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Abstract

The offshore oil platform Piper Alpha was destroyed in July 1988 by a catastrophic fire.
The causes of the accident included a combination of technical and organizational factors.
In this paper, I describe the accident, its chronology, and the dependencies involved. I then
examine some of the human errors that led to the disaster and their organizational roots,
such as economic pressures, the permit-to-work system, and the inadequacy of regulato-
ry oversight in the United Kingdom at the time of the accident. Risk-reduction measures
can be costly, however, and priorities must be set based on costs and benefits. To this end,
I describe a probabilistic risk analysis model that can be used to assess the benefits of dif-
ferent fire safety measures, focusing on reinforcing the emergency water pumps.

Post-Mortem Analysis of Piper Alpha

The fire that engulfed the Piper Alpha platform on July 8, 1988 apparently began
with the technical failure of a blind flange assembly at the site of a pressure safe-
ty valve (see Figure 1). The accident led to the total loss of the platform and the
deaths of 167 men. These failures and their consequences were, in large part, the
result of questionable—or bad—decisions, themselves rooted in management
problems. 13

These decisions concerned the design of the platform deck and jacket, pro-
duction levels and capacity expansion, inspection and maintenance procedures,
and personnel management. Their organizational roots included the way the
company managed, on a daily basis, the trade-off between productivity and safe-
ty, the flaws in the design philosophy, the problems in personnel hiring and pro-
motion procedures, the deficiencies of the work-permit system, and the relations
between the company and regulatory authorities. By identifying these organiza-
tional problems and quantifying, even coarsely, their effects on the overall risk,
we can consider a much broader spectrum of risk management policies than
would be possible if we restricted our analysis to technical measures.

In previous research, I developed a systematic method to link the basic events
of probabilistic risk analysis (PRA) models both to human decisions and actions
and to their organizational roots. I applied it to a variety of risk analysis prob-
lems, such as the management of the space shuttle’s tile problem.* In this paper,
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I apply the same method in a postmortem mode to the Piper Alpha accident, pro-
pose some corrective measures to reduce the risks of fire on platforms, and
describe a stochastic risk analysis model to compute their risk-reduction
benefits.?3
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Figure 1. The Piper Alpha plaiform.s
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Basic Evenis of the Piper Alpha Accident Sequence

The accident started with a process disturbance, followed by a flange leak that
caused a vapor release. The explosions that followed severed a petroleum line,
causing a pool fire. That fire impinged on a gas riser from another platform,
which fueled an extremely intense fire under the Piper Alpha deck. The layout of
the topside was such that the fire propagated quickly from Production Modules
B and C and destroyed the control room and the radio room in the early stages
of the accident (see Figure 2). Electric power generation, public address, gener-
al alarm, emergency shutdown, and fire detection and protection systems also
failed shortly after the first explosion.

Piper Alpha was part of a network of platforms, including platforms Tartan,
Claymore, and MCP-01 (see Figure 3). The risers from these platforms started fail-
ing where they interfaced with the deck of Piper Alpha, causing further damage.

The superintendent of the platform—known as the Offshore Installation
Manager, or OIM-—panicked, was ineffective almost from the beginning, and
died in the accident. Evacuation was not ordered—and even if it had been, it
could not have been fully carried out, given the location of the living quarters,
the layout of the topside, and the ineffectiveness of the safety equipment. Many
evacuation routes were blocked, and the life boats, which were all in the same
location, were mostly inaccessible.
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Figure 2. Location of modules (east elevation).>
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The fire fighting equipment onboard could not be operated because the diesel
pumps, which had been put on manual mode, were also inaccessible and seem to
have been damaged from the beginning. Fire boats were at hand, but their crews
waited to fight the fire until they received orders from the OIM. When the mas-
ter of the vessel Tharos, which was on-site, decided to assume the role of on-
scene commander, his fire fighting monitors did not function properly.

Piper Alpha was eventually lost in a sequence of structural failures. Over and
above the tragic loss of life, the financial damage was in excess of U.S. $3 bil-
lion.®

In this study, [ used a risk analysis model structure to identify the “failure path”
or accident sequence that occurred on Piper Alpha. First, I examined the initiat-
ing events, encompassing three phases of explosions and fires and including not
only the actual initial explosion and fire, but also, the subsequent ones that initi-
ated further component failures. Then, I analyzed the consequences of these ini-
tiating events, from the emergency system failures, to the final system states, to
the accident losses.

