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Abstract

In the design of structures in the offshore and process industries, the possibility of a gas
explosion must always be considered. This is usually incorporated by performing explosion
simulations. However, estimations based on such calculations introduee uncertainties in
the design process.

The main uncertainties in explosion simulations are the assumption of the gas cloud,
the location of the ignition point and the properties of the explosion simulator itself.

In this thesis, we try to investigate the level of these uncertainties and quantify them.
This is done by performing a large number of simulations on three offshore modules; the
Piper Alpha C module and the CMR M24 and M25 modules in full seale, and one onshore
plant; the Nypro UK plant at Flixborough.

The simulations of the offshore modules show that

• there is an approximate linear relation between pressure and gas volume
• it seems possible to find a linear relation between pressure and impulse
• an inverse relation between pressure and duration is observed
• the response of offshore structures exposed to gas explosion are rare ly in the impul-

sive regime
• loading rates vary widely in magnitude
• an assumption of a triangular explosion pulse is often correct
• louvres increase pressure, impulse and duration of an explosion

The effect of ignition point location is studied in detail. The location of the ignition
point may result in explosion pressure variation with a factor of 20. While explosion im
pulse as function of ignition point location seems to follow a normal distribution, explosion
pressure has to be treated with non-parametric statistics.

It is possible to derive an ignition point uncertainty load factor that shows predictable
behaviour by generalising the non-parametric properties of the explosion pressure. The
load factor will vary with the" chosen level of safety. Values of this factor for the offshore
moduleswith different gas volumes, gas types and different levels of safety are provided.
Based on the mean of a few simulations, a factor of 2 will in general be sufficient to achieve
the 90% quantile in any explosion distribution investigated.

A model for taking into account the uncertainties regarding gas volume, ignition point
location and simulator imperfectness is proposed. Several levels of safety may be chosen.
The model is intended to produce a characteristic load for structural design.
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Chapter 1

Introduction

1.1 The problem

Modern structural design codes still base their philosophy, to a large degree, on empirical
knowledge. Hundreds of years with successful building history form a vast range of ex
periences of what kinds of structures that can be considered as "safe". Common practice,
partly modified with modern reliability theory, is today quantified and used in structural
design. This practice is often referred to as semi-probabilistic design, i.e. traditional design
modified with modern knowledge of load and structural probabilistie properties.

However, in some design situations, our empirical knowledge is limited. Examples are
modern, large, multi-stories buildings in areas prone to earthquakes, offshore installations
in the oil and gas industry and nuclear reactor buildings. We build more complex struc
tures placed in environments where we have no previous experience of the behaviour of
these structures under extreme loading situations. Modern materials are introduced, and
our knowledge of the long-time behaviour of these may also be limited.

In addition to increasing structural complexity, economical demands are put on the
designers and the constructors. Larger built-in structure safety against failure implies
larger initial cost. This motivates the use of less costly, but new and untested solutions to
constructional problems. This is a natural evolution of building practice, but introduces
constructional details in which we have little or laeking experience.

On the other hand, our probabilistie knowledge of structural behaviour and load dis
tributions are increasing, thus helping us in finding new and creative ways in design and
construetion. Modern computer codes make it possible to take into account a wider range
of probabilistic information during planning and production.

p..~ better understanding of the probabilistie behaviour of load and structures is in any
way advantageous. With access to probabilistie information about e.g. a load, we can be
able either to produee a code to take advantage of this knowledge or calibrate our present
empirical models to gain a better economical yield within an acceptable risk.

1



2 Introduction

This thesis has acknowledged the importance in producing and publishing probabilis
tie data. The thesis deals with the loads from gas explosions, both maximum explosion
pressure and impulse load. Based on simulations, explosion loads are tested versus several
known, parametric distributions and also classified by non-parametrie statisties. The ef
feet of geometry, gas cloud size and ignition point location are diseussed and visualised. A
model for taking into aeeount the uncertainties arising from gas eloud size, ignition point
loeation and explosion simulator imperfeetness is proposed.

1.2 Related work

According to Madsen et al. [1], it was in the period from 1967 to 1974 an increas
ing growth in aeademie interest in struetural reliability theory and a growing accep
tance of probability-based structural design. Infiuential work was published by Freuden
tahl [2], Johnson [3], Pugsley [4] and Ferry Borges and Castanheta [5]. Later, both Thoft
Christensen and Baker [6] and Ditlefsen and Madsen [7] has elaborated the theory of
structural safety.

1.2.1 Load distributions

There seems to be little research work done in the field of the probabilistie nature of
explosion loads and the use of statisties applied to these.

On the generallevel, European standards [8] divides aetions on structures into perma
nent actions, variable actions and accidental actions. Permanent actions are eommonly
regarded as normally distributed [8]. Aeeording to Borges [9] and The Ameriean National
Bureau of Standards [10], variable actions, ineluding snow and wind, can often be clas
sified by same Gumbel distribution. Aune and Larsen [11] mention that Norwegian wind
strength tables often are presented as frequency tables, and that the extremal statisties
(as described by Gumbel) are prone to uncertainties. For snow, Aune and Larsen [11] put
forward the return period as the main key, disregarding any distribution.

For accidental actions, there is a large amount of literature on earthquake loads, but a
modest number of works describing the effeet of gas explosions loads on structures. Bjer
ketvedt et al. [12] published the Gas Explosion Handbook that describes the physieal and
dynamic aspects of a gas explosion. The European prestandard Eurocode 1, part 2-7 [13]
has a separate chapter deseribing actions from gas explosions, but the usefulness of the
described method is limited. Heiset et al. [14] have presented a model for ineorporation of
uncertainties regarding explosion simulator code, gas volurne and ignition point location.



1.2 Itelated vvork

1.2.2 Structural safety

In reliability theory, the risk of failure is the main subject. While European structural
design standards [8] mostly are based on historieal methods, modern struetural safety
theory is based on probabilistie data, as described by Thoft-Christensen and Baker [6].
Both Thoft-Christensen and Baker and Ditlefsen and Madsen [7] aeknowledge a safety
index in structure reliability. However, both the empirieal methods and the probabilistie
methods supplement each other, and merge toget her in the partial coefficient method. The
partia! coefficient method is adopted both in European standards [8], national standards
(e.g. Norwegian, NS3479 [15]) and Ameriean design guides such as APTItP 2A LRFD [16].

This semi-probabilistic design, that takes into aecount both empirical and probabilistie
dimensioning eriteria, is deseribed by Aune and Larsen [11]. A diseussion of genera! model
uncertainties in struetural reliability and how to include elements for subjeetive assessment
of model uncertainties in the reliability model has been published by Ditlefsen [17].

1.2.3 Structural resistance

The field of struetural resistanee and material strength exposed to explosion loads is
extensive. Dynamic design of structures, modes of failure and material strength issues
must be taken into view, These areas are not covered here. The baekground doeumentation
to the Eurocode 1 [18] suggests a time-step analysis on the basis of the pressure-time
history for the consideration of dynamie effeets and a non-linear modelling of materials
and geometry in the structure.

1.2.4 Explosion simulators

There are several explosion simulation eodes available, such as EXSIM [19], FLACS [20]
and ItEAGAS [21]. These computer codes generally use the control volurne method as
deseribed by Patankar [22], and solve the conservation equations for mass, momentum and
energy together with a turbulenee and cornbustion model as deseribed by Hjertager [23].
Validation data are important in estimation of model uneertainty. Sæter et al. [24] have
presented a validation of the EXSIM eode, later updated by Solberg and Hjertager [25],
while van Wingerden et al. [26] have presented a validation of the FLACS eode.

1.2.5 Statisties

Fitting of experimental data to known parametrie distributions is covered in severai text
books. In this thesis, the test of experimental data versus normal and lognormal distri
butions are done as described by Ang and Tang [27]. The test of observations versus
extremal distributions are done as proposed by Gumbel [28, 29] and deseribed by Ang
and Tang [30]. This includes the eurve fitting proeedure described by Lieblein [31].

3



4

1.3 Overview of thesis

Introduction

The scope of this thesis is to foresee a characteristic value of the magnitude of a gas
explosion, either explosion pressure or impulse by means of a proposed load model. The
model is based on the existence of two or more explosion simulation results.

