disasters in Bhopal and Mexico and a parallel
development in the United States. The disaster with the offshore platform Piper Alpha
in 1988, which killed 167 people, was a major incentive. The detailed analysis of
the disaster by the Lord Cullen committee concluded that a coherent management
system with clear responsibilities was lacking. One of the conclusions of the Cullen
Commission was that no more rules should be introduced after the disaster. That
happened all too often in the past and was part of the problem. The Commission
also underlined the principle that more goal oriented rules should be aimed at for
the offshore industry, rather than prescriptive rules. This places the responsibility
for safety where it belongs: with the management of the installation: do whatever
is necessary for safety instead of just following the rules. This insight has since only
deepened: safety is served by a more goal oriented approach. Obviously it need to
be demonstrated that the law is followed. For that reason, the requirement for the
offshore world in the UK to prepare a Safety Case was introduced.
The seven basic elements of a Safety Management System
1. The organization and the employees
- Resources, roles

5. Planning for emergencies
6. Monitoring performance

- Competence, training and awareness
- Communications

- Performance measurement and
evaluation

2. Hazard identification and risk assessment

- Assessment of compliance

3. Control of the safe performance of work

- Learning from accidents and incidents

4. Change management: Management Of

- Registration and control

Change: MOC

7. Audits and evaluation

- Safety Objectives and programs

- Internal audits

- Planning and control

- Management review

Above, the structure and principles of a safety management system for preventing
major accidents involving dangerous substances are described. As will become clear,
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the principle is applied internationally and it looks a lot like quality systems. Each
country may have a somewhat different set-up, but the seven basic elements from
the international standard OHSAS 18001 are always included.
Mexico and Bhopal: the missing links with the Safety Management System
(SMS).
Example 1: identification of hazards and risk assessment (element 2 of the SMS)
This essential element of the SMS was certainly missing in Mexico and Bhopal. In
studies of more recent disasters (Annex 6) it was also concluded that this element
was not adequately implemented. It leads to incomplete and inadequate knowledge
of the hazards and a lack of safety. The Chemical Safety Board (USA, CSB)
concluded in a survey, that in 12 out of 23 incidents they investigated, this element
was not well implemented[25].
Generally, the requirements for this element are as follows:
Identification of hazards and risk assessment
The organization shall establish, document, implement and maintain procedures for:
• Periodic systematic identification of events that can lead to severe accidents;
• Assessing the likelihood and magnitude of the consequences of such accidents;
• Assessing the effectiveness of management measures (Lines Of Defence LOD or
Layer Of Protection LOP) to prevent the release of hazardous substances (Loss
Of Containment: LOC) and/or to ensure that the consequence of the release are
reduced.
In Annexes 4 and 5 the standard methods for carefully identifying the hazards and
evaluating risks of hazardous substances in plants are presented: HAZOP and SIL
Classification.
It is concluded that an inadequate hazard identification and risk assessment will lead
to unsafe situations and to frequent incidents and near misses.
Example 2: Systematic learning from incidents (part of SMS element 6)
PEMEX and Union Carbide had no system for learning from incidents. This is an
important element of an SMS. The CSB indicates that 5 out of the 23 incidents
examined lacked a proper incident analysis [25]. CSB: communication in the
companies with respect to lessons learnt from incidents is inadequate.
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Accidents, incidents, deviations and corrective and preventive actions
The organization shall establish a procedure for dealing with actual and potential
deviation (s) and for taking corrective and preventive measures. The procedure
should define requirements for identifying and correcting (a) deviation (s) and taking
measures to counteract the effects, including exceptions would include:
• Major accidents
• Incidents
• Near-accidents
• Faults
• The failure of control measures
Annex 8 contains illustrative incident analyses with the use of the Tripod method.
Tripod is a method to identify the underlying factors of incidents in the organization
(called: Latent Failures). More information at www.safety-sc.com. The following
Latent Failures are identified for the Mexico and Bhopal disasters.
Latent Failures in the organization of PEMEX:
• No safety management system present
• Production is more important than Safety
• No system for HAZOP / SIL studies available (see Annex 4 and 5)
• Budget / economic reasons? It is not known, but it may have been a likely factor.
One of the results was inadequate maintenance.
Latent Failures in the organization of Union Carbide in Bhopal:
• Management was not aware of the importance of safety systems. No policy at this
point.
• Non compliance with operational instructions was tolerated
• Insufficient training of operators
• No Safety Management System (SMS) present
• Economic interests were more important than safety for the workers.
• Lax attitude towards protecting the residents
Safety culture
On closer examination, most of the underlying factors mentioned above result from
an inadequate safety culture in the companies. The ten most important indicators for
the adequacy of the safety culture are described below.
For the mapping of the safety culture within a company we at the SSC use the Safety
Culture Maturity (SCM) method. This was developed in a project of the British HSE
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with the Oil and Gas Industry. The safety culture measurement is performed using
a card sorting method by the company staff. In doing so, a score is determined on
a scale from 1-5. The higher the level, the more mature the safety culture. On that
basis, depending on the level, measures can be defined to move to a higher level.

The 10 elements of Safety Culture Maturity (SCM):
• Visible management commitment
• Safety communication
• Productivity versus safety
• Learning organisation
• Participation in safety
• Health & safety resources
• Risk-taking behaviour
• Trust between management and frontline staff
• Industrial relations and job satisfaction
• Competence
A result of the scoring of the ten elements by a shift in a company is presented in
the figure below. The score is relatively low. Four elements score on Safety Culture
Maturity level 3, the other 7 elements score level 2. This gives alot of scope for
Safety Culture improvement programs.
It is concluded that each of the underlying factors of the LPG disaster in Mexico City
and the tragedy in Bhopal, are still often identified (25 years later) by audits and
accident investigations. To have an SMS on paper is no guarantee for safety. For an
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effective safety management a constant active policy is required, in which the safety
leadership is visible and credible. This is a prerequisite for a mature safety culture.
Analysis of (near) incidents is essential to reliably address the underlying factors.
Unfortunately, this is seldom done. Inspections by regulators should focus more
on the underlying factors of incidents (and thus failures of the safety management
system) than on compliance with the rules. The latter leads to safety management
that is focused on keeping the authorities happy. That is not in the interest of safety.

4.4 Land use planning: No residential areas next to the factories
Up to which distances can vulnerable housing be accepted in the vicinity of a plant
(or transport route) with hazardous substances? How many people can be allowed to
live or stay in the area?
In densely populated countries like Mexico, India and the Netherlands it is important
to set limits. Setting limits merely based on consequence distances (e.g. the limit at
which people can still die because of a BLEVE) leads to large distances . That is not
economically viable, as land is scarce. The alternative used in different countries is to
set limits to the risk level for people (not to the consequences). In other words: it is
considered acceptable that people die, if the frequency of it is low enough. The risk
acceptability criteria used for that are described in a box later in this chapter.
With such an approach for land use planning, a Quantitative Risk Assessment (QRA)
is required. Below we discuss the two risks levels to be calculated: the Location
Specific Risk (LSR) and the Societal Risk (SR).
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Failure Frequencies and - Probabilities
So far, this book has focused mainly on the impact of the release of hazardous
substances in Mexico and Bhopal. For a QRA we also need to include the frequencies
of the release of the substances and probabilities of the development of the
scenario. The latter concerns for example the risk of ignition, probability of wind
direction, etc.
Below is illustrated how the Location Specific Risk can be established for the BLEVE
of the six spheres in Mexico (see box).
The two expressions of risk
Location Specific Risk (LSR)
The LSR is defined as the frequency (per year) of (the conditions for) lethal injury
as a function of the location in the neighbourhood of an activity with hazardous
material. The frequency is calculated for a (hypothetical) person being permanently
and unprotected present at the location. The expression ‘the conditions for’ means
that the risk will only be experienced if a person is really present at that spot. In other
words, the LSR exists at a particular place and is independent of the presence of
people. Instead of a frequency, it is often referred to as the probability of occurrence
of lethal injury in one year.
Example: A LSR of 10-6 per year is equal to the probability of 10-6 of lethal injury
in one year. Also: the risk of lethal injury by being (permanently, unprotected) in a
location with an LSR of 10-6 per year is one in a million (for each year).
The LSR is usually presented as LSR contours on a map of the area of activity (see
figure below).

Figure 1: Location Specific Risk (LSR)
contours.
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The red contour in the figure is the 10-6 LSR contour. This level of the LSR is the
maximum allowed in different countries, including the Netherlands (10-6 is in law).
It means that e.g. housing is not permitted within the 10-6 contour. The calculated
Mexico LSR contour (using the Dutch method) is located at a distance of at least
400 metres, see the estimation below. This is considerably beyond the edge of the
residential area (130 metres) and also beyond the boundary of the area in which the
lethal injury occurred (300 metres, see figure 3 in paragraph 2.5).
For Bhopal, the PR contour has not been estimated. There are too many unknown
parameters. What is certain is that the slums where the victims lived fell largely
within the PR 10-6 contour.

Estimated LSR for Mexico LPG depot
• Assume that the BLEVE scenario of the spheres is the dominant scenario (shown in similar
cases)
• The 100% lethality distance from a 1,600 m3 sphere BLEVE is 325 m (cold BLEVE) or 427
m (hot BLEVE), see Annex 1. For the larger two spheres (2,400 m3 each), the distances are
not calculated. We take a distance of 400 m for each of the 6 spheres.
• The frequency of a BLEVE according to the Dutch standard (see text):

Instantaneous pressure vessel failure: 5 x 10-7 per year for 6 spheres: 3 x 10-6 per year.
Probability of ignition: 0.7.
Result: LSR = 2.1 x 10-6 per year up to 400 meter (constant). The outer circle in the figure
below has a radius of 400 meter.
Conclusion: Up to a minimum
distance of 400 meter the LSR
exceeds the acceptability criterion
of 10-6. This is on the basis of the
six spheres only. The real distance
may be somewhat larger.
Note: See the section earlier in
this comment about the validity of
the failure frequencies.
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Societal Risk (SR)
The Societal Risk (SR) is a way of presenting the magnitude of the consequences
(number of lethal injured persons) and the frequency of occurrence of these
consequences. It is a required supplement to the LSR, which is independent of the
presence of people. The SR allows us to judge the risk of the activity while taking
into account the actual presence of people in the area. In SR, the consequences
are expressed in a cumulative frequency of numbers of deaths. The Societal Risk
is the visible effect of the population density around a hazardous materials activity
(installation, transport route).
The SR is defined as follows:
The Societal Risk is (usually a graphic) correlation between the frequency of
occurrence of more than a certain number of casualties.
The graphical representation is also called an f-N curve. An f-N curve for a chemical
plant in specific surroundings is shown in figure 2.

Figure 2: Example of a graphical representation of a SR curve. The red line shows the ‘Dutch orientation
value ‘ (standard) line. It is a line that goes through the points (10-5, 10 deaths) and (10-7, 100 deaths ). In
other words (for the second point): 100 or more victims are acceptable only if the frequency is lower than
10-7 per year. The SR orientation criterion is less strictly used than the LSR criterion (in law).
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Basis of the Dutch risk acceptability criteria
Location Specific Risk: more than 1% extra risk is not allowed

Basically, anyone who lives near an activity with hazardous material may have only 1% extra risk
of lethal injury because of that activity. Reference is made to the frequency of death of young
people aged 12- 16 years. They have a death frequency (all causes) of 10-4 per year. 1% of 10-4
is 10-6 per year.

Societal Risk: 10 deaths or more are acceptable once in 100,000 years and risk aversion.

At a certain moment there was a consensus on the “anchor point” of the societal risk curve: 10
deaths / per 10-5 years. Subsequently, the risk aversion principle was applied: a 10-fold higher
number of victims is a factor 100 less acceptable. In this way, the ‘ orientation value ‘ line is
established, see the red line in Figure 2.

It is concluded that a QRA for land use planning is a necessary tool to provide
a certain protection level for residents living close to activities with hazardous
substances. By applying the 10-6 distances based on the Dutch QRA approach,
significantly fewer homes would have been present in the consequence area
in Mexico and Bhopal. The number of victims would thus have been limited. It
should be taken into account that the situation in the disaster areas (slums) was
incomparable with the Dutch situation, also in relation to licensing and enforcement.