The basic events of the failure mode are presented in Table 1, and their depen-
dencies are shown in the influence diagram of Figure 4. This influence diagram
format is generally used a priori to assess the risks. It shows the events and ran-
dom variables that affect the potential outcomes. In this case, the same format is
used a posteriori to display the events, variables, and causalities in a past accident.
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Figure 3. The Piper Alpha Platform Network.>
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Table 1

Basic Events of the Piper Alpha Accident Sequence

INITIATING EVENTS

CONSEQUENCES

First explosion

* Process disturbance occurs

* Redundant pumps become inoperative

» Blind flange assembly fails

* 45 kg of condensate vapors are released

* Gas detectors and emergency shutdown
fails

« First ignition and explosion occurs

* Gas detectors almost fail totally

» The deluge systems fail

* The emergency shutdown system fails

* The fire walls fail

* Electrical power is lost

« Emergency lighting fails

* The control room fails

* The public address system fails

« The radio-telecommunication room fails
» The operations manager (OIM) is lost

* Helicopter rescue operations fail

Second explosion

» Fire propagation spreads to other
Modules

* A pipe in Module B ruptures

» Large crude oil leak occurs in Module B

* Fire ball and deflagration occur in
Module B

* Fire spreads to 1,200 barrels of fuel
stored on the deck

* Pipes and tanks rupture

* Some survivors jumped into the sea

» Some people die in the quarters (22:33)
* The Tharos fire fighting equipment fails

Jet fire from broken riser

* The fire pumps fail

» The riser from Tartan to Piper Alpha
ruptures

» Intense impinging jet fire breaks out
under the platform

» The MCP-01 riser at Piper Alpha ruptures

* People are trapped in living accommo-
dations

*» Some survivors jump from the helideck

* The platform at the 68ft level collapses

» Western crane collapses from the turret

¢ The Claymore gas riser ruptures

* Sequence of structural failures occur
under fire loads a

* Accommodation module overturns into
the sea

» Survivors rescued at sea by onsite vessels

* 167 die (165 men on board and 2 rescue workers)

dollars

¢ The platform is a total loss, with financial damage exceeding three billion U.S.
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AND FIRE LOADS

INITIATING EVENTS
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Figure 4. Event dependencies in the Piper Alpha accident;
influence diagram representation.’
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The two main references of this study are the 1988 Petrie report® and the 1990
Cullen report.” Other sources include personal communications.>®

Human Errors

The human errors that caused the basic events of the Piper Alpha accident can be
classified into four categories: design and expansion issues, production decisions
in the platform network, personnel problems and crisis management, and errors
in inspection and maintenance operations. Figure 5 represents the different lev-
els of causality among these factors. At the bottom is a simplified version of the
accident scenario and its basic events. At the next level above are the decisions
and actions that caused or influenced them. And at the top level are the basic
organizational factors that influenced human errors.

A large number of these elements resulted from design decisions that caused
dangerous couplings and dependencies. These included the direct linkage of fail-
ures—for example, the power supply and public address system; weaknesses in
fire walls and separation, which caused quick fire propagation from Module B to
Module C to the control room; and the vulnerability of several components to a
common cause of failure—that is, to the same blast. The problem was com-
pounded by lack of backups in many of the critical safety features, such as the
power supply. In addition, the deck was packed with equipment, the living quar-
ters were not adequately protected, and the evacuation routes and means of
escape were inappropriate.

The compactness and lack of separation that caused a rapid fire spread were
due, in large part, to the way the system had grown over time. In the end, it had
been modified to accommodate higher levels of production than originally
planned for, with added components and equipment brough onboard, some of
which were simply stacked on the deck. Not only was the final layout different
from the original, but successive additions had been made before anyone inves-
tigated their effect on safety features. For example, external additions to Module
C prevented the blast relief from functioning adequately.’

Personnel management was also deficient. There were not enough qualified
and experienced people onboard at the time of the accident, so available person-
nel performed critical functions on the basis of temporary promotion. Less expe-
rienced operators, maintenance crews, and production workers were allowed to
run the platform in Phase 1 of operations at a high level of activity that should
have required special attention.