In the load estimation proeess, areas of uncertainty are located and quantified. The
quantification of uncertainties are done by applying statisties to the observed data.

In order to get large enough data sets to apply statistical tests with some reasonable
confidenee spans, nearly 10000 explosion simulations have been done. As a side effect of
having so many explosion simulator results available, the effect of varying several param
eters are visualised and diseussed.

Chapter 2 seeks to elaborate the uncertainty aspects of structural design with respect
to gas explosion loads. A delimitation of the work is done. The text discusses the infiuence
of various parameters affecting the resulting explosion load and how to deal with them,
statistically, in structural design. The statistical methods are chosen, and application to
a load model is described.

The proposed explosion load model uses partial coefficients as load factors to produce
a characteristic load. In order to understand and use load factors correctly, we start with
looking at failure philosophy in chapter 3. There the current risk philosophy is discussed.
A short overview of reliability analysis is given, and probabilistic properties of various
variable loads are presented.

In chapter 4, a load model that takes into account the uncertainties arising from gas
cloud size, ignition point location and computer simulation imperfectness is proposed.
This model concludes with a characteristic value for explosion loads. The characteristic
value is achieved from a nominal value from explosion simulations combined with partial
factors to reach the desired level of safety.

Chapter 5 presents the summary of nearly 10000 simulations of explosions in offshore
geometries. The effect of several parameters are visualised and discussed.

In chapter 6, the probabilistic properties of gas explosions with respect to the location
of the ignition point are investigated. Tests versus normal, lognormal and Gumbel distri
butions are carried out. A non-parametric approach to the analysis of the observations is
shown to be insightful.

A lesser number of simulations on a land-based process plant are presented in chapter 7.
The subject of the simulations is a reconstruction of the Flixborough accident. A overview
of literature is presented along with simulated values.

Chapter 8 presents appropriate partial coefficients for the characteristic load model
presented in chapter 4. Values for ignition point location and explosion simulator code
uncertainties are given.

Chapter 9 presents the conclusions of this work and recommendation for further work.
Abbreviations and a nomenclature are presented after the conclusion. Most figures are

presented in appendix A.



Chapter 2

Scope of thesis

2.1 Quantitative Risk Assessrnent

2.1.1 Overview

Quantitative risk assessment (QRA) is based on the prernise that one must evaluate both
the consequences and the expected frequency of potential hazardous events [32]. Such
an evaluation will hopefully lead to a logical decision on whether the installation of a
particular safety measure can be justified on safety and loss control grounds. There are 4
basic concepts in QRA [32]:

• Identification of likely accidental events.

• Consequences of events if they occur.

• Frequency of accidental events.

• Acceptable criteria.

Combinations of consequence and frequency can be combined to produce a measure of
risk.

The QRA technique can be used to identify, assess and establish which of a range of
potential accident scenarios should be considered in design.

According to the Steel Construction Institute [32], a probabilistie assessment of struc
tural resistance will not normally be added into the QRA process. At the present time,
QRA is used to identify appropriate design events.

2.1.2 The application of QRA in this thesis

This thesis adapt the QRA principle and tries to describe the procedure to achieve an
appropriate characteristic gas explosion load, Ak for the use in an accidental design sit-

5



6 Scope of thesis

uations. It does not cover all the fields of the subject, but is limited to the following
scenario.

The likely accideni investigated is taken to be a gas explosion within an offshore module
or at an onshore plant. An existing, combustible gas mixture and the presence of an
ignition source are assumed. Thus, the accidental event is limit ed to a gas explosion.

The consequence of the gas explosion consists of two elements:

1. The magnitude of the explosion (load effect)

2. The strength of the structure (resistance)

While the relationship between these are discussed in chapter 3, the main issue is the first
point; if there exists a combustible gas mixture and the presence of an ignition point, how
powerful will the explosion be in the cases of offshore and onshore installations?

The answer depends on a number of factors. Some of these factors are easily (roughly)
quantified, whereas others have largeruncertainties.

2.2 Sources to uncertainty

2.2.1 Overview

Probabilistic data have been collected for several types of variable loads. However, the
distribution properties of gas explosion loads seem to be absent in the literature. In esti
mation of gas explosion loads, explosion simulations done with computers are commonly
used. Gas explosion loads are functions of many variables [12, 33]. The most important
are:

• Geometric layout, e.g. confinement, equipment and pipes.

• The gas type(s) involved.

• The size and location of the exploding gas cloud.

• The equivalence, or fuel-oxygen ratio.

• The ignition point source and location.

• The initial turbulence field.

To gain a characteristic load in the structural design phase, each of these variables must
be estimated in some way. In this estimation process, we introduce uncertainties that
affect aur characteristic explosion value.

Geometric model or module layout has a significant effect on the explosion pressure.
There has to be an interaction in the planning proeess between the layout planning and the



2.2 Sources to uncertainty

explosion risk evaluation to minimize the effect of missing pipes etc. in the calculations.
The geometry of the explosion hazard area is one of the most important factors infiuencing
the explosion. A correct specification of the layout is of major importance.

The gas type likely to explode is usually known. If there are several possible explosive
gas types in the area, parallel simulations have to be done to conclude which gas type has
the most destructive effect in an explosion. Validation of explosion simulator results with
respect to the explosive gas under investigation should be available. If this procedure is
fol1owed, the errors from misinterpretation of the gas type are expected to be negligible.

The size and location of the exploding gas cloud will significantly affect the explosion
pressures. These factors have a great uncertainty associated with them, and they have to
be evaluated thoroughly in the risk assessment. Flow simulators can be used to produee
input data for the explosion simulators. If possible, the use of statistical methods to
quantify the level of uncertainty is desirable. In some cases, e.g. offshore modules, an
assumption of the module completely filled with explosive fuel/oxygen mix can be viewed
as the "worst case".

The equivalence, or fuel-oxygen ratio in the exploding cIoud is also of great significance.
The ratio will be a funetion of spaee and time, and wil1 generally not be available. Exper
iments done by Hjertager et al. [34] show that the explosion peak pressure maximizes at
stoichiometric or slightly fueI-rieh mixtures. A stoichiometric mixture in the simulations
is therefore assumed to be a conservative assumption.

The ignition point location has great infiuenee on the resulting explosion pressure and
impulse. Informal caleulations show that the maximum overpressure may vary with a
faetor of order 10 aecording to choice of ignition point location [14, 12]. This faet shows
that the location of the ignition point is of great importance in explosion simulations.
Therefore..a user of explosion simulators in the design phase can hardly be expected to
pick a "worst case" with respect to ignition point when performing caleulations of explosion
values.

The initial turbulenee jield ean affect the explosion progress. The existence of turbu
lenee will enhance the combustion, and thus produce higher explosion pressure. This is
a parameter difficult to estimate. Wind will on one hand generate turbulence, but on
the other hand tend to dilute the fuel/oxygen mixture, and thus may lower the risk of
an explosion. A jet leakage of flammable gas can be more dangerous, causing turbulenee
without diluting the explosive mix. The scenario is extremely case-dependent and hard
to generalise.

The EMERGE report [35] concluded that there was no difference in maximum explosion
pressure with respect to the initial turbulenee field. However, in the experiments where
an initial turbulenee field was introduced, the geometry was very congested. An early
occurrence of high turbulent velocity could have been expected without the extra initial
turbulenee. We may at least assume that in congested areas, the existence of a turbulenee
field at the time of ignition will not necessarily produee a higher explosion pressure.

7



8 Scope of thesis

The transition from deflagration to detonation may be of interest for either highly
congested geometries or very reactive gases. In this thesis, all explosions are taken to
be deflagrations. If a detonation is taken to be a possible out come of an explosion, the
values in this thesis will not be representative. All explosion simulations in this thesis are
deflagrations.

As a last point, during the structural design phase, explosion simulators are commonly
used to prediet the characteristic explosion load. Thus we introduee another variable prone
to uncertainty:

• Imperfectness in physical model and mathematical implementation in the explosion
simulator.

The latter can be handled by correct specification of the explosion simulator validation
data.

2.2.2 How to deal with uncertainties

With the limitations of the problem as described section 2.1.2, we can deal with the
occurring uncertainties in the following way.