4.5 Overall Conclusions
From a personal and factual story of the analysis of the two largest industrial
disasters in 1984, the author wanted to make the link to safety in the industry 25
years later. The link has been described on the basis of my own personal knowledge
and experience of almost 30 years in the field of process safety and hazardous
substances and incident investigation, also of more recent disasters. The conclusion
is that safety in the process industry has significantly improved over the last 25
years. An important aspect in this respect is the introduction of Safety Management
Systems (SMS) in general and as a requirement from legislation. In Europe it is
required by the Seveso II Directive and in the USA by the OSHA. It is also clear that
the external safety legislation based on a QRA ensures that the housing remains
at a ‘safe’ distance of activities with hazardous substances. This prevents people
from living next to the installations, as was the case in Mexico City and Bhopal. It
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means that disasters of the magnitude of the LPG installation in Mexico City and the
MIC installation in Bhopal are not very likely to occur in countries with this land use
planning approach.
This should not be confused with safety at the installations itself. With respect to
safety as the prevention of incidents, in some ways not that much has changed
over the last 25 year. The frequency of occurrence of scenarios with the release of
hazardous substances is still not negligible, quite the contrary. The underlying factors
of these incidents are mostly the same and comparable to the ones of the two major
disasters of 25 year ago. We need to continue to be very alert and even improve, too
many people are still killed and injured in preventable incidents. There is no reason
at all to relax. Various safety threats are growing in importance: cuts in personnel
and maintenance budgets, insufficient knowledge and experience in companies and
among the authorities, insufficient priority for safety research for new technologies
and activities, etc. The danger that authorities and companies think that safety is
‘under control’ is real. Safety by rules, regulations and procedures. However, safety
cannot be assured in this way. I know from my own experience that ‘controlling
safety’ in this way can even prove to be counterproductive. Safety assured with a
proper implemented SMS is the correct way. It requires continued attention of the
responsible managers and authorities. The authorities should not inspect the rules
and hardware, but rather focus on the effectiveness of the SMS. Safety is never
‘finished’, it is a constant struggle with many threats. The risk of new ‘Mexico and
Bhopal disasters’ has decreased indeed. Now we must ensure that the frequency
of the type of the deadly incidents in Warffum, Geleen and Texas (described in this
book) will go down significantly.
Specific Conclusions
• The ‘globalization’ of independent accident investigation and the (Internet)
communication about it creates the conditions under which lessons can be
learnt from incidents . This will not automatically lead to improved safety levels.
Companies should take their responsibilities and implement these lessons. It
requires everyone to work conscientiously on implementation and enforcement of
all elements of its Safety Management Systems.
• The introduction of the Seveso Directive in Europe and the OSHA regulation in the
USA was a big leap forward in relation to managing the risks by companies with
hazardous substances. It has reduced the potential for disasters such as the ones
in Bhopal and Mexico City significantly. However, the underlying factors of these
disasters are still not sufficiently controlled.
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• An important element of an SMS is “systematic hazard identification and risk
assessment”. In companies that don’t implement this element in an effective way,
safety is lacking for sure. The hazards and necessary safety measures are not fully
known. This will lead to regular incidents and near misses. Methods for hazard
identification and risk evaluation are described in annexes 4 and 5.
• It is concluded that the underlying factors of the LPG disaster in Mexico City
and the tragedy in Bhopal, are still often identified by audits and accident
investigations into new disasters 25 years later. An SMS on paper is no guarantee
for safety. To make it effective, a constant active policy is required, involving visible
and credible leadership. This also is a prerequisite for a mature safety culture.
Analysis of (near) incidents is essential to address the underlying factors.
• Inspections by regulators should focus more on the underlying factors of incidents
(and thus failure of the safety management system), then on the compliance of
the rules. The latter avenue would lead to safety management in a company which
is aimed at keeping the regulator happy. This would actually compromise safety.
• It is concluded that a QRA for land use planning is a necessary instrument.
In applying the acceptability criteria as 10 -6 for Location Specific Risk (LSR),
residential areas can be kept away from installations with hazardous substances.
If that principle had been applied in Mexico and Bhopal, the number of victims
would have been significantly lower.
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Annex 1: The BLEVE phenomenon,
definition and calculation
Definition of BLEVE [19]
It is more than 50 years ago that the acronym BLEVE was first introduced.
This was done in 1957 by three people from Factory Mutual Research Corporation
in the USA. They examined the failure behaviour of a storage vessel with overheated
formalin and phenol. They indicated that the vessel failed as follows: “Boiling Liquid
Expanding Vapor Explosion” Later, they more precisely stated that a BLEVE is the
failure of a storage tank into two or more fragments at a time when the temperature
of the liquid in the vessel is well above its atmospheric boiling point.
The Center for Chemical Process Safety (CCPS, USA) agrees with this definition and
clarified as follows: “a sudden release of a large amount of overheated liquid under
pressure into the atmosphere. The sudden release by failure of the vessel can be
caused by fire, mechanical impact, corrosion etc.
The definition of a BLEVE in 1957 was the start of an ongoing discussion and
research about the cause, impact and prevention of BLEVEs.
In a BLEVE, the following effects occur:
• The temporary creation of a pool of liquid. The pool will quickly evaporate,
depending on the degree of overheating of the liquid.
• Overpressure by the physical explosion (expansion of the vapour).
• The spread of fragments of the tank.
• A fire (fireball) or the emergence of a toxic gas cloud in the case of a BLEVE of
e.g. ammonia or chlorine.

The BLEVE phenomenon: what happens?
We limit ourselves to BLEVEs of flammable substances such as LPG (a mixture
of propane and butane). LPG is gas that is liquefied under pressure. At ambient
temperature, the liquid is stored at a temperature far above the atmospheric boiling
point of the LPG (atmospheric boiling point propane : - 42 °C; butane: - 0.5 °C).
The liquid is significantly overheated. When the storage tank is heated (e.g. by
a fire around the tank) the pressure (and temperature) will increase. When the
pressure rises to the set point of the relief valve, it will open and start venting. In a
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fire situation the relieved gas often ignites, resulting in a flare. If the fire reaches the
metal of the tank at het vapour space, the metal will weaken and the tank will fail.
The tank will fail at about a temperature of 600 °C (at 15 bars). By venting through
the relief valve, the liquid level drops in the tank and the vapour space becomes
larger, which increases the probability of a BLEVE. In the case of a fire around an
LPG tank, the proper functioning of the relief valve will not always prevent a BLEVE.
Another failure mechanism is a mechanical impact e.g. by a fragment of another
tank. This domino effect also occurred in Mexico City.
It is noted that a BLEVE of an underground or mounded LPG tank caused by a fire
cannot occur. A fire around the tank cannot take place.
The failure of the tank
Upon failure of the LPG tank, the pressure in the tank will almost instantaneously
drop to atmospheric pressure. At atmospheric pressure propane boils at -42 ° C. If
the ambient temperature is 20 °C, the liquid is overheated (by 62 °C). This will cause
an immediate intensive evaporation of the liquid ( “Boiling Liquid-BL) and the phenomena indicated by the other 3 characters of the acronym BLEVE: Expanding Vapor
Explosion (EVE). Together: a BLEVE.
The sudden evaporation leads to an enlargement of the volume with a factor 500 1000. The existing vapour expands rapidly. This is the previously mentioned physical
explosion. The tank disintegrates and pieces of metal are thrown into the surrounding
area. See the description for the Mexico City disaster in chapter 1.
In the case of LPG (flammable gas), the LPG will merge into one (rising) fireball
radiating an intense heat to the surrounding area. Because of the turbulence, air is
sucked into the expanding fireball evaporating more liquid and providing the oxygen
for the fire. The heat evaporates the remaining droplets. The volume of the fireball
will increase. The burning time of the fireball is (depending on the volume) in the
range of 10 to 20 seconds.
The 6 phases of a BLEVE are shown below. Thanks to the late Simon Shield [24].

The six phases of a BLEVE [24]
These stages are schematized from video observations and from data from largescale BLEVE experiments performed and reported in 1991 [24].
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Phase 1 The vessel fails, fragments are thrown around and an initial pressure wave
is created by the expanding vapour.
Phase 2 The bursting vessel releases a cloud of droplets of liquid that evaporate
adiabatically upon decrease of the pressure in the cloud. The volume
increases dramatically through this. There is little mixing with air in this
phase. The process stops when the pressure in the cloud is approximately
atmospheric. In this phase, a pressure wave can also be created by the
evaporating droplets.
Phase 3 The pressure blast of Phase 1 and 2 has left the cloud. The cloud is still
expanding, but the rate decreases by the turbulence, sucking in more air.
Phase 4 Ignition takes place in the centre of the cloud. It forms a half spherical
expanding fireball. The expansion stops at the moment that the last part of
the cloud is burnt. At that moment the fireball intensity is maximal. The air
is used for the combustion and not for the evaporation of the cold droplets.
Stage 5 The half round fireball rises and becomes a round fireball that touches the
ground. The burning will continue, but the fireball will no longer expand.
This means that the air needed for combustion is present already in the
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fireball. The fireball then rises with an approximately constant velocity and
volume. The typical mushroom shape is formed. The visible part of the fire
decreases in size because of sooty combustion products.
Distinction between a ‘cold’ and a ‘hot’ BLEVE
As previously stated a BLEVE can be initiated by a fire or a mechanical impact. The
BLEVEs in Mexico were mostly caused by a fire around the tank. In Annexes 7 and
9 a number of BLEVE cases are described. Two road tanker BLEVEs from 1978. The
one in Los Alfaques in Spain is a mechanical initiated BLEVE. The BLEVE of a road
tanker at Nijmegen (the Netherlands) was initiated by a fire. Another road tanker
BLEVE initiated by a fire occurred in Ankara, Turkey (2003). The BLEVE in Feyzin
(Annex 9) was probably a hot BLEVE (see definition below), the content of the vessel
was probably significantly heated by the long fire around the tank (1.5 hours).
A mechanical impact BLEVE is called a “cold BLEVE” and a BLEVE in a fire situation
is called a “hot BLEVE”. Note that a cold BLEVE also has a fireball when the gas is
ignited during or after the impact. Why then is this distinction important?
This distinction is important for modelling of the BLEVE, specifically the heat of the
fireball radiating into the environment. The models are used to calculate the risks
to people exposed to the intense heat radiation of a BLEVE. In the modelling, it is
assumed that a hot BLEVE takes place at a higher pressure and temperature than a
cold BLEVE. The difference is not in the size or duration of the fireball (the same for
both types) but the radiated heat. That is called the Surface Emissive Power (SEP)
and is expressed in W/m2.
Because of the fact that with a hot BLEVE additional energy is supplied, the impact
is larger. The SEP is dependent on the amount of combustible material in the fireball
(M, kg), the available heat radiation (H, J / kg), the diameter of the fireball (ϖR2,
m2), the duration of the fireball (t, sec) and the fraction of available energy actually
emitted (f, [-]). This fraction makes the difference between a cold and a hot BLEVE.
The fraction depends on the pressure at which the vessel fails. The modelling is given
below:
SEP = (f.M.H) / 4πR2T [W/m2]
The f is determined by the vessel failure pressure and thus larger for a hot BLEVE.
f = 0.27 (Pfailure/106) 0.32 [-]
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With a hot BLEVE, more energy is radiated. This leads to more serious consequences
and larger risks of lethal injury for people exposed.
Dimensions of a BLEVE of a Mexico LPG sphere
The table below shows the calculation results of BLEVE of one of the four LPG
spheres with a capacity of 1,600 m3 of the PEMEX LPG depot in Mexico City. The
contents of the sphere (filled to 85%) are 735,000 kg.
Vessel failure condities

Temperature 20 oC

Temperature 65 oC

fireball data

Pressure 5.7 bar

Pressure 25 bar

Fireball data diameter (m)

261

261

Fireball duration (sec)

29

29

Height of the fireball (m)

522

522

2

SEP (kW/m )

329

400

1% lethal injury distance

1116

1239

10 kW/m2, 9 % lethal injury distance (m)

951

1063

35 kW/m2, 100 % lethal injury distance (m) 335

427

Difference between ‘cold’ and ‘hot’ BLEVE . Relationship between the heat radiation (kW/m2) of the
fireball and the distance from the fireball at ground level (1 m height). On the left: a BLEVE with a
failure pressure of 5.7 bars (20 oC, “cold BLEVE”) and on the right a failure pressure of 25 bars (65
o
C, ‘hot BLEVE “).