The loss of the OIM illustrates a lack of crisis management training. Simple
instructions about emergency procedures are insufficient because they may not
apply in an actual accident. Leadership during crises requires appropriate pro-
tection of the people in charge, particular types of personalities, and an in-depth
knowledge of the system, none of which seem to have been available on Piper
Alpha when the accident occured.
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Inspection and maintenance decisions and operations also proved seriously
flawed. A pressure safety valve was removed and replaced by a blind flange
assembly without proper tagging, thereby putting a pump out of service. The per-
mit-to-work system failed; and there was no communication between the main-
tenance crews and the night operators, who were unaware that the pump was
unavailable and tried to restart it. In addition, the inquiry concluded that, for a
leak of that magnitude to develop, the assembly could not have been sufficient-
ly tightened, and the quality of the work could not have been inspected. Finally,
safety equipment inspection and maintenance seems to have been seriously
defective.

Organizational Roots and Risk Management Measures
The decisions and actions that took place on Piper Alpha were influenced by fun-
damental organizational factors.>1%!! These factors, and the corresponding
dependencies, are represented at the upper level of Figure 5. They can be divid-
ed into four categories: economic pressures that can result in questionable prac-
tices in production and safety management; personnel issues related, in part, to
these economic pressures, a production culture, and deficiencies in learning
mechanisms; flaws in the design guidelines and the design philosophy; and
inspection and maintenance problems, including a deficient permit-to-work
system.

Maintenance problems may have resulted, in part, from inadequate regulatory
oversight in the United Kingdom. Such regulations should address fundamental
organizational problems of three types. The first type is information: Do the per-
sonnel have the appropriate level of knowledge and access to relevant informa-
tion? The second type is incentives and rewards: What are people actually
rewarded for, and how can the incentive system accommodate the need for long-
term safety? And the third type is resource constraints: What are reasonable time
and budget pressures, and how much should be allocated to inspecting and main-
taining safety features?

Most of these factors are rooted in financial constraints from the corporation,
with emphasis on the short term. In the case of Piper Alpha, many decisions were
made onboard under pressure to produce at the maximum level, to reduce design
and construction costs (hence, a minimum deck surface), and to reduce produc-
tion costs, often by cutting corners in inspection and maintenance operations.
Such economic constraints are unavoidable. Yet, the tradeoff between immediate
production levels and long-term probability and costs of a disaster seldom seem
to be properly examined. The tendency is to focus on the immediate possibility
of frequent incidents and to dismiss or ignore the risk of a catastrophe.

There is no golden rule for managing the tradeoff between safety and produc-
tivity. What is clear is that a culture that exclusively rewards production encour-
ages a myopic approach to safety. Managers who avoid small, visible problems
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that may disrupt production and who dismiss the possibility of large, rare acci-
dents that are unlikely on anyone’s watch are inviting catastrophe.

The risk management literature tends to recommend the creation of an inde-
pendent safety function—for example, NASA conducted the investigation fol-
lowing the Challenger accident. In the United Kingdom at the time of the acci-
dent, 4 large part of the safety responsibility was in the hands of a dispersed set
of government regulators. However, the British government was eager to accel-
erate the production of oil in the North Sea, and the safety of operations may not
have been at the forefront of their concerns. Therefore, regulatory authorities
overlooked important safety issues.!?

Counting on external control and government regulators to discover problems
and monitor their solution encourages an us-against-them mentality. A similar ten-
sion may actually exist inside a corporation, where relying on internal control for
risk management encourages people to beat on the safety officer. Powerful safety
divisions may be effective, provided they are given teeth and do not turn into con-
venient dumping grounds for the less productive. The strategy that keeps an oper-
ation knowledgeable and responsible may be better in the long run. Such a strat-
egy assumes that the internal incentive system is not based solely on short-term
production figures, but rewards long-term safety measures and punishes danger-
ous actions, as well. It also assumes that the production goals are set at a reason-
able level and can accommodate contingencies.

The incentive system of the cil companies often relies on the performance of
profit centers. The corporation may define profit centers somewhat arbitrarily by
assessing, through internal pricing, the performance of each unit. Problems arise
in the oil industry when production and refinery are structured into separate prof-
it centers, leaving the production sector squeezed by fluctuations in the price of
crude oil on the world market. Reducing the production costs is then the only
way to maintain profit margins. This is often achieved by decreasing inspection
and maintenance costs—for example, by delaying system repairs that are not
immediately essential to production. Some of the major U.S. oil companies have
apparently recognized this problem of organizational structure, but it remains a
key issue elsewhere.