The geometric model of the structure is taken to be in the final stage of planning, i.e.
the representation of the structure and the internal equipment is close to the final result.
In this way, the possible errors in explosion pressure estimation that arises from incorrect
layout specification is taken to be negligible.

The size and location of the exploding cloud has obviously great infiuence on
the resulting explosion pressure. There exists a number of fluid flow simulators that are
capable of determining the dispersion of a gas as a function of time, given a leakage point,
leakage rate and a realistic layout of obstacles.

Pappas [36] showed that in the case of an explosion within an offshore module, a filling
ratio of 30-50% may cause the same explosion pressure as a 100% filled compartment. This
is due to the exploding, expanding gas pushing the uncombusted fuel-oxygen mixture away
from the explosion. This observation can argue for a module filled completely with gas as
the design case. A such assumption may cover the actual explosion explosion pressure for
a wide range of filling ratios.

Thus, while the gas volurne has great influence in the case of onshore plants, a reason
able assumption on the "safe side" in offshore modules may be the whole module filled with
an explosive mixture, if there is enough leakable gas to provide a such volurne. However,
we do not specify any probability distribution properties for gas volurne and placement
in this thesis. Severai exploding gas volumes are investigated, but no statements are done
on which to prefer in the design process.



2.2 Sources to uncertainty

The equivalence ratio rarely produces any source to uncertainty. An assumption of
a stoichiometric mixture is reasonable and probably a slightly conservative precaution.
The fuel-oxygen mix will be most explosive at the stoichiometric ratio. Leaner or rieher
mixtures will produce lower explosion pressures [34], and toa lean or toa rich mixtures will
not ignite. However, a rich mixture may always become stoichiometric. All the explosion
cases investigated in this thesis are taken to be stoiehiometrie.

The ignition point location is of great importance to the resulting explosion pressure.
The actual ignition source is rarely known. It can be a hot surface or a spark, either by
equipment, switches or an electrical discharge of static voltage. In the inquiry into the
Piper Alpha disaster [37], the conclusion was

"The location and nature of the source of the ignition are unknown, but the
location was probably such as to favour high over-pressures."

Likewise, the report of the Court of Inquiry after the Flixborough disaster [38] did not
eonclude with respect to where the ignition source were located, but pointed out that
there were several hot surfaces at the nearby hydrogen plant, and that one of these may
have ignited the explosive cloud.

These statements show that the ignition source is hard to locate, even in retrospect, and
can be deseribed as impossible to prescribe in the planning phase. The ignition point may
occur almost anywhere near a hot surface or equipment supplied with electrical power.

In this thesis, we assurne the ignition point to be a simple spark. The spark may
be generated anywhere in free fuel/air mixture. This is hardly the real situation, where
sparks generally will occur in the close vicinity of a hot surface or close to electrical
equipment. Thus, the real set of ignition point can be presented as a subset of the ignition
point applied in this thesis. Given that the real ignition points may be located such that
an early turbulenee may occur, while the simulated ignition point generally will have a
"late" turbulence generation, consequently the real ignition points will most likely produce
slightly higher overpressure than the assumed ones.

The generation of random ignition points in free air, both elose and far from surfaces,
is not the ideal solution in estimating the most likely explosion progress. However, the
temperature of surfaces and planned and future electrical cabling and switching can hardly
be incorporated into our planning model. Thus, a realistic level of speeifying possible
ignition source areas seems unreachable.

One solution can be to specify the model to only look for possible ignition points "elose
to" any surface. However, the available geometrical details of the simulated cases (Piper
Alpha [39, 37], CMR M24 and CMR M25 [40] and Flixborough [38, 41]) does not allow
such specification. These sources specify the geometrical layout to an acceptable degree
for flow simulations, but minor details, sueh as placement of electrical cabling bridges, are
not available.

9



10 Seope of thesis

Furthermore, it is hardly the vicinity of an ignition point to asurfaee that infiuenees
on the maximum pressure, but rather the degree of confinement around the ignition point.
A proeedure to piek out possible ignition points with a eertain degree of confinement to
generate early turbulenee seems eomplex to establish.

Thus, the approaeh to the ignition point loeation problem during simulations is the
arbitrary ehoiee. A possible solution to maintain the most realistie scenario is to read the
probabilistie information gained in this thesis "as is", and keep inmind that the actual
explosion pressure may tend to be somewhat higher than the results from the estimation
model presented. The distribution quantile (i.e. safety level) sought by the user may be
infiuenced by this faet.

The initial turbulenee field is taken to be negligible, i.e. the fuel zair mixture is taken
to be quiseent. This is taken to be the most probable situation if the fuel/air ratio is within
the explosive limits, although this assumption may be on the non-eonservative side. The
effect of this assumption remains unknown.

The choice of simulator may infiuenee on the uneertainty level when estimating the
explosion pressure. In fluid flowequations, there are several eonstants, sueh as the Courant
number Co and several turbulenee parameters that relies on the results from experi
ments [23]. These can be "tuned" to solve the equations sueh that the ealeulated value of
the explosion pressure, Pcab is close to the observed explosion pressure, Pobs, in the mean.
This, along with previous experienee of the above eonstants, is a common way to ealibrate
an explosion simulator eode. Other methods to gain a mostly eorreet code is to implement
better numerieal sehemes, speeify eorreet drag eoeffieients for different obstruetions and
to lise up-to-date models for laminar and turbulent combustion.

Correct eoding of the flow problem together with the above precautions to ealibrate
the eode make the simulators prediet the explosion pressure pretty well. Validations of
the eodes are published [24, 25, 26].

However, the validation results still emerge with a dispersion within the data sets.
Quantification of this dispersion is, as far as the author know, only done for EXSIM [24,
25]. The dispersion of the results from the FLACS eode [26] are deseribed in more general
terms. Following the ealeulations done by Sæter et al. [24] and Solberg and Hjertager [25],
the quantile values that are neeessary to aehieve a eertain safety level is possible to
quantify.
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2.3 Statistical aspects

2.3.1 Overview

Reliability theory uses the probability of failure as the main parameter. Design regulations
and standards who lise this approach often prescribes a probability of failure per year. With
respect to explosions, this probability is usually of the order 10-4

. With this approach,
it follows that the return period of the design explosion is 10000 years. Explosions can
occur more frequently, but they will not have such high overpressures. Given that the
probability of an explosion occurring and the magnitude of the explosion are independent,
the probability of failure will be the product of the probability of an explosion occurring
and the probability of explosion pressure (given an explosion occurring) exceeding the
characteristic value.

By separating the failure probability into these basic probabilities, we can isolate the
effects of an explosion. In this thesis we prescribe methods to determine whether the explo
sion pressure and impulse will exceed some characteristic values, but not the probability
of an explosion occurring.

2.3.2 Applied statisties

Variable loads can usually be classified into either the lognormal, the gamma (rarely) or
the Gumbel Type I or Il extremal distributions.

The data sets gained by the present simulations are, as a result of the above observation
and selective choice, tested versus the normal, lognormal and Gumbel Type I and Il
extremal distributions. Since the gamma function is rather rare, the data sets are not tested
versus against this distribution. The normal distribution test are done as a reference.

Furthermore, in view of the possibility of not finding an appropriate parametric dis
tribution, the data sets are also classified with means· of non-parametric statistics. In this
way it is possible to quantify safety levels without knowing the exact distribution or make
assumptions to make a fit of the data into a known parametric distibution.

The quantification of the safety level is done by choosing an explosion load quantile
that satisfies some criterion, and producing load coefficients to obtain this characteristic
load from the nominal, calculated load.

11
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Chapter 3

Probabilistie design of structures

3.1 Reliability analysis

The term reliability covers safety, serviceability and durability of a structure [8]. The level
of reliability varies regarding struetural safety and struetural serviceability. We can accept
periods where the structure is unusable as long as struetural failure is not aehieved.

Further, the level of reliability versus failure may depend on [8]:

• Cause of failure.

• Possible consequenees in terms of risk to life, injury, potential economic losses and
the level of social ineonvenience.

• Expenses neeessary to reduce the risk of failure.

• National, regional or loeal eireumstanees.