Conclusion for Mexico City:
Compared with the lethality distances (fatal injuries) in Mexico City, the calculation
model significantly overestimates these distances. See also chapter 2.

25 years later • The two largest industrial disasters with hazardous material

119

Annex 1

Fireball of a road tanker
For comparison purposes, we show a calculation for a much smaller BLEVE, from a
road tanker.
In [9] an example is given of the calculation of the fireball radius, the duration of the
fireball and the height of the fireball from a BLEVE. These are the same for a hot and
a cold BLEVE.
The example concerns a BLEVE of a road tanker containing propane (capacity of
tank 45 m3). With a filling degree of the tank of 85 % the tank contains 38.25 m3
propane. With a density of 517 kg/m3 of the propane in the tank, the weight is:
19,775 kg.
The fireball diameter
D = 6.48 x 0.325 m = 3.24 x 19775 0.325
D = 162 m
The height of the fireball:
H = D: 162 m (measured from the centre of the fireball)
The duration of the fireball
t = 0.852 x m 0.26
t = 11.15 s.
Heat radiation
The SEP used is 280 kW/m2. This leads to a thermal radiation at a distance of 200
metres from the fireball of 20 kW/m2.
Percentage of lethal injuries
Calculation of the percentage of the exposed people that suffers from lethal injury:
(model from [10]}
Pr = -36.38 + 2.56 In (t.q4/ 3)
t = exposure time in seconds (20)
q = heat radiation in W/m2
Pr = Probit, using Table 5 in section 3.6.
The calculated Probit (Pr) is 5.12. From the table it appears that the percentage
lethal injury is 55%.
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In other words: When a BLEVE of a road tanker occurs, 55% of the people exposed
to the heat radiation from the fireball at a distance of 200 metres will not survive.
It is noted that (as indicated in this book) the Mexico study has shown that the
consequence model (Probit) is very conservative (overestimates). Compare the
photos of the BLEVE of the tanker in Ankara (see Annex 7). It is unlikely that lethal
injuries occurred at a distance of 200 metres.
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Annex 2: External pressure relating
to the Bhopal investigation

This Annex provides two examples of the increasing pressure on the TNO investigation
to release the report of the Bhopal study. It became increasingly clear that Union
Carbide wanted to use the report in the current case and tried to influence us. Also,
the USA press were chasing us for the report. See the letter from a journalist in this
annex. It was because of these signals that we decided not to issue a report.
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Memo (handed over to us by UC):
The memo refers to the study which had been initiated by Union Carbide for the legal
proceedings and was intended to show that no water from the Process Vent Header
did enter the MIC tank. A hole was drilled at the lowest point. There was no water
or anything else. The exercise took place in the presence of CBI (Central Bureau
of Investigation, India). This information was used by Union Carbide to support the
sabotage theory “this was not the route of the water, it must have been an act of
sabotage”.

Above a letter from a journalist from the USA. He shows to be very disappointed, he
wants the TNO report, because he had sent some photos, so now we should send
him our report. “I felt that I was much nicer to you than you were to me”
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Annex 3: Original logs sheets from the
Bhopal plant

Supporting “evidence” that Union Carbide used for the sabotage theory. Kalelkar [12]
says the following:
“This effort to search the records brought to light further evidence of attempts to
cover up the story. For example, the time of the occurrence had been altered in log
after log to reflect the incident occurring at a different time than had initially been
recorded. This was true of the foam tender log, the assistant security officer’s log,
the utilities log and the stores register”
Copies of most of those logs
were handed over to us by UC
during their visit to our offices.
Below a copy of the “assistant
security officers log” and
the log of the MIC transfer
to the unit Sevin at 23:30
hours. That transfer was not
necessary and also unusual.
UC sees this as support for
the fact that people already
knew that there was water
in the tank. The fact that the
tragedy was caused by water
in the tank was something
that UC and the Indian
government did not know until
much later, after thorough
examination and analysis of
the reaction products in the
tank. However, UC claims
that the operators knew it
immediately.
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The log of the MIC of December 2, 1984 transfer to the unit Sevin. See the circled part.

126

25 years later • The two largest industrial disasters with hazardous material

Annex 4: HAZOP: systematic hazard
identification

Safety of industrial plants starts with a ‘safe’ design. To determine whether a design
is safe enough, all potential hazards need to be identified. This should be done in as
exhaustive a way as possible. Consequently, the risks12 should be assessed of the
scenarios identified. In this annex, the most common risk identification technique for
process installations, the HAZOP method, is described. The HAZOP method is defined
in the standard IEC 61882.
The HAZOP method was devised by the chemical company ICI and was first described
in an article by H.G. Lawley in 1974. HAZOP stands for “Hazard and Operability”. It
is a systematic brainstorm method with a qualified team based on the up to date
technical drawing of the plant (P&ID). The consequences of the hazards identified
need to be recorded. Whether the risk is acceptable needs to be evaluated with
the SIL classification method (see Annex 5). If the risk is judged as too high, the
risk needs to be reduced with a safety system. For example, an automatic tank
overfill protection system. The acceptability criterion needs to be defined, either
by calibrating a risk matrix or graph. In the LOPA13 method, the criterion should be
defined explicitly.

12
13

The risk of a hazard: the likelihood of occurrence of the hazard related scenario and the consequences of it.
LOPA: Layers Of Protection Analysis
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Method
The HAZOP methodology starts by partitioning the technical drawing in logical, easy
to handle parts. These are called nodes. See the figure below, nodes 1-4. For the
nodes, possible deviations of process parameters from the design values and their
causes are identified and recorded. The next step is to identify and describe the
potential hazard of the deviation. Then the existing safeguards are discussed and
assessed with respect to the effectiveness. Recommendations may be made to
improve the design, including safety, if necessary.
The deviations are identified in a systematic, brainstorm way with the use of
‘guidewords’ applied to process parameters. The guide words are applied to the
following key process parameters:
•
•
•
•
•

Flow
Press
Temperature
Level
Composition

Guide Word
More

Meaning

Examples

Qualitative growth parameter

‘more’ pressure (higher pressure than
design), more flow etc

Less

Qualitative decrease parameter

‘Lower’ level in a tank

As well

additional activity

Adding substance A “and” substance B

Part of

Part of the design goal is achieved

(instead of only substance A)
‘Partial’ composition, with one missing
component
Reverse

Unlike

the inverse of the design goal

‘Reverse’ flow

Completely different activity takes place “Unlike ‘fluid flow, would be gas for
example

Performance of a HAZOP study
The quality of the HAZOP study is determined by the quality of the team (knowledge
/ experience) and a professional performance, monitored and facilitated by an
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experienced HAZOP leader. The necessary knowledge and related disciplines should
form part of the team. The composition of the HAZOP team looks roughly like this:
•
•
•
•
•
•

Chair / HAZOP team Leader
Secretary
Process Engineer / Engineer
Safety expert
Instrumentation engineer
Process Operator

Example HAZOP sheet: Overfilling of an LPG sphere, Mexico City
The guide word / parameter combination ‘more’ and ‘level’ is used below as a simple
example of a HAZOP documentation. This concerns the overfill problem of the
spheres in Mexico.

Process & Instrument Diagram (P & ID) of the plant (sphere) storage
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No. node.: 1.01 Filling of LPG sphere from the pipeline

Session date: 19 November 2009

Node description:
LPG is supplied via an underground pipeline to the sphere with a capacity of 1,600 m3. The
maximum fill level is 85% full. The pump in the underground pipeline has a maximum pressure of
26 bars.
The design pressure of the sphere is 18 bars. The burst pressure is 35 bars. Leakage to the
gaskets and plastic deformation of the tank takes place at 25 bars.
The set pressure of the relief valve on the sphere is 18 bars.
Filling the sphere is done by an operator according to the instructions. He will set the amount
to be charged and check every hour during filling, recording the level. At 85% filling there is an
alarm. It takes more than 2 hours before the sphere is 100% full and the full pump pressure will
be at the sphere.
Studied documents: Piping & Instrument Diagram (P & ID).
Team members: S.C. Huerta, A.L. Garcia Luna, T. Cox, R. Vis van Heemst, S. Paauwe,
A. v Eijnatten
DEVIATION
Guideword +
parameter

CAUSES
Of the deviation

CONSEQUENCES
For unprotected
installation

SAFEGUARDS
Already present

More Level

• Incorrect
assessment of
the space in the
sphere, quantity
set incorrectly.

The sphere will be
overfilled (more
than 85% full).

• hourly level
registration

• Level
instrumentation
fails. Operator not
aware.

Hazard: sphere
100% full with
maximum pump
pressure at the
sphere (26 bars).
The design
pressure (18 bars)
will be exceeded,
the relief valve
blows to a “not
safe” location and
leakage at the
flanges (gasket
blown out).

[1] perform a
SIL Classification
for the overfill
• High level alarm scenario and
at 85%. Two
install an
hours available
automatic overfill
for operator to
protection system
stop the filling in
(see annex 5)
time.
• the relief valve
is no safeguard
for this case.
Insufficient
capacity.

Vapour cloud
development and
BLEVE potential.
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[2] Improve
the reliability
of the level
measurement
system. (sulphur
problems in
Mexico City, see
chapter 2)

Annex 5: The SIL concept, applied to
Mexico: How safe is safe
enough?
The “SIL Concept” for the process industry
International Standards IEC 61508 / 61511
To what extent should an installation with hazardous materials be safeguarded?
Should an overfill protection system that automatically stops the flow to the LPG tank
be installed (Mexico City)? If so, how reliable should it be?
Should it be required to safeguard the temperature of the MIC in the tank in Bhopal?
Should it be designed with redundant components? What is safe enough? Too much
safety is not always good, it can even be counterproductive. The above standards
provide answers to these questions.
As mentioned in the Standards, it is important to first perform a systematic hazard
identification study (HAZOP, see annex 4). What can go wrong, when will a Loss Of
Containment (LOC) scenario occur? The HAZOP identified scenarios are the starting
point of a risk analysis:
• How safe is safe enough? IEC standard: it depends on the hazards of the
substance that can be released in a given scenario.
• How safe is safe enough? IEC standard: it depends on how likely it is for that
scenario to occur.
The IEC standards prescribe a ‘risk based approach’. It means that a risk analysis
needs to be performed: determine the consequences of the release of the hazardous
substance and determine the likelihood or frequency of the release. Risk is a
combination of consequence and frequency.
The next step is to determine what risk level is acceptable. This requires a
comparison with a risk acceptability criterion. This comparison results in a necessary
risk reduction. This is expressed in a Safety Integrity Level (SIL).
We have now answered the question ‘how safe is safe enough?’ If this SIL risk
reduction is implemented with a Safety (Instrumented) System of the required SIL,
then the risk of the scenario is low enough. Or in other words: ‘safe enough’.
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Risk analysis: SIL Classification
According to the IEC standards, for each LOC scenario identified as potentially
hazardous in HAZOP study (Annex 4), a risk analysis needs to be performed. The
risk analysis method is not prescribed in the Standards. Some companies use a risk
matrix, others a risk graph and still others use the LOPA method (Layers Of Protection
Analysis). Each method has its advantages and disadvantages. The pitfalls should be
avoided.
Below, a SIL classification example is given for the scenario ‘overfilling of an LPG
sphere’, this is what happened in Mexico City. Both the risk graph and the LOPA
method will be used.
The scenario is identified by the HAZOP team (see Annex 4). The risk of this scenario
is subsequently determined by SIL Classification.
Question: What is the necessary risk reduction for the overfill scenario for the LPG
spheres in Mexico City?