Economic pressures, in turn, directly affect corporate culture, personnel man-
agement, turnover, experience, and the process of learning from past mistakes
and incidents. Within the oil industry, the priority given to short-term production
has often created what is called a reverse-safety culture. Formal and informal
rewards tend to encourage employees to push industrial systems to the limits of
their capacities without sufficient precautions. In such systems, there are few
incentives for checking that additional equipment and incremental “debottle-
necking” do not stress existing equipment beyond their actual capacities, do not
create dangerous couplings, and do not interfere with existing safety features.
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Such concerns require a thorough understanding of the system, its complexities,
and its interdependencies, based on experience. This knowledge is lacking when
undertrained people are allowed to run a platform, for example, because the more
experienced are on leave or have been fired in times of budget restrictions. In
addition, stories of near-misses and minor incidents are often suppressed because
they run counter to this culture and to a corporate image of success. As a result,
the corporation fails to learn from past mistakes. Again, the fundamental problem
is one of incentives, formal or informal, and of the culture that they promote.!?

Some of the flaws in the design philosophy can also be linked to economic
pressures that encourage development beyond that initially planned, often on a
minimal deck surface. Others are related to a culture of denial of serious risks
and to the failure to think through the possible consequences of incidents and the
dependencies that may exist. Redundancies are particularly critical in functions
of command and control, especially in the power supply and in fire protection
equipment. Yet, safety equipment is sometimes considered extra baggage that
gets in the way of higher production rates and consumes precious maintenance
IESOUrICes.

Proper design of redundancies and elimination of couplings often requires a
formal risk analysis of the type proposed in this paper in order to examine explic-
itly the tradeoffs between costs and safety. Yet, such analyses are seldom per-
formed. The design guidelines for deck layout are based on concepts of area-
classification, where the goal is to separate the flammable vapors expected under
normal operating conditions from ignition sources, particularly electrical equip-
ment. These guidelines are designed to prevent fires. However, they do not
require the separation of production modules and other units, such as living
accommodations and the control rooms, which can be located anywhere, even in
the process area. Furthermore, there are no specific fire criteria (similar to wave-
load criteria) in the design of the structure and, therefore, no in-depth defense
against sustained heat loads.* Fire protection relies exclusively on quick
response, appropriate training, and properly functioning emergency systems—
which are not available if they have been turned off or are left out of service, as
was the case on Piper Alpha.

In such an environment, inspection and maintenance are critical. Unfortunate-
ly, economic pressures, periodic financial restrictions of the production sector,
and procedures such as the permit-to-work system have proved detrimental to
system safety. The permit-to-work system, investigated extensively in the Cullen
report, did not ensure communications. Nor did there seem to be any concern
about the dependencies created by simultaneously shutting off redundant equip-
ment. In the U.K. sector of the North Sea, deficiencies in maintenance may be
attributed, in part, to inadequate regulatory oversight. Elsewhere, they may sim-
ply be the results of a myopic approach to financial performance.



110 Fire Technology Second Quarter 1995

Probabilistic Assessment of Risk Management Measvures
Most of the safety measures that can be envisioned to address such fundamental
problems are costly, and the economic constraints of the oil and gas industry will
remain. Yet, a number of safety measures must be implemented to reach a toler-
able safety level and to control the enormous losses of potential catastrophes. It
is thus important to assess the costs and benefits of different safety measures in
order to set priorities.

One of the key elements of fire safety in any critical facility is the proper func-
tioning of the fire pumps, which requires that enough redundancies exist and are
not compromised by design flaws or poor maintenance. It is then useful to assess
the fire risks involved in the current system, and then, the risk-reduction benefits
of potential improvements. For illustrative purposes, I focus here on the system
of emergency water pumps. The probabilistic risk analysis that yields the proba-
bility of system failure, given the state of its components, is a direct application
of the classical method® and is described in Appendix 1.

However, fault tree analyses are static tools. They do not allow computation of
the evolution over time of a phenomenon such as system deterioration or fire
propagation. To do so requires a stochastic process analysis, the result of which
yields the probabilities of the different states after ¢ time units.'® The overall fire
risk analysis model is thus a dynamic model that includes, in addition to this sta-
tic probabilistic risk analysis for the pumps, a fire propagation model. This over-
all model applies to many other fire safety problems and allows one to make
choices among policies involving physical systems, as well as procedures.