An overview of reliability methods is given in figure 3.1. Let g(Xl' ... ,xn ) = Obe the
equation for the distinction between failure and non-failure of a structure. The equation
will form a surface in the n-dimensional space. If this equation is solved exactly, the
procedure is ealled a level III method as shown in figure 3.1. The level III methods
require a knowledge of the joint distribution of all uncertainty parameters [1]. They take
into aceount the true nature of the failure domain [6].

If the solution is approximated, the proeedure is called a level Il method [8]. The'
level Il methods involve eertain approximate iterative caleulation proeedures to obtain an
approximation to the failure probability of a structure or structural system. They gener
ally require an idealisation of failure domain and are often associated with a simplified
representation of the joint probability distribution of the variables [6]. Sueh methods gen
erally operates with a safety index, (3. The level Il methods can be divided into first order
reliability methods (FORM) or second order reliability methods (SORM). The former

13
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Probabilistie methods

Historical methods
Empirical methods

Calibration

Calibration

lb

Calibration

la lc

Figure 3.1: An overview of reliability methods [8]

approximates the surface described by the 9 function as small, piecewise planes, while
the latter takes into account the curvature of the surface [7]. They employ two values of
each uncertain parameter (commonly mean and variance), supplemented with a measure
of the correlation between the parameters (usually covariance) [1].

The present generation of Eurocodes are most ly based on method la in figure 3.1, i.e.
historical and empirical methods. The level I methods employ only one "characteristic"
value of each uncertain parameter [1].

Madsen et. al [1] also proposed a level IV method. This will compare a structural
prospect with a reference prospect according to the principles of engineering economic
analysis under uncertainty, considering costs and benefits, of construetion, maintenance,
repair, consequences of failure and interest on capital, etc.

3.1.1 Probability of failure

Modern structure philosophy tends to emphasise the probability of structural failure in
structural design. Failure is a consequence of structure resistance being less than load
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effects. If we denote structure resistance as Rand load effects as L, the risk of failure is

risk = P(R < L) (3.1)

with P(R < L) being the probability of load effects exceeding the resistance.
Allowable risk is less for structures with greater failure consequences than for structures

with minor failure consequenees. e.g. temporary struetures or storehouses with small risk
of loss of human lives. Norwegian construction regulations [42] give values for the maxi
mum yearly probability for failure as presented in table 3.1.

Table 3.1: Maximum nominal yearly probability of failure [42].
Largest yearly Largest yearly

probability of failure, probability of failure,
Reliability elass Failure consequence" ultimate limit state accidental limit state

1 Minor 10-2 -

2 Meduim 10-3 --
3 Serious 10-4 10-5

4 Very serious 10-5 10-6

"The translations of the ''failure consequence" terms are done by the present author on basis of on-line
information by the Norwegian National Office of Building Technology and Administration[43]. Theyare
not authorative.

In the proposal to the new Norwegian structural design standard [44], offshore instal
lations are classified in reliability class 3, i.e, with an acceptable largest yearly probability
of failure in the aecidental limit state of 10-5 . According to the guidelines to the Nor
wegian construetion regulations [42], this safety level is in agreement with other national
regulations, e.g. Canadian.

Other design guides, e.g. American [16], also emphasise the importance of employing
probabilistie methods in structural design. According to American design guides, a spee
ifieation based on reliability analysis should consider three components-uncertainties,
risk and economics. The main goal is to minimise the total cost, as given by [16]

total eost = initial cost + risk x failure eost (3.2)

A sketch of the total eost is given in figure 3.2.
The procedure is complieated by the estimation of the failure cost, which has to include

human, social and political factors as well as the actual structure east. The model does
not include failure due to human errors or wrong usage of the structure. Nevertheless, the
model serves as an important guide for structural design, and can be improvedby taking
into aceount existing design practice and experience.

Bjerketvedt et al. [12] use the common definition of risk as the product of frequency
and consequenee. The authors cite a flow scherne for risk analysis made by Ramsay [45],
reprinted in figure 3.3.

15
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Total cost as function of risk
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Optimal risk

Total east
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Figure 3.2: Total eost as function of risk level.

3.1.2 Structure failure equations

Structural resistance can be measured by testing. Any set of similar structures will show
up with some resistance distribution due to variances in yield stresses and geometric
properties.

Load effects can be observed. Measurements of load effects from e.g. snow or wind will
produee load effects distributions.

Both resistance and load effect distributions can be described in statistical terms. We
present the observations as accumulated probability functions or cumulative distribution
function, F, or probability density functions, f [27].

If X is a random variable of interest to us, an observed property, i.e. resistance or load
effect, the cumulative distribution function is given by

Fx(x) = P(X ~ x) ti x (3.3)

where x is any value X can take. For aur purposes, X can be assumed to be a continuous
variable. In this case, the probability density function in the interval (a, b] is given by

P(a < X < b) = lb fx(x) dx (3.4)
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Figure 3.3: Risk analysis [45]

The corresponding cumulative distribution function is

Fx(x) = P(X :::; x) = i~ ix(t;,) d~

and, accordingly

fx(x) = dFx(x)
dx

(3.5)

(3.6)

17

The probability of non-failure of a structure can be found based on the distribution
properties [11]. We denote the resistance R and the load effect L. For any load value x,
non-failure will occur when R > x, The probability of L occurring in an infinitesimal
interval dx around x is P(x - ~dx < L < x + ~dx) ~ [t: (x) dx. Thus, the probability of
non-failure within dx is'" aJ

dPN = (1 - FR(x))· [i. (x) dx
~ '---v--'

P(R>x) P(L dose to x)

(3.7)
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Figure 3.4: Th e cumulative probability function Fx(x) and probability density funct ion
fx(x) .
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(3.8)

which, with partial integration leads to

The boundary conditions are given by

FR ((0) == FL ((0)== 1

FR(O) == FL(O) == O

and leads to the equation for structural non-failure

(3.9)

(3.10a)

(3.1Gb)

(3.11)

that might be more convenient than eqaution 3.8. The probability of structural failure
can likewise be deduced.

Pr = P(L > R)

dPF == FR{x) . fL (x) dx
~~

P(R<x) P(L dose to x)

(3.12)

(3.13)

(3.14)

3.1.3 Safety index

The introduction of a safety index was done by Cornell [46] according to Thoft-Christensen
and Baker [6].

Let 9 == g(Xi, ... ,xn ) be the state limit function where Xl, ... ,Xn are stochastie values
describing geometry, material properties and load effects for a structure [7]. The values
Xi, i == 1, ... ,n have their respective variables Xi, i == 1, ... ,n.

VVe introduee the safety margin M as a stochastie variable when we replace the values
æ with their respective variables X.

(3.15)
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where M < Odenotes structural failure, M > Onon-failure and M == O the limit state.
The safety index f3 is defined by the coefIicient of variation

(3.16)

(3.17)

where E [.] is the expected value and D [.] is the standard deviation.
If M is linear in X, .i.e. M == aIXI + ... + anXn + b == a'X + b, we will achieve

the linear safety index from equation 3.16. However, such a linear relation is uncommon,
and may generally only be used as an approximation. A better result is achieved if we
replace the state limit function g(X) with it's first order Taylor series in the mean value
IL == E [X] [7]. This improvement also allows for introduction of probability assumptions
of the cornponents in X:

Il- ~ 8g Ig(X) = g(p,) +~ aXi x=p. (Xi - E [Xi])

From this formula, it is possible to calculate the safety index f3J.t by using the second order
moment representation of X, i.e. both mean and standard deviation can be taken into
account.

Our definition of f3 (eq. 3.16) has ane drawback. As we represent f3 by means of 9(IL),
f3 will depend on the formulation of g. The state limit function 9 is in principle arbitrary
except at the limit surface, i.e, 9 == O.

The definition f3 == E [M] / D [M] has a formulation invariant property, it represents
the distance from origo to the state limit surface in the normalised, n-dimensional space.
This property forms the foundation for a generalisation of f3 to include non-plane limit
state surfaces [7].