The sphere is filled with LPG from an underground pipeline. The bottom valve is closed (no removal of LPG).
See drawing in annex 4.
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Description
• The contents of the sphere is 1,600 m3. The sphere is allowed to be filled to a
maximum of 85% vol. If that level is reached, an alarm is given in the control
room. The operator has at least 2 hours after the alarm is sounded before the
sphere is completely filled.
• The operator presets the flow controller with the maximum quantity to be filled
(left on the drawing). The valve is closed automatically when the preset amount is
reached.
• If this fails, the sphere will be completely filled, the full pressure of the booster
pump in the underground pipeline will be on the sphere. This leads to initial leaks
at the flanges (gaskets). The sphere can even fail. The Mexico scenario: a leak at
the flanges, a vapour cloud, ignition, fire and BLEVEs. See chapter 2.
Method 1: SIL classification of the overfill scenario using the Risk graph

C1
P1

F1
P2
C2
P1
F2
P2
F1
C3
F2
C4

W3

W2

W1

a

-

-

1

a

-

2

1

a

2

1

a

3

2

1

3

2

1

4

3

2

na

4

3

Figure 1: The risk graph.
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Each parameter of the risk graph needs to be assessed by a qualified team. After completion, this
will result in a risk of (SIL) to 1 (SIL) 4. SIL: Safety Integrity Level. It is noted that SIL a (see figure
2) is a relatively low risk with no specific requirements for the safeguard. All other SILs need to be
implemented in an Safety Instrumented System (SIS), which is independent from control. The figure
also shows ‘na’, “not acceptable”. This means that the risk is so high that redesign of the process/
installation is required. The risk graph must be calibrated to reflect the acceptable risk levels as
defined by the company.

Short description of the parameters (for symbols see the risk graph):
Consequences:
- C1 Light injuries
- C2 Serious injuries and / or one dead
- C3 Multiple deaths
- C4 (disaster) Large number of deaths

Presence of people:
- F1 in the hazard area, less than 10% of the time someone is present
- F2 in the hazard area, more than 10% of the time someone is present

Escaping:
- P1 in more than 10% of the cases escaping is possible.
- P2 In less than 10% of the cases escaping is possible

Frequency of the LOC scenario:
- W1 A relatively low frequency
- W2 The default frequency for the failure of the control system and operators
- W3 A relatively high frequency (through better design try to go to W2)

By using the risk graph a SIL is determined. The SIL concerns the reliability of the
Safety Instrumented System (SIS) : the maximum Probability of Failure on Demand,
PFD. The PFD also represents a risk reduction factor:
Risk Reduction Factor (RRF): 1/PFD
See Table 1.
An example for SIL 2:
SIL 2 means that the identified risk level should be reduced with a factor 100 to
1000. The risk reduction is implemented with a SIS. The PFD of the SIS should be
between 0.001 and 0.01.
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Safety integrity level (SIL)

PFD

Risicoreductie factor (RRF)

(voor lage aanspreekfrequenties)
4

10-5 < PFD < 10-4

10.000 < RRF < 100.000

3

-3

10 < PFD < 10

1000 < RRF < 10.000

2

10-3 < PFD < 10-2

100 < RRF < 1000

1

-4

-2

-1

10 < PFD < 10

10 < RRF < 100

Table 1 Safety Integrity Levels (SIL) with PFD and RRF.

Applying the Risk graph
The consequences of a BLEVE were dramatic in the area in Mexico City as we have
seen. In the risk graph this will certainly be a C4. With C4, selection of F and P is
not possible. The idea behind this is that C4 consequences are so far-reaching that
people are always present in the large area and that escaping is impossible. The
next parameter to select is the frequency factor W. We select W2. This is the default
for failure of the control system, including the operators. It could be considered to
change to W1 because of the two hours availability between the high level alarm at
85 % full and 100 % full. However, if the alarm fails, no action can be taken. We
stick to W2.
Results
The risk analysis with the Risk Graph results in SIL 4. The overfilling is an extremely
high risk. This means that the risk of overfilling (without an independent overfill
protection with a SIS) should be reduced with more than a factor of 10,000. This
is extreme and undesirable. At SIL 4 (preferably already for SIL 3) redesign of the
installation and the control system is desired. Designing an installation that has such
a high a risk (that apparently needs to be ‘fixed’ with a SIL 4 SIS) is a poor design
practice. It makes it vulnerable to human error.
It is noted that no credit is given to the existing sprinkler system. A sprinkler system
with sufficient capacity, can possibly delay and prevent a BLEVE. The Mexico study
showed that the capacity of the sprinkler system was inadequate. Moreover, the
reliability of the water supply was very low: the above ground water piping failed
shortly after the fires started.
Redesign for Mexico case
• It is clear that this installation could not stay at its location after the residential
area had come so close. It means that there should have been a fundamental
relocation: either move the depot to another location or move the residents from
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the area. Let us assume that in that case we can select in the risk graph: C3 and
F2 (people in and around the depot more than 10% of the time available). The
result is SIL 3. As said, this means that it is preferred to take improvements in
the design with a preferred result of SIL 2. This could be done e.g. by installing a
second, independent level high level alarm. With this alarm installed, credit can be
given to the fact that there is ample time for the operator to stop the overfilling. It
means that we select W1 and therefore the result is a SIL 2.
• So even with the independent level alarm and the residential area at a larger
distance, the risk still needs to be reduced with a factor of 100 to 1000. This
means that an overfill protection SIS must be installed that automatically stops
the filling of the sphere. The PFD should be in between 10-2 to 10-3 (see table
1). In other words: once in a 100 to 1000 times that security is addressed (by
high level), the security is allowed to fail. It means that the risk is not zero, but is
reduced to an acceptable low level.
Result: the overfill protection must meet the requirements from the IEC 61508/
61511 standards for SIL 2.
Method 2: SIL classification with the LOPA method
The Layer Of Protection Analysis of LOPA method is a relatively recent method that
has its origin in the USA. Companies like BP and Dow use LOPA. The CCPS (Centre
for Chemical Process Safety) has issued a “standard” on LOPA [26].
What is the difference between LOPA and the risk graph (or risk matrix) method?
Below the LOPA method is briefly introduced and compared with the risk graph
method.
Risk acceptance criterion: how safe is safe enough?
The risk acceptability criterion is hidden in the risk graph (as mentioned: it is in the
calibration of the graph). Contrary to the Risk Graph method, LOPA requires that the
risk acceptance criterion is explicitly defined for the different consequence categories.
For example, a scenario that can cause fatal injury to a person and / or serious
injuries to several people is acceptable only once every 10,000 years (10-4/yr). The
SIL level (risk reduction factor) is the difference (the gap) between the risk of the
scenario and the acceptance criterion. This is a simple equation:
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(Risk of the scenario) * (RRF of the SIS) < (Risk Acceptance criterion)
The relationship between RRF and the SIL is shown in table 1. Because the RRF can
be completed through various safety measures (Layers Of Protection), it is called
LOPA. One of the major pitfalls of LOPA is that credit is given to safety measures
which are not independent of the scenario. A measure is called an Independent
Protection Layer (IPL). The figure below shows how the IPL’s actions will reduce the
frequency of the consequences.

e.g. SIL safety system
IPL 1

IPL

2

IPL

3
Consequences occur

Safe situation

success
Initiating Event

success
success
failure
failure
failure

Impact
Event

Frequentie

Undesired, but
acceptable
Undesired, but
acceptable
Consequences
occur with
acceptable
frequency

IPL: Independent Protection Layer

Figure 2: Diagram LOPA

The LOPA method is illustrated, again for the Mexico City overfill scenario. See also
the HAZOP (Annex 4) and the SIL classification using the Risk graph above.

25 years later • The two largest industrial disasters with hazardous material

137

Annex 5

Scenario description: The overfilling of the sphere resulting in a large leak and
escalation to a BLEVE.
The overfilling of the LPG sphere has the following cause (see HAZOP):
• Operator mistake, incorrect setting of the quantity to be filled (too high).
• The company indicates that the acceptance criterion for multiple deaths is 10-6
per year.
The SIL determination by LOPA follows these steps:
Step 1: Determine the frequency of occurrence of the initial cause
Step 2: Determine whether the frequency of the scenario can/should be reduced
Step 3: Determine the possible safeguards and associated PFDs
Step 4: Check the resulting frequency with the acceptance criterion.
Step 5: The PFD of an automatic overfill protection (SIS) is the result. The SIL can
then be taken from table 1.
Data from the CCPS LOPA book [26] are used in this example. See the appendix to
this annex.
Step 1: Frequency of occurrence of the scenario
The initial cause is an operator error. From the table in the appendix we choose:
“Operator error, routine, no stress, well trained, not tired.”
This results in a failure probability of 0.01 per occasion that the operator fills
the sphere. If we assume that the sphere is filled once a week, the frequency of
overfilling per year is as follows (no “layers of protection):
F = 50 x 0.01 = 0.5 per year
Step 2: Determine whether the frequency of the scenario can/should be reduced
Correction factors for the frequency (see factors in the appendix):
A correction for the frequency of occurrence of the impact of the scenario is possible
in the LOPA method. For example: the situation that people are present only part
time (‘occupancy factor’). For the Mexico City case, only the factor ‘time at risk’
is relevant. Assuming that the overfill scenario only occurs during or within 24
hours after filling then the Ptr = 50 x 24 / 8760 = 0.14. The other factors are not
applicable. People are always present in the residential area. The resulting gas cloud
has a high ignition probability, Pi = 1 is adopted here. The ignition probability is not
reduced. The same holds for the risk of lethal injury (‘vulnerability factor’).
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Step 3: Determine the possible safeguards and associated PFD’s
The “Layers Of Protection” (safeguards) that are present:
1. The hourly level check (level measurement nr. 1, is not on the drawing).
2. High level alarm (level measurement nr. 2, see the drawing, must be separate
from measurement nr. 1)
3. Automatic overfill protection SIS (via level measurement nr. 3: separate from the
measurements 1 and 2).
The PFD of the safeguards can be found in the table in the appendix. For level
measurement and operator action after the high level alarm, the failure rate of a
control loop is used: PFD = 0.1. There is enough time to stop overfilling.
Step 4: Check the resulting frequency with the acceptance criterion
What should the SIL be of the automatic overfill protection system (SIS)?
We compare the overall frequency of occurrence of the large number of victims
with the frequency required by the acceptability criterion. A necessary further risk
reduction factor (RRF) will be the result:
(Frequency of the scenario correction factor ) x (PFD of the hourly
measurement and action, measurement 1) x (PFD high level of alert and
action, measurement 2) x (PFD of the overfill protection SIL) < (Risk Acceptance
criterion)
This is an equation with one unknown: the PFD of the overfill protection SIS:
0.14 x 0.5 x 0.1 x 0.1 x PFD overfill protection < 10-6
PFD overfill protection <10-6 / 7.10-4
PFD overfill protection <1.4. 10-3
This is a SIL 2 protection with a RRF of 714. See Table 1.
Conclusion: An overfill protection system (SIS) needs to be designed that meets the
requirements associated with SIL 2 from the IEC 61508/ 61511 standards.
According to the IEC standards, it must be explicitly verified whether the SIS complies
with the SIL 2 requirements. This is performed in the next paragraph.
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SIL verification of the SIL 2 requirements for the overfill protection
The SIL 2 SIS should be designed to meet the requirements of SIL 2. This should be
verified and documented. See also [27].
Four criteria need to be verified:
SIL verification criterion 1: The safety system should be functional.
It means that upon operation of the SIS, the undesirable scenario must always be
prevented. For example, for an overfill protection it must be ensured that all possible
supply pipes to the sphere are closed.
SIL verification criterion 2. The SIS should be independent of the control system.
It means that there should be separate level measurements for the SIS. Separate
from the present measurements and alarm connections.
SIL verification criterion 3. The components of the safety system must meet the
architectural requirements of the appropriate SIL.
The IEC standards indicate whether a single or redundant component should be
used. That depends on the complexity of the components, the experience with the
components and the relationship between so-called “safe failures” (unnecessarily
intervention of the SIS) and “dangerous failures’ (SIS does not operate in an overfill
situation). This is included in table 2.
Required redundancy
For SIL 1

For SIL 2

For SIL 3

transmitter

1

2

3

SIL certified transmitter

1

1

3

Industrial PLC

acceptable

not acceptable

not acceptable

SIL 3 certified transmitter

acceptable

acceptable

acceptable

Valve with actuator

1

1-2

2-3

Table 2: Architectural constraints

Depending on the type of components that will be used, a single or dual transmitter
should be used for the SIL 2 overfill protection SIS.
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SIL verification criterion 4. The SIS must have a sufficiently low probability of failure
(PFD).
The PFD of the SIL2 overfill protection must be below 10-2 (table 1).
PFD values are preferably calculated using specifically developed software (Markov
modelling or fault tree analysis). To determine the PFD we need to have the failure
rates of all components of the SIS. Failure data can be derived from SIL certification
reports, the OREDA/SINTEF database, FMEA reports (Exida) or be determined by the
plant owner. If blockage of impulse lines is likely, it should be included in the failure
rates. The media type (e.g. fouling or aggressive) is important for the selection of the
failure rate of valves. Also a requirement for “tight shut-off” of the valve needs to be
taken into account.
Each SIS need to be tested periodically. If the quality and completeness of the test
is not 100%, it needs to be expressed by the proof test coverage factor PCF. This
depends on the complexity of testing, the prepared test instructions, the competence
of the tester and the detail of testing.
In SIL verification, constant failure rates are assumed. It is also assumed that
instruments are calibrated on time, maintained or replaced.
The practice is not that ideal of course. If the assumptions do not reflect the reality,
higher failure rates may need to be used.
Proof test procedures should be carefully prepared. The closing of a valve is relatively
easy to test. Testing the tightness of a valve is difficult. How do you test the pressureto-power conversion of a transmitter?
It is good practice to include the principles for maintenance and periodic testing
during the engineering phase.