Consider, for example, one particular failure mode of the emergency water
pumps, as described in Appendix 1: “Access routes are blocked by the fire,” so
there can be no manual pump activation, and “electric cables are destroyed by the
fire,” so the electric pump does not work. Assume that the cables and access
routes are located close to each other. Assume also, for simplicity’s sake, that the
fire can start only in one particular location—Module 1—and at one of two lev-
els of intensity. Low intensity is called Severity 1, while high intensity is called
Severity 2. Finally, assume that the fire has to reach another location—Module
2, close to the emergency pumps—and the higher level of intensity, or Severity
2, to break through a fire wall before it can propagate to Module 3, where the
emergency pumps are located.

The probabilities of the different states of the subsystem “cables” and “access”
after f time units can be computed using the Markov Chain of Figure 6. The com-
putations involved in this model are presented in Appendix 2. The Markov model
yields the probability distribution of the time to failure of the water pumps
through one particular failure mode, and the failure of both the electric cables
and access to the manual pumps. Similar models can be developed for the other
failure modes. It is clear from the logical analysis alone that the electric cables
should not run along the access to the manual pumps. In addition, the Markov
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analysis yields the probability that this particular coupling will cause a cata-
strophic fire.

This analysis (and similar ones for the other nine failure modes, and possibly
for some conjunctions of failure modes) allows us to assess the benefits of a
number of safety measures. For each of the following examples, I identify the
effects of the proposed measure on the model data. The model then yields the
corresponding reduction of the probability that the fire pumps will become
unavailable in a fire.

In the design phase, the fire pumps can be isolated by better layout or by rein-
forcing the pump area’s fire protection. Given a fire, one wants to decouple the
possible failures of the access to the manual pumps and the electric cables. The
effect on the model data is to decrease the probabilities of transition between any
state of the cables and the access routes and higher levels of fire severity.

In the operations phase, procedures can be enforced to forbid closing the water

States 1 to 4 States 5 and 6 States 7, 8, and 9 States 10, 11, and 12

l l | |

Location 1
Severity 1

C0-AO

Location 2
Severity 1

Location 2
Severity 2

Failure
mode: CA

Legend: location i, severity j refer to the characteristics of the initial fire and of fire propagation.
Ci-Aj represent the state of the access (A) and the cables (C). Index 0: intact; index 1: minor fire
damage but still functioning; index 2: damaged by fire, failure state.

Figure 6. Markov diagram and transition among states for
the subsystem: access to water pump(s), A, and electric
cables, C, feeding the electric pump(s).2
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inlet; the divers can be protected through other means. The effect on our model
is to decrease the probability of the failure nrode “failure of water feed.” One can
also introduce human redundancy into the operation of the manual pumps by
making sure that several individuals have access to, and can operate, the pumps.
The effect is to decrease the probability of fajlure modes that involve an opera-
tor. One can also consider changing the policy that allows less experienced per-
sonnel to operate the platform. The effect is then to decrease the probability that
a will fire start; the probability that a fire, once started, will reach Modules 2 and.
3, where the emergency pumps are located; and the probability that no operator
will be available should the automatic pumps fail to function. Finally, the main-
tenance procedures can be made more thorough or more frequent in order to
decrease the probability of leaks in pumps and valves. The effect on the model
data is to decrease the initial probability of fire and the probability that the fire
will start at a high level of intensity.

The benefits of measures aimed at decreasing the probability of losing water
pumps in a fire can be evaluated by assessing the contribution of fires and blasts
to the overall probability of platform failure and assessing the contribution of
emergency pump failure to the probability of losing the platform, given that a fire
starts. Then, using our model, we can assess the contribution of each of the fail-
ure modes to the probability of an emergency pump system failure and compute
the reduction of the probabilities of these failure modes as a function of the
reduction of specific initial or transition probabilities, such as those identified
above.

Several types of improvements, such as layout modifications, fire protection
measures, and other measures aimed at decoupling the different parts of the sys-
tem, produce multiple benefits because they reduce the probabilities of several
failure modes. These benefits should thus be computed across the relevant fail-
ure modes. In particular, improvements of inspection and maintenance proce-
dures can increase overall system safety by adapting the frequency and the extent
of maintenance interventions to the loads and deterioration rate of each compo-
nent. In some cases, a choice must be made between maintenance on-schedule
and on-demand, and an expected-utility decision analysis can support this deci-
sion. 718

Conclusions

The fire that destroyed the Piper Alpha platform resulted from technical failures
rooted in organizational and management problems. Reducing the probability
and the severity of such fires starts with improving the design in several ways—
that is, modifying the layout, improving fire protection devices, and taking other
measures aimed at decoupling the different parts of the system. Many of these
measures produce multiple benefits because they reduce the probabilities of sev-
eral failure modes.