A formulation of f3 that takes into account non-plane formulation and curvature of the
limit state surface is the generalised safety index as presented by Ditlefsen and Madsen [7].
They introduce a weight function 'l/Jn on thevolume in n-dimensional space enclosed by
the limit state surface S, and by applying a set of rules on the weight function 'l/Jn derives
the relation

(3.18)

(3.19)

where q> is the normal distribution function (i.e. q>-l is the inverse normal distribution
function) and p the probability of non-failure. The elements in the stochastic vector X
does not need to follow the normal distribution, but must be known by their second-order
moments. By making demands on the weighting function 'l/J, we can treat the safety index
f3 as normally distributed.

API RP 2A LRFD [16] defines the safety index f3 as

{3 = Mean safety margin
Uncertainty level
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where legal, social, economic and psychological factors are not taken into account. There
are no preassigned (3 levels, as (3 values in general depend on the model(s) describing
the .mean safety and uncertainty levels, Equation 3.19 is noted to be a rephrasing of
equation 3.16.

3.2 Probabilistic properties

For both loads and strengths it is common to denote a characteristic value as a quantile
within the load or strength distribution. The "quantile can be prescribed in design stan
dards. It is noticeworthy that the characteristic value is allowed to be exceeded (for loads)
or gone below (for strengths) with some prescribed probability.

3.2.1 Structural strength-resistance

Characteristic material strength in terms of stress, ak is determined by testing as [11]

21

ak == am - k· s (3.20)

where O"m is the mean value and s is the standard deviation of the stress distribution. The
parameter k determines ak as a quantile in the distribution of 0". In the case of Gaussian
distribution, a choice of k == lleads to ak == aO.16, i.e. the 16%-quantile in the distribution
of a. Likewise, k == 2 gives ak == 0"0.02; 2% of the measured a's will have lower values than
ake

European standards [8] describes the properties of materials or products by character
istic values which correspond to the value of the property having a prescribed probability
of not being attained in a hypothetical unlimited test series. Furthermore, unless other
wise stated, the characteristic values should be defined as the 5% quantile for strength
parameters and as the mean value for stiffness parameters, according to Eurocodes [8, 18].

NBS Special Publication 577 [10] used Monte Carlo simulations to calculate the ratio
Rn/Rand its coefficient of variation, VR . Rn is the nominal strength and R the calculated
strength based on material distribution properties.

The NBS Publication [10] assumed the probability distributions for the materials in
reinforced concrete to be the normal distribution, and for metal (e.g. steel) members
the lognormal distribution. Masonry structures appeared to be modeled satisfactory with
lognormal distribution, while glue-laminated structures could be modeled either by the
Weibull or lognormal distribution.

3.2.2 Load distributions

Loads are either permanent or variable (magnitude over time), fixed or free (position over
time) and statie or dynamic (nature of induced structure) [6].



22 Probabilistie design of structures

Permanent loads can often be assumed to take Gaussian distribution [8, 18]. This is
due to the fact that the sum of ti identically distributed random variable, such as the
self-weights of many individual structure parts, takes the form of a normal probability
function [6, 27].

Variable loads can be defined by a variety of probability distribution functions. If
the failure occurs when and only when the variable, time-dependent load exceeds sonle
threshold, the form of the load distribution as a function of time will not be of any specific
interest, but the maximum value will. It is the largest value during a specified reference
period T of the variable load that is of interest.

Borges [9] sup plied some probabilistic definitions of actions from permanent and vari
able loads, shown in table 3.2. The American National Bureau of Standards [10] provided
a classification of the distribution of load effect as shown in table 3.3.

Table 3.2: Probabilistic definitions of actions after Borges [9]
Type of actions I Type of distribution function

Self-weight of concrete structures Normal
Self-weight of steel structures Normal

Superimposed loading in dwellings Extreme I
Superimposed loading in office buildings Extreme I
Superimposed loading in retail premises Extreme I

Superimposed loading in parkings Extreme I
Snow loads on roofs Extreme I

Wind pressures in Western Europe Extreme I
Bedrock and surface seismic vibrations Extreme la

alt is assumed that yearly extremes fit Type Il Extreme distribution below the 0.98 quantile

The extreme or extremal I, resp. Il distribution functions as mentioned in these tables
were originally described by Gumbel [29].

The Gumbel extremal probability concept can be described as follows: Variable loads
are a function of time. Let us sample the distribution of a variable load for a reference
period. We will then be able to produce a probability density function fx(x). The maxi
mum value of the sample is denoted X. If the sampling is done for a new reference period,
we will achieve a new maximum X. Thus, a set of i repeated load histories with their
respective maximum values X, will form a population of their own. If we observe n load
histories, the stochastic variable describing the maximum value is denoted X n .

The probability dens ity function for the maximum values, [x; (x), relies on the proba
bility function of the initial variable, fx(x) [29,30]. Furthermore, fxn(x) will vary with the
sample size n. As n approaches infinity (e.g. sampled maximum values of snow loads on



3.2 Probabilistie properties

Table 3.3: Load effeet distribution aeeording to NBS [10].
Load effect type I Distribution type

dead load Normal
live load Extremal I

live load, apt. a Gamma
wind load Extremal I

wind load, ann. b Extremal I
wind load, apt. Extremal I

snow load Extremal Il
snow load, ann. Lognormal

earthquake Extremal Il

aapt. == arbitrary point in time
bann. == annual

roofs over many years), the probability density funetion [x; will asymptotieally approaeh
same limit-This is known as the asymptotic theory of statistical extremes [47].

Thus, the load effect distributions mentioned in the literature are either normal, log
normal, gamma or the Gumbel extremal type I or IL There seems to be no proposal of
load distribution for explosion loads.

Another.load elassifieation can be done by regarding the return period of a charaeter
istie load. In that way we can disregard the load distribution and foeus on the probabil
itY of exceeding the characteristic load. The European prestandard for aeeidentalloads,
prENV 1991-2-7:1996 [13], mentions no probability form of the explosion pressure from
gas explosions, A structural failure probability of 10-4 per year is described as appropriate
in the informative annex, i.e. the probability of an explosion oeeurring and the resulting
explosion pressure being greater than the structure's design resistanee in the aecidental
situation. This value is proposed in the absenee of quantifieation of consequenees and
economiealoptimisation.

With this approach, it follows that the return period of the design explosion is 10000
years. Explosions can occur more frequently, but they will not have sueh high overpres
sures. Given that the probability of an explosion occurring and the magnitude of the
explosion are independent, we can write the probability of exeeeding the design load as

probability of failure :=: probability of an explosion oeeurring

x probability of explosion pressure exeeeding design value (3.21)

The prestandard preseribes a design aeeidental equivalent statie explosion pressure Pd
foruse in buildings. The quasi-statie explosion pressure Pd is in general a function of the
venting areas in the confinement .

23
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3.3 Semi-probabilistic design

3.3.1 General

The equations in section 3.1.2 are valid for any section in any member in a structure.
However, to calculate the probability functions for every section in a strueture, for both
resistance and load effects, is unpraetical and usually fails from lack of suffieient data [8].
Simpler design methods must be used.

The most common design method today is the partial coefficient method [11], whieh
tries to implement the effeets of varying resistanees and load effeets and achieve a rea
sonable safety index. The partial coeffieient method is based on the characteristic values
of load effects and resistanee, Lk and Rk , and their respeetive partial coefficients, "'fF and
"'fM [48].

It's framework is based on the combination of building tradition and probabilistic
methods and ealibrated against past experienee and measured data. Thus the partial
eoeffieient method can be classified as a semi-probabilistic design method. Several design
guides, sueh as Eurocode 1 [8], API RP 2A LRFD [16] and NS 3479 [15] use this approaeh.

3.3.2 Limit states

Limit states are aften defined as states of the strueture beyond which the structure no
longer satisfies the design performance requirements [8, 11, 15]. Common limit states are
the ultimate limit state and the serviceability state. Accompanying the limit states are a
set of partial factors that are intended to use with different kinds of actions.

Accidents are handled in European and Norwegian standards [8, 44] by prescribing
an accidental design situation in the ultimate limit state. Furthermore, Norwegian stan
dard [44] provides a set of load factors for offshore installations in the pertroleum ind ustry.