I
I

Safety PLC

I
I
Level
transmitters
LT-1/LT-2

Instr.
air

Isolators

XV-1

XV-2

Figure 3: The design of the SIL 2 overfill protection of the LPG sphere.
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Figure 3: The design of the SIL 2 overfill protection of the LPG sphere. The safety system is
redundant, both for the sensors (LT-1 Level measurement / LT-2) and for the valves (XV-1 / 2-XV).
Closing the XV valves stops the flow to the sphere and prevents overfilling. Other components
are: isolators, solenoid valves and a safety PLC. The PLC provides a signal to the solenoids. This
relieves the air pressure from the valves and the valves close.

Below, the “Probability of Failure on Demand” (PFD) is calculated for the overfill
protection of the LPG sphere in Figure 3. It will be checked if the PFD meets the SIL
2 criterion of less than 10-2. See table 1.
Probability of failure calculation
Component failure rates from the SIS in figure 3. Note λDU is the Dangerous
Undetected failure rate.
Components

Failure rates

Source

Level transmitter (LT-1/ LT-2)

Sintef

Isolator

λDU = 6,0 . 10-7 / hour
λDU = 1,5 . 10-7 / hour

PLC

PFDPLC= 2,0 . 10-4

TÜV certificate

Solenoid valve

λDU = 9,0 . 10-7 / hour
λDU = 2,1 . 10-6 / hour

Exida

(based on 4-yearly testing)

Valve and actuator (XV-1/ XV-2)

Sintef
Exida

To determine the PFD of the redundant systems, the following formula
(approximation) can be used:
PFD ≈ 1/3([1- ß] · λDU) ² · T ² + ß · ½ λDU · T
T is the test interval (in hours) and ß is the Common Cause Factor for redundant
systems. For the test interval T we take 4 years and for ß we assume 5% (in 5% of
the cases that one of the two components fail, the other will also fail).
Calculation:
PFD1oo2 transmitters ≈ 1/3([1 – ß] · λDU) ² · T ² + ß · ½ λDU · T =
0,33 · (0,95 · 6,0 · 10-7)2 · (4 · 24 · 365)2 + 0,05 · 0,5 · 6,0 · 10-7 · 4 · 24 · 365
= 6,6 . 10-4
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Result: PFD1oo2 transmitters = 6,6 · 10-4
The other PFDs can be calculated in the same way. The PFD of the PLC has been
given (see table above).
The PFD of the complete SIS in figure 3:
PFDSIS = PFDtrans. + PFDisolators + PFDPLC + PFDSol.valves + valves = 8,7 · 10-3
Result: PFDSIS = 8,7 · 10-3
Conclusion: The PFD is lower than 10-2 and therefore satisfies the PFD requirement
of a SIL 2 safety system.
Summary
Using a risk analysis we determined that the risk of overfilling the sphere is at least a
factor of 100 too high. The two independent level measurements and alarms on the
sphere have already been taken into account in the risk analysis.
To achieve the necessary risk reduction factor, an automatic overfill protection system
(SIS) has to be installed that is designed according to the SIL 2 requirements. This
SIS needs to be independent of the other systems (level measurement, valves etc.)
Risk analysis methodology
The IEC 61508 / IEC 61511 standards requires that risk analysis be performed. A
risk graph, a risk matrix, fault trees or the LOPA method can be used. In this annex,
we have used both the risk graph method as well as the LOPA method for the same
LPG sphere overfill scenario. With both methods we arrived at SIL 2. However, it is
not straightforward that using different methods will lead to the same result. Mostly,
that is not the case.
An advantage of the LOPA method is that the various causes and safeguards are
explicitly visible and determine the result. At the same time, this is a potential
problem: it may give too much credit to e.g. an operator action. The risk graph
method works more in orders of magnitude and consensus among experts in the SIL
team. Given the uncertainties, this may be a preferable method in some cases.
It is concluded that both methods can be used. In all cases, the knowledge and
experience of the people performing the risk analysis will determine the quality of the
outcome.
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Appendix 1: LOPA tables

AEF: Acceptable Event Frequency (yr-1)

Consequences (Safety)
Minor (only ‘first aid’ injuries)

10-1

Serious: one or more serious injury/ 1 fatality

10-3

Major: 2-10 fatalities

10-6

Catastrophic: > 10 fatalities

10-8

Initiating Cause (IC)

Frequency of failure (yr-1)

Control loop failure

10-1

Operator error, low stress

10-1 / opportunity

Operator error, high stress

1/ opportunity

Operator error, routine, no stress, well trained, not fatigued

10-2 / opportunity

Gasket blow out

10-2

Pump seal failure

10-1

Heat exchanger tube failure

10-2

Crane load drop

10-4 / lift

Piping leak, 100m, 10% section

10-3

Protection Layer

PFD

Relief valve/ rupture disc

10

Control System

10-1
-2

Important factors: service/ inspection
If not connected to the event
-1

SIS SIL1

10 to 10

Etc. for other SIL (see IEC 61511)

Human action with 10 min time

0,1- 0,5

Simple action, with clear initiation

Human action with 20 min time

0,1

Simple action, with clear indication

Dike/ bund

10-2

For tank overspill events

-2

Flame arrestor

Frequency modifiers
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Remarks

-2

10

Properly designed and maintained

Factor

Remarks

Time at risk

Ptr= time at risk/ total time

Occupancy factor

Pp= time present/ total time

Only valid if presence is random

Ignition probability

Pi= 0,1 -1 (large releases)

See handbooks

Vulnerability Factor

Pv: % lethality

Calculate/ handbooks
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Annex 6: Three more recent disasters
and safety management

To what extent are the safety problems of Mexico City and Bhopal relevant for the
situation now? To answer this question, we will briefly highlight three more recent
disasters in this annex.
The investigation of the disasters described below were independent. There were
hardly any independent incident investigations in 1984. The TNO report on the
Mexico LPG disaster was the only independent report published. Unfortunately,
PEMEX never wanted to comment our report. For the Bhopal tragedy no independent
investigation has ever been published. There is a report by the Indian government
[3], but that is more about the chemical reactions that occurred in the MIC tank.
Moreover, the government of India cannot be considered independent in a situation
like this.

Geleen (NL), 2003 Explosion
On April 1, 2003, an explosion in an oven occurred at DSM in the Netherlands. 3
people standing on top of the oven did not survive the explosion. The incident was
investigated extensively by the authorities and the company itself. The study did
get an independent character because the Tripod analysis (annex 8) was facilitated
externally. The results of the investigation were published by DSM so that lessons can
be learnt by others as well.
Description of the incident
Maintenance was going on in the Melamine plant. Because of that, no heat was
needed in the factory and the oven could be switched off temporarily. This allowed
some maintenance to be performed on the oven itself. A cross section of oven and a
P&ID diagram of the fuel system and the safeguarding are included in the figures on
the next page.

25 years later • The two largest industrial disasters with hazardous material

145

Annex 6

The oven has been in operation since 1999. The melamine production takes place in a reactor
at a temperature of about 400 o C. The reactor temperature is maintained with hot molten salt
heated in the coils in the oven through which the salt is pumped. On top of the oven there is a
gas burner , which is fired by fuel gas and natural gas. The flue gas flows between the coils and
leaves the oven trough the air preheater (LUVO) and the stack to atmosphere.

P&ID of the gas firing of the oven. Translation 3 Dutch words:
‘Aardgas’ is ‘Natural gas’; ‘Stookgas’ is ‘flue gas’; ‘Aansteek gas’ is ‘ignition gas’

146

25 years later • The two largest industrial disasters with hazardous material

Annex 6

Because of the maintenance work, the gas supply to the furnace was closed, the
piping was made gas free and the air blower was switched off.
During the maintenance work, three people were working on top of the oven. Around
12 o’clock, the work was finished off by replacing some insulation on top of the oven.
Safeguarding of the oven
When the oven is started up, the oven and air pre heater (LUVO) are flushed with
air for some time (at least 5 minutes) using the air blower (K2001). After the
specified time has elapsed, several checks take place, including one with regard to
the tightness of the valves. Consequently, an ignition burner is ignited electronically
which then ignites the main burner. The gas supply will stop automatically if the flame
indicators indicate that there is no flame. In that case, the valves (XPV 2051 and
2052) will be closed. The oven start up procedure must then be repeated. The air
blower will continue to operate.
Incorrect start-up of the oven
After finishing the maintenance/ cleaning process of the components, the oven could
be started up again. The gas piping was opened. As required, the piping was flushed
with nitrogen to the oven, to create an inert atmosphere. This can only be done
after having put the XV safety valves in an open position. That can only be done by
overriding the safety system. However, the override was not cancelled after the work
had been completed. The valves therefore remained in their open position. In that
case, opening the gas supply valve caused natural gas to flow into the oven.
Natural gas in the oven, no safeguarding
As a result, around 12.15 hr, in about two minutes about 26 m3 of natural gas was
supplied to the oven. The gas is only partly mixed with air, so the concentration is
outside the explosion limits and was not ignited. However, it can not be excluded
that locally an explosive mixture did exist. Then the blower was started to prepare for
the start up procedure. The blower supplied air to the relatively hot gas / air mixture,
allowing the mixture locally to reach the explosion limits and to be ignited. This was
the final step in a series of events.
The ignition of the explosive mixture is probably caused by the hot surface of the
oven stones (oven wall protection), possibly in combination with spontaneous selfignition in the immediate vicinity of the hot stones. An explosion occurred, which blew
off the top cover of the oven. This fell back at an angle of about 45 degrees, causing
the three people on top to fall into the oven.
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The oven with LUVO before and after the explosion. The damage to the LUVO and the top of the oven is clearly visible.

Procedures / Instructions
As required for the gas freeing of the gas piping, the safeguarding system was put in
override. The safeguarding was not restored after completion of the work: the safety
valves remained in the open position. This was not in accordance with the prescribed
procedure. This was probably done on purpose: the operators wanted to ensure that
by sending some gas to the furnace through the still open valves, so starting up the
oven could be easier. Sometimes a second start up attempt is required, because
no timely ignition occurs: the mixture is not yet rich in gas enough. It appeared that
once before (in January 2003) the oven had been started in a comparable manner.
At that time, no explosion occurred.
The responsibilities for restoring the safeguard were not completely clear. The
override procedure was clear, putting the system in override mode had been done
the right, authorized way. However, the responsibility for cancelling the override and
restoring the safeguard was not well defined.
In summary, the investigation team concluded that the accident on April 1, 2003,
could have occurred as a result of shortcomings at various levels within the
organization.
Underlying factors
The most immediate visible deficiency in the organization is the incorrect application
of the prescribed methods in the start up of the oven, as described above. The
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contributing factor was that the work instructions of the operators contained
a number of inaccuracies and ambiguities. Monitoring of compliance of these
instructions was not strict enough. For more details, consider the Tripod analysis in
Annex 8.
Key underlying factors:
• The lack of recognition of the hazards involved in starting the oven by all parties.
• The Responsibilities as formally recorded were unclear on a number of issues and
not consistent with the practice
• The monitoring of compliance in using procedures and instructions was not strict
enough.
• Selective use of procedures and instructions
• Perception of too much paperwork, too many instructions / procedures
An important lesson from this incident in the industry has been that compliance
with the procedures and instructions is essential. Many companies tolerate non
compliance at some point. After this disaster, it was no longer acceptable to deviate
from or ignore the procedures. Actions were also taken to improve supervision.