Managing Fire Risk Onboard Offshore Platforms 113

The design guidelines must include severe accident criteria for fire protection
of the structure itself, as well as a better configuration of the pipeline risers and
safety valves, which have to be both accessible and protected.'®* The deck lay-
out must adequately separate or insulate the different modules, and the living
quarters should be located on a separate accommodation platform whenever fea-
sible. The process of platform growth must be strictly controlled. Expansion
should not take place unless provisions have been made for it in the design phase,
so that added systems do not interfere with the safety of operations.

Preventing the recurrence of accidents similar to the fire that occurred on Piper
Alpha in 1988 requires organizational improvements. In general, the burden of
safety must be placed squarely on the oil companies. First, they must recognize
that the probability of truly catastrophic fires is far from remote. Second, they
must devise comprehensive risk management strategies, instead of providing
minimal responses to regulatory requirements or equating risk management with
insurance programs. Such a strategy includes a commitment to promoting a safe-
ty culture, to alleviating production pressures under hazardous circumstances,
and to providing consistent incentives for accident prevention in the immediate
and more distant future. In the production phase, risk reduction also requires
improving inspection and maintenance, including the work-permit system,
improving personnel safety and evacuation procedures, and improving platform
network coordination and communications.

Given the costs of risk management, priorities must be set. Probabilistic risk
analysis allows us to evaluate risk reduction benefits for specified platforms and
safety measures, and, therefore, to optimally allocate risk management resources.
In many cases, the computation can be limited to parts of the system. Once the
results are available, corporate management must decide how to balance costs
and benefits. Eventually, the final safety level and the residual risk should be the
responsibility of the oil companies, not of government regulatory agencies.
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Appendix 1: Static Probabilistic Risk Analysis for the
Emergency Fire Pumps

Notations
fist_: final states of the different components (index m: three possible
states: intact, partially damaged, totally failed)
loss,: levels (indexed in k) of final losses
loc,; location of fire start (indexed in I)
sev: level of initial fire (indexed in j)

The probabilistic analysis is done in four steps.

*First, a logical analysis of the functions involved and fault tree analysis are
performed.

*Second, probabilistic analysis is performed on the different failure modes for
the top event, which, in this example, is “failure of emergency pumping.”

*Third, probability of fire start and propagation to the location of the pumps
and their accesses is computed using a Markov model. The final system’s state is
described by the vectors fist . The probabilities computed here are those of the
fist ’s, in which the element corresponding to the emergency fire pumps indi-
cates that they do not function.

*Finally, the risk reduction benefits of several types of measures are assessed
by computing the contribution of the pumps in limiting overall fire losses.
Examples of such measures include adding a second manual redundancy or
adding protection against the effects of fires and blasts to the pumps.

Event Tree and Fault Tree Analysis

The annual probability of the level of losses k is obtained by summing the joint
probability of losses &, fire (initial location and severity), and final system states.
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p(loss,) = 2 Z Zp(ﬁre) x p(loc,| fire) x p(sevj|ﬁre, loc))
1] -

>

m

fire initial state

x p(fist,|fire,loc,,sev,) x p(loss,|fist,,
-t » B Juinininiaiieiniial >

fire propagation final losses (1)

The vector fist  represents the possible final system states, and the loss of the
pumps may be one of its elements. Therefore, a key element of the probability
D (fist,, | fire, loc,, sev) is the probability of fire pump failure. It can be analyzed
by the classical PRA techniques, ' starting with the simplified functional diagram
shown in Figure 7. The function “water feed” is needed for both manual and
automatic functions. The automatic pump requires that the power supply and
electric cables are both functioning, and the electric pump itself must function.
The manual pump requires that an operator is available, that the access has not
been blocked, and that the pump itself functions. To simplify the diagram, we
assume that the subsystem “manual pump” includes its own emergency electric
supply.