The accidental design situation covers e.g. explosions, collisions, fires and earthquakes.
Because of the wide spectrum of possible load types, a case-invariant, general design
situation is hard to prescribe. Literature describing material behaviour and load effects
in the partieular situation must be studied to establish an appropriate model,

3.3.3 The method of partial coefficients

The partial coefficient method is based on the charaeteristic values of load effect and
resistanee, Lk and Rk and their respective partial coeffieients "YF and '1M. The design load
effect and strength are generally calculated as Ld = Lk"YF and Rd = R k / ' }.,l .

For design action or load effect, we denote the characteristic value as Lk» The charac
teristic value will generally correspond to a prescribed probability of not being exceeded
on the unfavourable side during a "reference period" [8, 11]. The design value of the action
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can be obtained by multiplying the characteristic value by a partial factor 1p:
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(3.22)

where 1p is the partial factor for the action considered taking account of [8):

• the possibility of unfavourable deviations in the actions

• the possibility of inaccurate modeling of the actions

• uncertainties in the assessment of effects of action

For material strength, we denote the characteristic value as Ri: The characteristic value
will generally correspond to a specified quantile of the assumed statistical distribution of
the particular property of the material [8]. The design value of the material is obtained
by dividing the characteristic value by a partial factor 1M:

(3.23)

where 1M is the partial factor for the material property taking account of [8):

e unfavourable deviations from the characteristic values

• inaccuracies in the conversion factors

• uncertainties in the geometric properties in the resistance model

Equations

The equations to achieve the paritial coefficients are derived by e.g. Larsen [49]. We start
with the definitions of the characteristic values

Rk = XR - kRsR

L, = XL + kt.ei.

(3.24a)

(3.24b)

where the x's and s's are the respective estimates of mean and standard deviation, The
k factors are constants defining prescribed quantiles within the respective distributions.
They are visualised in figure 3.5.

The safety index {3 was defined earlier in equation 3.16 by the safety margin M as
{3 = E [M] ID [M]. If we let M be the distance from resistance R to action, or load effect
L, we get

M=R-L (3.25)
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Figure 3.5: An idealisation of the distributions of load and resistance.
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and, if R and L are independent and we neglect the covariance

27

E [MJ == E [R] - E [L] == J.lR - J.lL

D [M] = y'Var [R] + Var [L] = V""-o}-?-+-a-r

and we get

E [M] = (JD [M] = (JJ~1 + ~L2

We let the safety jaetor, denoted as r, be defined as

Rk J.lR - kRaR J.lR 1 - kRYR
r == -L-

k
== J.lL + kLaL == -J.l-L -l-+-k-L-~-L

'--v-"
'YR

(3.26)

(3.27)

(3.28)

(3.29)

(3.31)

(3.32)

where we have used the coefficient of variation, VL == aLIJ.lL and VR == aR/J.lR' The fraction
J.lR/J.lL can be rewritten with J.lR == J.lL + E [M] as

J.lR J.lL + E [M] J.lL + j3y'a~ + alra == - == == -----..,;....---
J.lL J.lL J.lL

10 = 1 + (JJ,gv~ + Vi (3.30)

Equation 3.30 is an ordinary second-order polynomal equation in 1'0' The result has a
somewhat complex form. We can get a more handy result ifwe introduee the approximate
linearisation

J~1 + ~I ~ O:R~R + O:L~L
into the previous step in the deduction

J.lL + (3(aRaR + aLaL) 1 Q( lT V; )
rO == == + fJ aR vRrO + aL L

J.1;L

where we again have used the definition V == aIu. Equation 3.32 can be solved for rO,
and we get

J.lR 1 + (3aLVL
rO == -J.l-L == -l---j3-a-R-V

R-

Thus, the safety factor r can be written as

J.lR 1- kRYR 1 + (JaLVL 1- kRYR
l' == -J.1;L 1 + kLVL == 1- j3aRVR 1 + kLVL == 'YLrR

(3.33)

(3.34)

where rR and 'YL are "safety factors" for resistance and load, respectively.
In Norwegian standards [15], 'YR is denoted 'Ym (m for material) and 'tt. is denoted ry! (f

for force). In the proposal to the new structural reliablilty standard NS-ENV 1991-1 [44],
rR is denoted rm or ryM and fL is denoted "ta (permanent actions), ryQ (variable actions)
or 'YA (accidental actions).
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Nordie regulations

According to the NKB-report [48], the partial coefficient 7p can be considered as a function
'tr = 7p (7Pl, 7P2), where

7Pl takes account of the possibility of unfavourable deviations of the actions
from the characteristic values, uncertainty in the loading model and of
possible accurate assessment of the action effect as far as it may be
assumed to be independent of the structural material.

7P2 takes account of the reduced probability of combinations of actions all
at their characteristic value.

The material resistance factor 7M can be considered as a function of five factors; 7M =
7M(7Ml, 7M2, 7M3, 7Nl, 7Nl), where

7Ml takes account of the possibility of unfavourable deviations of the
strengths of materials and other properties from the characteristic val
ues.

7M2 takes account of possible inaccurate assessments of the resistance, un
certainty of geometrical parameters, as well as that part of the action
effect which may be dependent upon the structural material.

7M3 takes account of possible deviations from the strength of material prop
erties in the structure or structural element involved, as compared to
that derived from control test specimens.

7Nl takes account of the consequences and types of failure.
7N2 takes account of the degree of controlon site (besides the statistical

quality control of the material properties).

The load model proposed in chapter 4 uses this approach, but presents an alternative
to the 7Ml coefficient, thus resulting in a different partial coefficient for load effect, 7M.

Ameriean design guides

Another approach to the partial coefficient method is referred to as Load and Resistance
Factor Design (LRFD). The LRFD principle is described in American design guides. [16]
as

resistance factor x nominal strength >
load effect due to sum of factored external loads

where each term is multiplied with its respective strength or load factor that takes into
account the uncertainties associated with the value, i.e.

(3.35)
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where
cP

s;
component resistance factor,
nominal strength equation,
load factor for load type i,
nominalload effect on component due to load type i

The LRFD approach is applied to a set of limit states. i.e. states beyond which the
structure no longer satisfies the design performance requirements [8].

European standards

For accidental situations such as gas explosions, European standard [8] prescribes design
values of actions for accidental design situations for use in the combination of actions

L 'YGAjGkj + rPAPk + Ad+ 1PllQkl +L 1P2iQki

j~l i~l

(3.36)

where
rGAj

Gkj

rPA
Pk
Ad

'Øll'

Qkl

7/J2i

a;
+

is the partial factor for permanent action j for accidental design situations
is the characteristic value of permanent action
is the partial factor for prestressing actions for accidental design situations
is the characteristic value of a prestressing action
is the design value of the accidental action
is the frequent combination coefficient for Qkl

is the dominant variable action
is the quasi-permanent combination coefficient for Qki

are the characteristic values of the non-dominant variable actions
implies "to be combined with"

The design value of the accidental action, Ad is given by Ad == rAAk, where rA is the
partial factor for accidentalload and Ak is the characteristic value of the accidentalload.

Norwegian standard

There exists a proposal to a Norwegian standard for structural design [44], it's title infor
maly translated to «Basis for design of structures - demands on reliability», It is almost
identical with the Eurocode 1 standard [8] in nomenclature, design practice and load
factors, but includes a separate appendix for load factors for offshore installations in the
petroleum industry.
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Chapter 4

Characteristic action model for gas
explosions

4.1 General

European and Norwegian standards [8, 44] use the characteristic accidental action, A k as
their input to the accidental design situation in the ultimate limit state. Here we will try
to establish this characteristic value based on values from explosion simulations.

A characteristic load model applicable to gas explosions must take into account the
uncertainties that arise from

• Gas cloud size and location

• Ignition point source location

• Explosion modeling idealisation

Other variables affecting the uncertainty level can either be taken care of by conserva
tive assumptions or are of minor significanee compared to the above mentioned. A possible
exception can be the initial turbulenee field.