Texas City, 2005
On March 23, 2005, at 13:20, there was an explosion at a BP refinery in Texas City,
USA. The consequence: fifteen people dead, many others (> 170) injured, especially
because of the destruction of temporary trailers (chain) for the housing of the
contractors, located in the unit. The disaster was a sudden release of flammable and
explosive gases and liquids at a height of 36 metres from a vent stack of a blowdown
drum in the isomerization unit (ISOM) of the refinery.
The stack came out in the open air and was not connected to a flare system. The
entire stack was overfilled with hydrocarbons during the start up of a raffinate splitter,
see picture). The 50 metres high splitter was overfilled: a level of at least 40 metres
(typically, this would be 3 metres) followed by a sudden pressure increase when heat
was introduced in the column. The safety valves were opened and the blowdown
drum and vent stack also overfilled with the aforementioned fatal consequences.
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This is perhaps the best studied disaster ever. Both BP and the Chemical Safety
Board (CSB) as well as a commission led by the former US Secretary of State (Baker)
have extensively investigated and published the results publicly.

The raffinate splitter and connection to the blowdown drum
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The facts: how could this happen?
The splitter and another section of the ISOM unit had been taken out of service for
scheduled maintenance about one month before the disaster. For that, the splitter
needed to be drained and cleaned. During the maintenance shutdown, at least 800
contractors worked at the refinery. Its own staff at the refinery was 1600 people.
Many of the contractors were housed in temporary trailers, as was the case here in
the ISOM unit.
For months, the ISOM operators worked in daily 12 hour shifts without any free days.
During the maintenance, it was reported that the level measurement and the sight
glass on the splitter had to be repaired. But that had not been done by March 23,
when the unit was started. The testing of all alarms and instruments had not been
completed. On the start-up form it was nevertheless stated that the system was
ready. The first step of the start-up was to send ‘petrol /raffinate “ to the splitter. It
went wrong from the outset because of an incorrect level measurement. On handover
to the new shift, insufficient information was transferred. The new shift closed a
valve to the fuel storage tank, and the consequence of that was that the petrol could
not leave the installation and flow into the storage tanks, while it was continuously
introduced in the installation. The level in the splitter continued to increase, but the
defective level gauge indicated that there was only 2.4 metres, when in reality it was
43 metres.
Lessons of the disaster
Here we mention specifically the information of BP. The information was remarkably
open. The independent reports of the CSB and the Baker Commission appeared to
confirm the vision of BP on most aspects. However, where relevant, the vision of the
CSB is also presented below.
Main Conclusion of BP
The disaster could have been avoided. The causes are to be found in the system
(process), the culture and management failures. It is also stated that there was a
tunnel vision: many of the safety changes in previous years were not complete. No
one was looking at the bigger picture.
According to BP, the significant changes in both the organization and personnel led to
a lack of visible leadership in the unit.
BP: The five most important underlying factors at company level
• A practice of neglecting the work environment: there was a resistance to change,
a lack of confidence and motivation and a common goal. Expectations of efforts by
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•
•

•
•

management and supervisors were unclear. Rules were not consistently followed.
There was no culture where people could easily propose improvements.
There was no practice where process safety and systematic risk reduction had
priority. Also, no lessons were learnt from other parts of the organization.
Many changes had taken place both in the structure of the company and also
with the staff. This led to the lack of effective communication and poorly defined
responsibilities.
Risk awareness and understanding of process safety by many in the company was
bad. This led to the acceptance of higher risk levels.
Poor management of performance and substandard communication in the
hierarchy meant that problems were not detected timely. There was no
independent audit to detect that practice.

BP: The seven main lessons at factory level:
• The need for plant managers to spend time with the daily operation and not be too
distracted by other tasks.
• The need for an improved understanding of process safety trends: the current
labour related accident statistics would not be appropriate.
• Procedures are ineffective if not up to date and not routinely followed and
monitored.
• The need for bilateral communication. People must be convinced that
management will listen and consider their concerns about safety seriously.
• The importance of investigating process-related incidents and accidents in the
same thorough way as serious personal accidents are investigated. Sharing
lessons.
• The value of effective feedback and implementation of lessons from incidents and
process upsets.
• The importance of keeping people away from the area of process if they do not
really need to be there and the importance to keep everyone away from explosion
zones.
Findings Technical Design
Insufficient Safety Instrumented Systems
The design of the raffinate splitter dated from the nineteen fifties. It meant that the
instrumentation was relatively sober. For most process parameters, there were high/
low alarms, but there was no automatic shut down system (trip, ESD). The exception
was the gas fired reboiler furnace of the splitter.
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The absence of such safety systems means that BP is dependent on the work
instructions and procedures to control the process parameters. This leaves the
process vulnerable and it is not in line with the current international SIL practice (IEC
61508 / 61511). See also Annex 5.
Insufficient Risk Analysis
As is the custom in the process industry, BP also requires systematic risk analysis for
changes in the plant for the Texas site. The methods used are HAZOP and “What-If”
/ Checklist techniques. The risk analysis of the unit was not complete. The startup was not considered in the studies and no information was used from previous
incidents and near misses (as required).
With regard to the risk analysis the BP investigation team concludes:
The “What If” analysis technique is not robust enough to appropriately consider
all modes of operation (i.e. including e.g. start up). It stipulates that the ability to
properly identify high risk also depends on the risk awareness of the people who
perform the studies. The lack of reporting of incidents and undesirable process
excursions is also seen as a major obstacle to properly analyze the risks. This is
particularly important because the CSB has the following notes:
In most of the 17 start ups of the raffinate splitter between 2000 and 2005,
abnormally high pressures and liquid levels occurred. Yet that was never a
reason to investigate both these near misses and the functioning of the control /
instrumentation system.
Not applying the start-up procedure
The disaster took place during start-up of the unit. Several steps of the start-up
procedures were not performed. The investigation team concluded that this was not
caused by the quality of the procedure (note that the CSB, however, indicates that
the procedure was not complete). According to BP it had more to do with the fact
that the procedure was not seen as important. Staff were not aware of the risks of
working without this procedure. There was insufficient monitoring of the availability
and use of these and other procedures. The start-up was seen as a routine operation
and a high liquid level became normal because a certain, small increase (up to the
blind area of the instrumentation) promoted a smooth start-up.
As noted earlier, there has been no systematic risk analysis of the start-up (HAZOP).
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Warffum, May 2005
More than two months after the Texas City disaster in the USA, an explosion occurred
at a site from the NAM in Warffum (the Netherlands). The explosion killed two people
and seriously wounded a third person. This accident has also been extensively and
independently investigated. The Dutch Safety Board conducted the analysis [16]. The
information presented here is mainly derived from that analysis.
What happened?
The location Warffum is one of the smaller and unmanned production sites of the
NAM where gas has been extracted since 1976. However, the production was
terminated in 2002. After that, there were occasional tests, so there was natural gas
condensate stored in tanks on site. Gas condensate is a very volatile and flammable
material created by drying the gas. Tank T3 contained approximately 35 m3 of
condensate. It was planned to bring the location back on stream in October 2005.
This necessitated renovation work on tanks T1 and T3. It concerned connecting the
two tanks to a vapour recovery system to reduce emissions to the air. Additional
piping needed to be installed on top of the tanks. T3 contained both condensate and
water. Above the liquid, there was a mixture of gas and air (an explosive mixture).
See the figure below. During welding activities involving the piping on top of T3, a
ball valve was opened, which led to the release of explosive vapours. An explosion
occurred with the mentioned dramatic effects.
Work permit not adequate
As parts of the Warffum site were still in use as storage, the site could only be
partially made free from flammable material during the work. To control the hazards,

Condensate tank: three layers: Water, natural gas condensate, explosive mixture of gas /air.
Source: OVV report [16]
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The burning condensate tank T3 (Source: RTV Noord)

work permits were used. The employee of the contractor who applied for the
work permit assumed at the time of the application that the tank was filled with
water (“condensate”) and consequently assessed the work as risk category ‘Low’.
Subsequently, the NAM reviewed the work permit and indicated that the tank was
actually filled with “Waco” (water and gas condensate). On that basis no permission
should have been given for welding. The risk classification “High” should directly have
been issued so that the work permit application would have had to be redone and a
Task Risk Analysis should have been performed.

Tank T1

Newly placed piping

Tank T3

Tank T1 and T3 after the explosion (source [16])
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Underlying factors
The Safety Board notes that the accident could occur because process risks did not
have much attention. Apart from the fact that knowledge of process risks should be
sufficiently present with process (safety) staff from the NAM, that knowledge should
also be sufficiently available at the workplace.
It appears that in practice the focus had shifted from process safety to labour safety.
The explanation for this shift by the NAM indicates that significant improvements in
process safety in recent decades have been implemented and that the focus shifted
to “small risk” incidents.
This was also confirmed by the State Supervision of Mines (Regulator) in November
2004 in the semi-annual consultations. The consultation indicated that the NAM is
focusing too much at “slips, trips and falls” and too little attention is paid to “major
risks” which could have far greater consequences. The internal check on process
safety and compliance with procedures was not adequate.
The findings of the Safety Board:
• No work should have been permitted on the roof or in the immediate vicinity of
the tank before effective measures were taken to control the fire and explosion
hazard.
• The process safety risks were inadequately identified and underestimated.
• It was decided that tank T3 could not be completely made free of condensate
(primary measure). This required the use of secondary safety measures (identifying
hazardous substances, risk evaluation, work permit and zoning). None of these
measures however had been properly implemented.
• Insufficient recognition by the parties of the fire and explosion hazards and
inadequate response from the parties involved could arise in an environment
where:
a) Roles and responsibilities were not taken;
b) Insufficient attention was paid to process safety;
c) Procedures and arrangements were not sufficiently clear and sufficiently
fulfilled;
d) supervision and control of the compliance with procedures and delivering on
promises was lacking.
e) Costs were reduced without considering the impact on the (process) safety
risks.
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• The Safety management suffered from structural deficiencies;
See also the main structure of the Tripod analysis that the Safety Board conducted.
This is included in Annex 8. The analysis identified the ‘failed barriers’. The direct
causes of the failure of these barriers and the circumstances in which this could
happen eventually led to the identification of the above mentioned underlying factors.
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Annex 7: Three road tanker BLEVE
cases and an LPG railway
wagon without BLEVE
Two road tanker BLEVEs in 1978
The BLEVE disaster in Los Alfaques, Spain
On July 11, 1978, a BLEVE occurred with a road tanker filled with propylene near the
entrance of the camping site in Los Alfaques (Alcanar, near Tarragona). At the time
of the disaster, there were 700 to 800 people on the camping site. There were 215
deaths and over 200 wounded.
At 14:38, a road tanker filled with 43 m3 of liquid propylene swerved off the road
and crashed into a wall. The collision ripped open the tank and what followed is a
BLEVE (so called ‘cold’ BLEVE, see annex 1).
The photo below is from the film “Paradise in Flames” made about the disaster. The
picture shows the road tanker off road and overturning. Moments later the tanker
ruptures in hitting the wall.
The official inquiry after the disaster showed that the tanker was overfilled. It was
carrying 23.5 tons, where a maximum of 19.1 tons is permitted. Because the tanker
was overfilled, the higher pressure in the tank may have weakened the vessel wall
already. The road tanker was not fitted with a relief valve.

Photo from the film “Paradise in Flames” about the disaster in Los Alfaques. This is the moment just
before the tanker crashes into the camping site wall.
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Mechanically induced BLEVE
BLEVEs are often caused by a fire around the tank. That was not the case here. The
cause was the mechanical impact, rupturing the tank. And because propylene is
a gas at atmospheric pressure, the liquid propylene that was released would have
almost instantaneously vaporized (see annex 1). The released propylene was most
likely ignited by sparks from the collision or the hot exhaust of the engine. This is
what is called a ‘cold’ BLEVE.
5 months later a BLEVE took place in the Netherlands created by a fire under and
around the road tanker. That is what we call a ‘hot BLEVE’, see below.