The fault tree corresponding to the top event T'= “the water pumps do not func-
tion” is represented in Figure 8. Each component’s state is represented by a
Boolean variable X. All values of X are defined in Figure 6; for example, C is

E C EP
electric || electric | | automatic
power cables electric
W source pump
—  water
feed
A
access to MP | 0
manual manua Operator
pumps pump

Figure 7. Functional diagram for the emergency water
pumps.2
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defined as state of the electric cables. X is equal to 1 if the corresponding element
does not function, and to 0 otherwise. The Boolean polynomial corresponding to
this fault tree is:

T=W+(E+C+EP)X(A+0O+ MP) @)

Expansion of this polynomial yields the 10 failure modes of the pumps:

T=W+EXA+CXA+EPXA+EXO+ ExXMP
+ CXMP + EP x MP 3)

Thus, the probability of failure of the pumping function is
p(T)=p(W)+ p(E) x p(A[E) + p(C) X p(A|C)
+p(EP) X p(A|[EP) + p(E) X p(O|E)
+p(C) % p(0|C) + p(EP) x p(O|EP)
+p(E) x p(MP|E) + p(C) x p(MP|C)

+p(EP) X p(MP'EP) - zp(two failure modes at a time)

+2 p (three failure modes) . . . etc )
4

];F The water pumps do not functlon

Water does not arrive I * No pumpmg

@ﬁd @ﬁ@

Figure 8. Fault tree for the top event, “the water pumps do
not function.”2
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Given the strong dependencies introduced by the possibility of accident initia-
tors such as fires, the probabilities that two or more failure modes will occur at
the same time can be high. Therefore, these terms must be explicitly computed
in Equation 4. An example of two failure modes at a time is the conjunction
Ex O X EP x A (failures of the electric power source, of the operator, of the auto-
matic electric pump, and of the access to the manual pump).

Fire is one of the “common causes of failure” that can affect the probability of
all 10 failure modes. The probability of losing the fire pumping function in a fire,
event F, depends on the location 1 of the fire start and on the severity j of the ini-
tial fire. If one restricts the top event T to the loss of emergency pumping in a
fire, Equation 4 becomes:

p(T) = p(F)x p(T|F)

= p(F)x Y, Y.[p(W|F,loc,,sev,)
l i

+p(E|F,loc,,sev;) X p(A|F, E.loc;,sev;)+...] )

in which all the terms of Equation 4 are conditioned on the occurrence of a fire,
its location, and its initial severity.

Equations 1 to 5 thus permit us to compute the probability that the emergency
pumps have failed by a specified time #, given the state of the different compo-
nents at that time.

Appendix 2: Dynamic Markov Model of Fire Risks

In Figure 6, C represents the state of the electric cables—C0 meaning no dam-
age, CI minor fire damage but still functioning, and C2 failure due to fire—and
A represents the state of the access to the manual pump-—that is, the space that
must be crossed to reach the pump from other locations. In the same way, A0
means that the fire has not reached the access, Al that the pump can still be
reached but that fire and smoke are beginning to invade the space, and A2 that
the pumps are inaccessible. The initial states of the cables and the access to the
pumps while they are still undamaged but as the fire starts and propagates
(CO-A0) have been grouped for clarity in Figure 6. The final state C2-A2 repre-
sents the failure mode C x A of the water pumps.

The Markov Chain

This Markov Chain has 12 states, numbered 1 to 12 by column in Figure 6. State
1 is CO-AQ, Location 1, Severity 1. State 5 is CO-Al. State 7 is CI-A0. And state
12 is C2-A2. We assume here that the fire always grows and damages the two
components C and A continuously, without jumps in severity levels. Human inter-
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vention is not modeled here explicitly. The probabilities of transition among states
depend on fire fighting activities and on the availability of water—that is, whether
the other failure modes of the emergency pumps have occurred before C x A.
Once the fire has reached Module 3, or States 5 to 12, the severity of the fire is
represented only indirectly by its effects on the cables and the access to the pump.

The initial vector P(0) represents the probabilities of the initial severity levels
when a fire starts in Module 1.

P(0)=[p,(D), py(2),0,...,0] 6)

Let II be the transition matrix corresponding to this system; 7; is the probabil-
ity of transition from state i to state j per time unit, such as 1 mn. The probabili-
ty that the system is in each of the 12 states after t time units is given by the vec-
tor P(t), which is the product of the initial vector P(0) and the transition matrix
to the power t :!

P(r) = P(O)xIT’ @

The probability that the failure mode C2-A2 has occurred before t or at time t is
the twelfth element of this vector P(z) noted P,,(1). We can obtain the probabili-
ty distribution and the mean of the time to failure of the water pumps through this
particular failure mode.

This Markov model thus permits us to compute the probabilities of the differ-
ent failure modes of the fire pumps within given time intervals after the start of
a fire in a specified location.
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