4.2 Load model corrected for uncertainties

The explosion pressure is a dynamic quantity, p = p(t). Since the response of structures
due to gas explosions however rarely will be in the impulsive regime [32], the impulse
of the loading will be a parameter of minor interest. The response in the dynamic and
quasi-static regime are dominated by the maximum overpressure, and therefore emphasis
will here be put on the maximum pressure, denoted Pmax == max{p(t)}. This value will
serve as our sample action, Le. p == Pmax'
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A characteristic action, A k , which takes into account the given uncertainties can be
presented as

(4.1)

where p = Pmax is the maximum explosion pressure load obtained from the explosion
simulator, "IG is a factor compensating for uncertainty in estimating size and location of
the gas cloud, 'Yl is a factor taking account for variance of ignition point location and
'YM is a factor compensating for mathematical and physical inaccuracy in the explosion
simulator.

4.3 Gas cloud size and location

The factor 'YG represents uncertainties regarding gas cloud size and location. The type of
gas is taken to be known.

The effect of varying gas cloud size is illustrated in section 5.3. The survey is limited
to three gas volumes:

1. Gas in a low quarter of a module

2. Gas in lower half of module

3. Module filled completely with gas

Partial factor 'YG for these limited set of cases are presented in section 8.2.

4.4 Ignition point location

The factor 'Yl represents uncertainties regarding the assumption of the location of the
ignition point.

The effect of varying the ignition point location is thoroughly diseussed in chapter 6.
Derived factors for 'Yl are presented in section 8.3.

4.5 Computer simulations

The factor "1M represents the uncertainties regarding the accuracy of explosion simulators.
For calculations of this factor, extensive explosion validations must be available. As

reported in section 2.2.2, such validation data are rare. The only validation data available
that can be used for deduction of 'YM are for the EXSIM program [24, 25].

Sæter et al. [24] presented a validation of the EXSIM-94 gas explosion simulator based
on 40 cases. The validation was only performed on the maximum overpressures. The paper
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proposed to use a method that calculated a "relative error", ei, to investigate the quality
of the results;

33

Yi -Xi
ei = ---

Yi
(4.2)

where Yi is the predicted result and x, is the observed, experimental result of the ith
observation.

The paper further assumed that the relative error ei followed a Gaussian distribution
and that 4 of the 40 cases that showed extreme behaviour could be discarded. The authors
also discussed the simulator results if 8 of 40 cases could be classified as "abnormal" and
consequently be discarded. The last case is not taken into account here.

Within these limits (i.e. assumption of Gaussian distribution and 4 cases discarded by
"common sense"), and using the most recent version of EXSIM [25], we estimate the mean
ei as -0.05, i.e. the EXSIM model underprediets the maximum explosion overpressure
with about 5%. Further, we can estimate the 95%-confidence interval of the relative error
to lie within ±70% of the mean value and the 99%-confidence interval to lie within ±104%
of the mean value.

The data in the EXSIM validation is based on the maximum explosion pressure. The
code is not validated versus explosion impulse. However, the authors ' impression is that
the coefficients derived with care also may be used with respect to impulse values.

Factors that take into account the imperfectness of the EXSIM program are presented
in section 8.4. Data from other explosion simulator software are not available.

4.6 Correlation

The form of the proposed model is valid if the events leading up to the three 'Y factors
are independent. If this is the case, the multiplying prescription is allowed.

On the other hand, if the parameters "gas cloud size and location", "ignition source 10
cation" and "choiee of simulator" are in some way dependent of each other, the multiplying
form can not be used without some kind of correlation coefficient.

There has not been found any general dependency between gas cloud size or ignition
point and simulator in the literature. This would be the case if an explosion simulator
calculated e.g. ignition point placed in corners especially well or bad, or that an explosion
simulator predicted explosion from small gas volumes better than large anes. There is no
evident reason for such a behaviour to occur, either.

For some explosions, e.g. the Flixborough disaster [38, 50], the ignition point is reported
to presumably lie at the border of the gas cloud. It is imaginable that the ignition point
will have an affinity with the border of the flammable cloud. If there is a constant ignition
source, i.e. an open fiame, the gas cloud will ignite at it 's border at arrival.
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Reports have also claimed the ignition point to lie well within the gas cloud, e.g. the
Port Hudson explosion [50]. That may well be the case if the ignition source is an electrical
switch. Hot surfaces also mayneed some time to heat up the surrounding gas cloud.

The conclusion is that the general, case-nonspesific ignition point can not be assumed to
occur at any prescribed place relative to the gas cloud. Thus we may make the presumption
that the ignition point location and gas cloud are independent.



Chapter 5

Results from simulations

5.1 Simulated cases of offshore platforrn modules

In search of probabilistic explosion data, explosions in three different offshore modules
and one onshore plant are simulated. The onshore plant simulations was a reconstruction
of the Flixborough accident, see chapter 7.

One of the offshore modules is the Piper Alpha C n1odule, as implemented by Førris
dahl [39] with some minor modifications done with origin in drawings and photos from the
report by Lord Cullen [37]. A visualisation of the computer model is shown in figure 5.1.

The two other modules are the CMR M24 and M25 full scale modules, based on
the experiments reported by Hjertager et al. [40] and simulator implemented by Sæter
et al. [24] and with modifications by Solberg and Hjertager [25]. The geometries are
illustrated in figure 5.2

All modules are simulated with two gas types, methane and propane, and three degrees
of gas filling; 1/4, 1/2 and 1/1 module filled with gas. For the Piper Alpha C module,
the 1/4 filling is taken to be the lower, eastern quadrant. This is an approximation to
the actual explosion. For the CMR modules, the lower quart filled with gas was picked
randomly. For all modules, the 1/2 filling grade represents the lower half of the module
filled with gas.

The fiow simulation grids are partly uniform, partly exponential. Within the modules,
the control volumes of the size of 1m", gradually increasing outside. The calculation
domains are extended in all three dimensions outside the modules with approximately
the corresponding module length to each side. That is, if the module is 45m long, the
calculation domain in the same direction is set up to be approximately 3·45 == 135m. The
same rule of thumb is kept in the two other directions.

The models contain 8 pressure monitoring points, evenly distributed along the walls.
The data from the monitoring point with the highest explosion pressure is selected to be
further processed. '
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Figure 5.1: Visualisation of the computer model implementation of the Piper Alpha C
. module. Original model by Førrisdahl [39].

Thus, we have a set of 3 x 2 x 3 = 18 cases. For. each of these cases, 400 simulations
are performed. The ignition point location is varied randomly for each simulation. Some
ignitions points end up within proeess equipment and therefore produce no explosion.
Such cases are discarded, and the effective number of different ignition points generally
end up in the interval of 300-350 for each case.

5.2 Observed values

With all the data generated from the simulations, which parameters to pro cess further
must be decided.

Explosion simulators offer a wide range of logging information during the progress of
the combustion.As an example, EXSIM offers the possibility to register [51]

• turbulent kinetie energy k

• dissipation of turbulent kinetic energy €

• fuel fraction

• enthalpy

• pressure



5.2 Observed values

M24, Compressor module
Geometry

M25, Separator module
Geometry

Figure 5.2: Visualisation of the computer model implementation of the eMR M24 and
M25 modules as presented by Sæter et al. [24].
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• density

• temperature

• effective viscosity

• turbulent timescale Eik

• eombustion rate

• oxygen fraction

• eombustion production fraction

• turbulent veloeity

• turbulent Reynolds number

• mixture fraction

• turbulent length seale

An illustration of a typical explosion pressure as a function of time is shown in figure 5.3.
The simulation is a reeonstruction of the Piper Alpha C module explosion with a randomly
placed ignition point. The result is from a methane explosion with 8 pressure monitoring
points.

For offshore structures, the main dependent variable is the explosion pressure. The
respones of large struetural components subjected to explosion pressure-time profiles with
an acceptable rise time will be in the dynamic to quasi-static regime [32]. Furthermore,
in the caseswhere the impulse is of interest, usually only the positive part of the load is
considered to be important in determining structural respanse [32].

The impulse is of interest for "short" durations of the positive phase of the explosion. Let
tI be the duration of the positive phase and T the structure's natural period. Clough and
Penzien [52] then mention tllT < 0.25 as a "short" duration, while the Steel Construetion
Institute [32] suggests tI IT < 0.40 as the "shortness" limit.

During the simulations, the pressure as a function of time is calculated. The timesteps
in the simulation are irregular, so the postproeessing includes interpolation. The interpo
lation is done with splines into timesteps of 1 millisecond. Manual inspection proves this
interpolation to be an acceptable representation of the original data.