LPG tanker BLEVE Nijmegen
On December 18, 1978, a BLEVE occurs with an LPG road tanker at a petrol station
next to a motorway. The BLEVE took place sometime after a fire occurred. The BLEVE
destroyed the petrol station. Because the petrol station was evacuated on time and
all traffic (motorway, railway) was terminated during the threat of the BLEVE, no one
sustained any injuries. This incident was investigated in detail by TNO [20].

Figure 1: Location of petrol station in Nijmegen
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Figure 2: Map with position of road tanker and storage tank

The emergence of the BLEVE
At around 08:00 hours a road tanker arrives at the petrol station at the Takenhofplein
in Nijmegen. It is the tanker’s first delivery of LPG that day. The station is situated
at the West side of the Dukenburg district (Fig. 1). The immediate area around the
petrol station consists of grass land. The distance to the first house is about 500 m.
After positioning the tanker, the driver connects a hose to the filling point of the LPG
storage tank. Figure 2 provides an overview of the service station. After coupling, the
driver starts the pump on the tanker and starts unloading around 08:20 hours. The
driver leaves the spot and goes into the station shop. Only minutes after he arrived
in the shop, a fire at the tanker was seen. The driver and the station employee came
out quickly with manual fire extinguishers. The extent of the fire was such that they
could not extinguish it. They decided to alert the fire brigade. Immediately afterwards,
the driver and the station employee left by car. Soon after that the motorway was
closed off and traffic stopped. No people were present at the station.
Because of the risk of a BLEVE, the fire brigade decide to wait at a safe distance (at
the traffic lights Takenhofplein, fig 1). Besides the fire around the tanker, a flare was
also seen on top of the LPG storage vessel (relief valve blowing). The tanker does
not have a relief valve. At 08:45 hours the tanker wall gives way and the result is a
BLEVE. Figure 3 shows the fireball of the BLEVE.
Pressure effects of the BLEVE were not observed. The tank of the road tanker did
rupture over the entire length of the tank (Fig. 4), while the tanker was moved
approximately 4 metres. After the BLEVE the fire brigade went to the scene of the
accident and began extinguishing fires. Also the storage tank was cooled from a
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Part above
the fireball

Fireball

Figure 3. Dimensions of the BLEVE fireball (estimated
from amateur pictures). Duration: 10- 20 seconds. Top:
hot flue gases.

distance. After the fires were extinguished, the remaining LPG in the storage tank was
released in the grass land while the area was checked with explosion meters. The
force of the explosion was such that the front of the tank came down at a distance of
about 50 metres in the central reservation of the motorway.
The baffles, which are fitted in the tank, were propelled over a distance of
approximately 125 m.
Through investigation it was determined that the fire most likely originated as a
consequence from a torn and /or leaking connection created by an installation error
when attaching the hose reel. LPG leaked underneath the road tanker. Hot parts
of the engine of the tanker then acted as the ignition source. The engine remained
running during the unloading, because it also powered the pump. The fire escalated
because different accessories and fittings failed, allowing more gas to be released.
The tank of the tanker was heated so much by the fire that a BLEVE was the result.

Figure 4. Tank ruptured (compare with photos below of the
BLEVE in Turkey)
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Bursting pressure and temperature
The material of the ruptured tank was thoroughly investigated. It was found that the
material of the tank gave way at a temperature of about 600 to 650 oC. The pressure
in the tank at that time is uncertain, but from the two phase diagram for LPG it
would have been between 18 bars (600 oC) and 27 bars (650 oC). This applies only
if the complete LPG content was heated to that temperature. It is not clear whether
this was the case. The lower pressure is more likely, because when exposed to fire,
the vapour space of the tank wall quickly reaches a high temperature and will fail.
The investigation showed that the area above the location where the fire originated,
cracking occurred in the vapour space. The local wall thickness had decreased from
12.5mm to about 2mm before the cracking. The rupture created a crack in the
direction of the length of the tank. This can be explained by the fact that in a closed
cylinder under internal pressure, the stress in the tangential direction is twice as large
as in the axial direction.
Tank data
The LPG tank was made of five 12.5 mm thick plates and two fronts in the steel
quality Y 36-50 type K. The tank diameter was 2,000 mm and its length was 10,730
mm.
The mechanical properties of steel were listed in the corresponding inspection reports
from the Dutch inspectorate for pressure equipment, also the party who inspected
the road tanker before. The gross tank capacity was 31,700 litres. The top of the
tank was equipped with a sun heat-shield. The tank was not fitted with a relief valve.
It can be assumed that the tank was 85% full, since it was the first of unloading of
the day. This was the maximum filling degree. With the prevailing temperature of
about - 5 °C the pressure in the tanks was about 4 bars.
The origin of the leak.
The seal of the rotating part of the hose reel was mounted on a flange from which a
piece had broken off. It was a rupture that could be attributed to fatigue. The crack
increased in size over time. The fracture was probably caused by:
• Incorrect material for the flange
• Overload by the use of a wrong gasket
• Bolts were tightened too much and not evenly
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July 5, 2003 LPG tanker BLEVE village in Ankara, Turkey
During the unloading of LPG at a gas station in the town of Ankara, a BLEVE and
a fire occurred. According to a Reuters report, the Turkish Health Minister Recep
Akdag said that 189 people were injured and that 7 were in a critical condition. Most
injured people were wedding guests in a party room above the station. At least 100
houses were badly damaged. Prime Minister Tayyip Erdogan in a response called for
a ban on LPG petrol stations in residential areas.
Below some photos are shown and explained. The photos were obtained from Shell.
See also the Shell LPG incident Alert below.

Photo 1 Left: Ruptured LPG road tanker (folded open completely by the BLEVE). Right: location of
underground LPG storage.

Photo 1 shows the LPG tanker fully unfolded. See also the tanker after the BLEVE in
Nijmegen (above). Since the LPG tank on a road tanker is connected to the chassis,
the tank will not so easily send fragments flying, unlike the case in Mexico City in
which a horizontal cylindrical tank like a rocket travelled a distance of 1200 metres.
A BLEVE of LPG storage tank could not occur: the tank was placed underground. Fire
and heat radiation at/ around the tanks is not possible in that case.
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Photo 2 Damage situation 1

Photos 2 and 3 illustrate the damage in the area
Photo 2: the LPG station and the adjacent building were heavily damaged by the
BLEVE and fires. The party room with the wedding guests was situated in this
building. On the left are apartment buildings (slightly higher. These escaped the LPG
fire, but BLEVE fireball scorched the top corner apartment. The car in the foreground
was severely damaged.
Photo 3: This picture shows the other side again. The houses do not seem to be
affected. Estimated distance to the road tanker: 60 metres.

Photo 3. Damage situation 2
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June 29, 2009 LPG disaster rail transport Viareggio, Italy
Why did a BLEVE not occur?
This disaster is very recent, no formal investigation report is available yet. However,
some lessons can be learnt already, based on the information currently available.
Why is this disaster listed here? One of the focuses of this book are BLEVEs of LPG
storage tanks or transport. Shortly after this disaster with derailed LPG rail wagons,
the news was that one or more BLEVEs occurred. However, that was not the case.
Even politicians, in considering the safety of LPG transport by rail, much later talked
about ‘exploding’ LPG wagons. But a careful look at pictures and videos of the
disaster shows that a BLEVE did not occur. This disaster is therefore illustrative of the
fact that severe scenarios with LPG tanks other than a BLEVE can also occur. In this
case, an LPG vapour cloud was formed and ignited after some time.
What happened?
The train transported fourteen LPG tank wagons. An axle broke on one of the first
wagons in the train. As a consequence, the first five wagons derailed. The first wagon
(directly behind the locomotive) hit a pole and ruptured. The hole of the rupture was
about 15 cm (Photo 2). The LPG was released, and did not ignite immediately. The
LPG dispersed with air and formed a flammable and explosive vapour cloud. Initially,
the spreading of LPG (rapidly evaporating liquid) took place between the rails. At
some distance along the track, the vapour cloud (heavier than air) spread into the
residential area next to the track. It can be seen from photo 3 that the cloud drifted
towards the village, this may have been caused by the wind at that spot. The LPG
cloud was ignited in this residential area. Explosions and fires occurred, 22 people
were killed.
Why did a BLEVE not occur? The answer is that the conditions for a BLEVE were
not present. A BLEVE could have occurred with a relatively small hole in the tank, a
faster ignition (before the spread of a vapour cloud can occur) and a prolonged LPG
fire at /around the wagon. Now some wagons were in a fire, but relatively short in a
less intensive fire. Would a BLEVE have had a greater impact? That is not certain,
the other side of the railroad would have been damaged as well in that case (there
were far fewer buildings). A BLEVE could have caused domino effects, rupturing other
wagons and causing more BLEVEs.
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LPG accident scenarios and frequency of occurrence
Regarding the probability of occurrence of this vapour cloud scenario with derailing
LPG rail wagons, this may need to be reconsidered. In the Dutch QRA approach for
LPG transport, the BLEVE scenario is dominant for the risk levels. The vapour gas
cloud scenario contributes much less. It would be good to reconsider the basis of the
frequencies used. Are these representative for derailment of LPG wagons?
Causes and safety measures
The direct cause of the disaster is most likely the broken axle. It showed that the
fracture surface of the axle is smooth. This suggests that a crack has long existed.
During the inspection of the wagon this was obviously not noticed. The quality of
the inspection and maintenance of wagons is disputed. This is not yet subject to
common European standards or regulations, but left to the individual countries. It
shows again that good inspection and maintenance is a crucial safety issue. After
Viareggio, this issue was taken up by the European Railway Agency. A task force was
set up. The following text was taken from the scope of work document:
“Following the accident in Viareggio (Italy) and the Agency’s Preparatory Meeting on
20th August for the EC Conference on “Railway Safety: the way forward” held on 8th
September in Brussels, the Agency proposed to set up a Task Force (TF) made up of
experts in the field of freight wagon maintenance and railway axles and coming from
all stakeholders”
Final remark: Unfortunately, preventive measures as maintenance and inspection are
not rewarded by QRA calculations. The frequencies used in QRA are of such a generic
nature that safety measures cannot be evaluated and therefore not stimulated on the
basis of a QRA. That is a serious problem.
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Photo 1: the locomotive and the ruptured LPG wagon. See photo 2.

Photo 2: The impact of the pole on the tank and the hole of the LPG release.
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Photo 3. This picture shows the residential area where the LPG vapour cloud entered and was
ignited. On the far right the first wagon that ruptured is visible. The blackened area clearly shows the
LPG spread and the position of the burning vapour cloud (flash fire). Top right corner: the location
where the cloud crossed the track and entered the residential area. See also the grass (still green)
on the rest of the track.

Photo 4. The sleepers between the tracks caught fire. Some wagons are blackened.
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Photo 5. Overview of the wagons. The locomotive (burnt) is somewhat beyond the 5 or 6 derailed and tilted wagons.

Evaluation of the four LPG incidents in this Annex
• The incidents concern BLEVEs and vapour clouds of LPG transport: road tankers
and rail tank wagons. BLEVEs of storage tanks are less frequent because they are
increasingly placed underground.
• For BLEVE prevention of transport means, thermal coating is an option. At least
this can delay the occurrence of a BLEVE. However, technical difficulties need yet
to be overcome.
• It is observed that the fires around the two road tankers that BLEVE-ed, were fires
fed by the LPG from their own tanks. BLEVE prevention measures for prevention of
external fires are therefore not 100% effective. A measure that has been proposed
is the composition of a train with LPG wagons. The idea is that (hot) BLEVEs can
be prevented by ensuring that wagons with flammable liquids such as petrol) are
not coupled to an LPG wagon. So this is only part of the story. Most BLEVEs occur
because of fires of the LPG of the tank itself. It means that other safety measures
are urgently required.. This includes maintenance and inspection of transport,
speed limits, planning and training / awareness of all stakeholders. A transparent
and verifiable assurance of safety through a safety management system is
necessary. One of the obstacles in this regard is the fact that most of the above
measures do not get credit in a QRA calculation.
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Tripod analysis: the underlying factors
Learning from incidents is an essential part of a safety management system.
Experience shows that most companies have a reporting and registration system, and
perform incident investigation, but the quality is not always what it should be. Firstly,
it is important to get a clear understanding of the underlying factors. Secondly, the
proposed improvement actions need to be implemented. And last but not least: after
implementation, it the measures should also be checked to see whether they are
effective. That in particular is often omitted.
In this annex we trace the underlying factors behind the disasters described in this
book:

Mexico City, 1984; Bhopal, 1984; Geleen, 2003; Warffum, 2005
We talked about the “causes” of the disasters. For example, there was no overfill
protection (Mexico), or the work instructions were not adhered to (Bhopal, Geleen,
Warffum). But why does this type of cause occur? What are the underlying factors?
If the underlying causes of the incidents can be removed, we will see a huge leap in
safety. A good method that assists in identifying the underlying factors of incidents is
the Tripod method. These factors are called Latent Failures in the Tripod method.
Below, we show simplified Tripod analysis studies for the four incidents.
Mexico City LPG disaster
Brief description of the structure of the analysis:
The Hazard-Event-Target diagram (from left to right the black / yellow, red and green
boxes):
Filling the tank from an underground pipeline (risk) has led to the overfilling of a
tank and a high pressure in the tank (Event). This created an LPG leak (hazard) and
a vapour cloud was formed that was ignited, followed by BLEVEs and many victims
(Event). In the diagram, two failed barriers and two missing barriers are included.
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Failed barriers:
• The level instrumentation of the tank: filling could not be monitored by the
operator. The instrumentation was defective.
• The Layout of the plant. If a more open layout had been designed (no walls, fire
fighting water pipes above ground, sprinkler systems with sufficient capacity and
so on), the consequences of the LPG leak would most likely have been limited.
Missing barriers:
• There was no overfill protection system that automatically operates if the level
exceeds a set value.
• No ‘safe distance’ had been determined for the houses around the LPG depot and
no evacuation plan was available.
Reasoning on the basis of failed or missing barriers, the following latent failures are
identified (yellow boxes on the left):
• A safety management system is lacking
• The management considered production more important than safety
• No system for HAZOP / SIL studies was present (see Annex 4 and 5)
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• Economic reasons? It is not known, but it could have been a factor, given the
inadequate maintenance of the depot.
Bhopal: the identification of the underlying factors.
The structure of the Tripod analysis in brief:
The Hazard-Event Target diagram:
From left to right: The first hazard is the presence of iron particles causing a catalytic
effect in the case of contamination with water. Combined with the second hazard
(water in the tank), the hazard of a runaway reaction in the tank was created. This
led to a release of MIC to the environment with the well known tragic consequences.
In the diagram, six (!) failed barriers are included.
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Failed barriers:
• The design requirement for stainless steel was not fully followed. Some parts were
not made of stainless steel (e.g. the nitrogen system).
• The ‘water wash’ instruction is not followed, no blind flange was installed.
• The cooling of the MIC tank was not in operation.
• The Vent Gas Scrubber was not in operation.
• The emergency handling was inadequate. There was no direction, no plan.
• A policy regarding safe distances for house around the plant was lacking. People
lived next to the plant.
Reasoning on the basis of failed or missing barriers, the following (yellow boxes on
the left). First, the preconditions need to be established that made it possible for the
barriers to fail (Preconditions, blue boxes).
The latent failures (yellow boxes), left from top to bottom (see figure):
• Management was not aware of the importance of safety systems. No policy at this
point existed.
• Non compliance with operational instructions was tolerated
• Insufficient training of operators
• No safety management system available
• Economic aspects more important than the safety of the residents
• Lax attitude among the authorities with regard to protecting civilians
Evaluation
It is clear that the above analysis is only of an illustrative nature, normally such an
analysis should be performed with the involvement of the management and staff
of the company involved. That was not the case here. Even in this case, such a
type of analysis quickly presents an understanding of the underlying factors and the
problems that an organization faces. This type of analysis should be performed by
each company on a regular basis.
Safety Management System
The main latent failure in both the Mexico and Bhopal disasters is the lack of a safety
management system. This is a system with which the management of a company
demonstrates that it takes its responsibility for (process) safety seriously. In both
companies safety leadership was hardly present.
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Geleen 2003: Explosion in an oven (see Annex 6)
The figure shows the two failed barriers:
• The instruction for freeing the fuel system of the oven from gas: the instruction
was not followed
• The furnace explosion safety system: override was not removed in time
In the Tripod analysis, the preconditions (context, blue boxes) that contributed to
the failure of the barriers are analyzed. On that basis, the underlying factors (latent
errors, yellow boxes) can be determined. These are the ‘real’ causes of the explosion.
For example, it is acknowledged that the company had no good system for writing
work instructions. Solving this problem provides an essential contribution to safety: it
prevents future incidents that could have been attributed to the inferior quality of the
work instructions.
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The Warffum incident (see Annex 6)
The analysis structure includes five failed barriers. These are the starting point
for identifying the latent failures in the organization (underlying factors). For a full
analysis, see the report of the Dutch Safety Board (www.ovv.nl), in Dutch.
Failed barriers:
1. Work safety plan: According to the company procedures, a safety plan should
have been established. The different tasks should have been summarized and
overlapping tasks should have been considered with a Task Risk Analysis. Such a
plan was not prepared. Therefore, it was not possible to decide whether all risks
were controlled sufficiently and whether additional measures were necessary.
2. Work permit: Under the given conditions, the responsible manager should not
have given permission for welding without ensuring that these activities would not
take place at tank T3.
3. An up to date hazard identification: in accordance with the legal requirements,
it needed to be shown what the actual danger level of this tank was. This would
have enabled the staff of the contractor to identify the hazards of the work.
4. Putting the installation in a safe condition: it was not recognizable in the field
which parts of the plant were safe.
5. Risk Inventory & Evaluation: despite the fact that the process safety “explosion”
was identified, no adequate measures were taken to control the risk.
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Annex 9: The LPG disaster in Feyzin(Fr),
January 4, 1966

Almost 19 years before the Mexico City disaster, A BLEVE occurred at a refinery
in Feyzin in France, claiming 18 lives and injuring 81 people. The damage was
enormous. Also in Feyzin, the LPG spheres were engulfed in fire. Two of the spheres
ended in a BLEVE. They fragmented completely as did four of the six spheres in
Mexico City. Did we (and did PEMEX) learn any lessons from the Feyzin fiasco?

Background
The storage consisted of 4 spheres containing propane and butane. LPG is a mixture
of propane and butane. A release of LPG was caused by problems in sampling
from the bottom of a sphere with a capacity of 1,200 m3. The vapour cloud that
formed was ignited by a car on an adjacent road at a distance of 150 metres. This
immediately resulted in a major fire around the sphere T61443 later followed by
a BLEVE. The propane sphere next to it also BLEVE-ed at some stage. Three other
spheres tilted because the legs of the spheres were not protected against the heat.
These spheres were ripped open but did not BLEVE. This is comparable with the two
largest spheres in Mexico City.
The LPG storage was located at approximately 150 metres from the nearest refinery
unit and 300 metres away from the residential area.
The spheres, just like in Mexico, were surrounded by a wall of about 0.5 m high
(Mexico: 1 m), the walls in between were only 0.25 m high.
Top row spheres: propane, butane below.
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The cause
Through the valve configuration shown in the figure below, water was drained from
the sphere. Water is heavier than LPG and collects at the bottom of the sphere.
A sample was taken for a quality check. There had been earlier problems with
this sampling process. Therefore, on March 4, 1965, a new instruction had been
introduced. It stated that:
1. Levers need to be placed on the two valves to be used at the start of the
sampling operation. At any rate, that will be the upper valve and one of the two
sampling valves.
2. Open the upper valve fully.
3. Open the bottom valve to the required low flow for sampling.
The idea behind the new instruction was that the possible cooling (“freezing”) effect
which can occur takes place on the lower valve. The top valve will not be affected
and can always be closed.

The valve configuration for sampling and the propane release. Source: BP Process Safety animations. www.
IChemE.org
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The levers were not on site, in order to prevent unauthorized operation. The operator
who arrived to do the sampling (accompanied by a laboratory assistant) brought
only one lever and carried out the instruction in the wrong order. He first opened the
bottom valve almost completely. Then he opened the top valve a little. There was
a little water and a little propane gas came out. Then the operator closed the top
valve and opened it again, only a few drops came out. Then he opened the top valve
completely. At that moment an ice plug that was formed came loose and an large
amount of propane was released. The operator was partially splashed with the cold
liquid propane and he suffered freeze burns. He fell and (in his fall) he accidentally
pulled the lever partly off the valve. The lever could no longer be properly seated, so
the valve could not be closed. The vapour cloud started to develop. It took over half
an hour before the vapour cloud was ignited. 1.5 hours later a BLEVE occurred from
sphere 443. Three minutes later sphere 442 BLEVE-ed.

Left: Sphere 443 surrounded by fire. It is clear that the relief valve is working. Right: the
support of the spheres gave way under the heat.

Sphere ruptured by the heat of the flare on the relief
valve (compare Mexico).
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Conclusions
• Nearly 20 years after the disaster in Feyzin, the LPG spheres in Mexico City had
not been fireproofed. No lessons were learnt.
• The Elf Oil company (which operated the refinery at Feyzin) did not learn enough
from previous incidents with gas leakage at the drain point. The new instruction
was not properly followed.
• The non-compliance with work instructions by operators is a recurring cause of
incidents, including the disasters discussed in this book. This requires the urgent
attention of the management of the companies. It is necessary to involved the
operators in the drafting of the instructions and to ensure adequate supervision.
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Annex 10: San Juan Ixhuatepec
Situation and Bhopal
anno 2009

Mexico, Google Earth, September 2009
The black rectangle on the photo is the site of the former PEMEX LPG storage depot.
The lay-out of the site in 1984 is shown in the picture below the photo. The PEMEX
storage tanks are no longer present. Next to them is a tennis court. The former fire
water pond can now be seen on the photo as a swimming pool. The LPG bottling
companies Gasomatico and Unigas however are still present. In the oval on the
photo, a new LPG storage is located, also next to the residential area. It seems that
little has been learnt from the disaster in 1984.
Directly below the rectangle, opposite the former
location of the LPG storage tanks, there is an empty
triangle. That is the main part of the area where the
500 fatalities occurred. Now there are tennis courts
etc.

Source: Google Earth, San Juan Ixhuatepec.
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Bhopal 25 years later, anno 2009

For a large part,
the installations are
there. An additional
problem in recent
years has been the
contamination of soil
and water.

Information about the legal settlement Bhopal (1984 to 2009)
This information is particularly based on the Union Carbide Bhopal website:
www.bhopal.com. That site has been kept up to date, at least until 2009.
On December 4, 1984, a team of UC immediately went to India, led by CEO Warren
Anderson. The latter was arrested and told to leave the country within 24 hours. On
December 14, Warren Anderson testifies before Congress in America. He promises
actions are taken to prevent catastrophes like this from ever happening again.
In 1985 the Indian government came with the “Bhopal Gas Leak Disaster Act”. It
provides a legal basis for the government to act on behalf of all victims.
In March 1986, Union Carbide proposed a settlement of 350 million US dollars.
In May 1985, the U.S. Supreme Court ruled that India should conduct the trial
because UCIL was an Indian company.
In February 1989 a settlement of $470 million was agreed. In India, this news was
received with horror and dismay by the public. Throughout 1990, hearings were held
to try and declare the settlement void.
In October 1991 the Supreme Court concluded that the arrangement was legitimate
and closed the legal proceedings. The court asked Union Carbide to pay for the
construction and operating of a hospital for 8 years. UC agreed to do so.
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In 1993, efforts of lawsuits by victims in the USA were unsuccessful.
In 2001, UC’s business activities were taken over by DOW. In fact, Union Carbide no
longer exists. It did not survive the tragedy.
In July 2004, the Supreme Court in India ordered the Indian government to make the
funds of the settlement (now $327 million) available to the victims.
In April 2005, the High Court in India allows the Indian Government (Welfare
Commission for Bhopal Gas Victims) to postpone the payment to the victims until
April 30, 2006, (by now, $390 million was available to the victims). In September
2006 the Government confirmed that the payments had been made.
From 2006 until the present day (2009), lawsuits are ongoing to force Union
Carbide to clean up contaminated soil in Bhopal. So far, these attempts have been
unsuccessful.
On July 31, 2009 the Chief Judicial Magistrate of Bhopal orders ‘the Central Bureau
of Investigation‘ (CBI) to arrest Warren Anderson and bring him to court and ask for
his extradition to India.
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