The maximum explosion pressure, Pmax = max{p(t)} is extracted from the interpolated
function. The positive phase of the explosion pressure is said to start when the explosion
pressure reaches 5% of the maximum value. The impulse of the positive explosion phase,
I = ft;~:":::'~5=pmax p(t) dt, where p = Ois the first occurrence of zero explosion pressure
after maximum. The integration is done with Simpsons formula [53]. The limits of the
integral also represent the extents of the duration of the positive phase.
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Figure 5.3: Typical pressure-time history for an off
shore module with 8 pressure monitoring points.

5.3 The effect of gas cloud size

The Piper Alpha C module and the CMR modules have all been simulated with different
amount ofgas, Given 400 simulations of each case, the effect of explosion pressure and
impulse as a function of module filling grade are illustrated in figures 5.4 and 5.5.

Pappas [36] did some calculations with different gas filling grades and ignition point
location far from the module vent openings. The results showed that a filling grade of
30-50% may produee explosion pressures of the same magnitude as a rnodule completely
filled with gas.

For the chosen modules and gas filling grades, these observations are not confirmed.
A doubling of the explosive gas volume will for the present modules in general produee
more than a doubling in explosion pressure and impulse.

A likely explanation for this divergence is the choice of cases. According to Bjerketvedt
et al. [12], Pappas [36] chose compartements that were closed at one side and selected ig
nition point locations far away from the vent opening. This is a delibarately "worst case"
choice to show that even a minor-sized gas cloud explosion may produee high overpres
sures. The present cases do not attempt to reproduce a such situation. They are selected
to represent the most realistie situations. For the present cases, the vent openings are at
both ends, and the ignition point may be both close to and far away from the vents. This
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simulations.

50% explosion impuIse quontile versus module filling grode 90% explosion impulse quontile versus module fi lling g-ode

1.00.25 0.5 0.75

Module gos t illing groOO

-e- PA methone
-e- PA propone
.... \t... M24 metnone
·· ··; · · ·· · M24 pr~

-!lot- J.A25 metnane
- 'O l,425 propone

o+-.--r--r...,-.--r--r...,-.--r--r.--,.-,-,---.--,-,.,.--,

0.0

30

1.00.25 0.5 0.75

ModJ e gos t rning grode

-e- PA methone
-e- PA propone
...,~ M24 rre there
.....; M24 propone
~- 1.125 methone
....0... M25 propane

o-t-t-r-t-r-t-r-t-r-'-r-t-t-t-r-t-r--'-r-t-t-t-r-t-r-'-r-t-t-t-r-t-r-'-r-tt-t-r--n
0.0

20

Figure 5.5: Explosion impulse as function of offshore module filling grade, based on 400
simulation s.

may well explain the differences in calculated pressures for minor gas filling degrees.
We expect explosion simulators to show comparable results to Papp as' analysis under

the same inpu t conditions.
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5.4 Impulse versus explosion pressure

While the response of most offshore st ructures exposed to gas explosion loads rar ely are in
the impulsive regime [54], a correlation between explosion impulse and explosion pressure
may st ill be interesting to investigat e. A plot of the values from all three offshore modules
filled completely with gas are shown in figure 5.6. Each sub-figure is mad e up from t he
result s of 1200 simulations.
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Figure 5.6: Explosion impulse as function of explosion pressure. Left figure: Methane as
gas. Right figure: Propane as gas. Straight lines drawn by linear regression. Plottin g of
scatter values are somewhat reduced to achieve readabili ty.

Th e results from within each module form nicely grouped plots , which give an overall
impression to fit an approximately linear correlat ion. All three modules show very similar
behaviour for both methane and propane, with the CMR modules having slightly steeper
linear approximat ions.

The observations may lead to the somewhat vague conclusion that there exists an ap
proximate, linear relation between explosion pressure and impulse. The actual, individual
pressure-time histories are left unpresented , but if we make the assumption that gas ex
plosions in general have a triangular "shape", the observed results should lead to the above
conclusion. The observation of a linear fit therefore seems explainable.

Th e linear regression takes the form y = ax + b, where x is the explosion pressure and
y is the explosion impulse. a and b are constants with appropriat e denominations. For the
values plotted in figure 5.6, Le. modules filled completely with gas, we find the constants
a and b to be as presented in table 5.l.

Th e numb ers for the a and b const ants have obvious limitations. An extrapolat ion of
the lines outside the observed intervals is likely to produee dubious results. A logarithmic
fit may produee more reliable values for low pressures, but is not invest igated here.
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Table 5.1: Constants a and b in the linear regression of the values plotted in figure 5.6.
Methane Propane

a b a b
Piper Alpha C 3.1 7.6 2.1 11.5

CMRM24 4.5 7.2 3.4 10.2
CMR M25 5.0 4.7 4.3 6.6

Mean 4.2 6.5 3.2 9.4

5.5 Pressure and impulse versus duration

The effect of the duration of the positive phase of the explosion on maximum overpressure
and explosion impulse would be interesting to know.

We denote the time from "effective" pressure start, i.e. the time when p = Pmax . 0.05
to the time when the pressure again reaches zero value, as the duration tI.

Figure 5.7 shows how the relation between duration and pressure, respectively impulse
can be visualised.

Figure 5.8 shows the pressure as a function of duration, p = p(tl ) , for increasing
methane gas volumes in the Piper Alpha C Module.

The modules show a very similar behaviour; a decreasing magnitude of the parameter
in question (pressure or impulse) when increasing the duration of the positive explosion
phase. This seems reasonable for the maximum pressure. Given the gas volurne, a long
duration will a) let the unburnt gas escape away from the module and b) tend to equalise
the latent energy over a longer period of time. Both effects will reduce the maximum
overpressure.

With respect to the impulse, the conclusion is less weU defined. The plots show a more
varied relation. However, the overall tendency is larger impulse for shorter duration. This
can be explained by flammable gas escaping the module.

For the pressure, the relation seems to be an inverse one. For the impulse the tendency
is less clear.

As a special case we notice the CMR M24 module completely filled with propane. The
result is shown in figure 5.9. This module has a horizontal grating deck, diving the module
into two "storeys". The deck is provided with same holes for pipes and ladders.

The splitting of the observations into two separate "clouds", both of the same shape,
can only be explained by the location of the ignition source being either on the upside or
downside of the grating deck. The overall impression is nevertheless an inverse relation.
However, the physical reason for this "splitted" behaviour is left unanswered.
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Explosion pressure vs pressure duration

Results from simulations

Explosion pressure vs pressure duration
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Explosion pressure vs pressure duration
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Figure 5.9: Pressure as function of explosion duration. CMR M24 module completely filled
with propane.

5.6 Probability of "short" duration

As cited in section 5.2, literature differs with respect to when the impulse is of importance.
Clough and Penzien [52] write:

For short-duration loads, for example, t1/T < 1/4, the maximum displace
ment amplitude Vmax depends principally upon the magnitude of the applied
impulse I == J;l p(t) dt and is not strongly infiuenced by the form of the loading
irnpulse.

The tI denotes the duration of the positive phase of the explosion pressure, while T is the
natural period of the structure.

The volume "Blast Response Series" in the the Steel Construetion Institute's Blast and
Fire Engineering Project [54] summarises the findings with respect to important factors
to be considered when idealising a blast load. The volurne denotes the nature of the blast
load as impulsive when tl/T < 0.4. In this category, preserving of the exact peak value is
not critica1. Furthermore, preserving the exact load duration is not critical either, but an
accurate representation of the impulse is important.

The volurne also gives a table for the natural periods of some structural components,
as referred in table 5.2.

In the simulated cases, the duration of the positive phase of the explosion can be singled
out.: The results are given in table 5.3.

The positive phase is taken to start when the pressure reaches 5% of the maximum
pressure. This allows some laminar combustion before the exp1osion escalates. The choice
of value was based on visua1 inspection of numerous explosions.
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Table 5.2: Some components with their natural periods
for the first mode of vibration [54].

Structural component Natural period
Stiffened floorplate 15 - 25 ms
Unstiffened floorplate 25 - 35 ms
Vertical stiffeners/ columns (pinned) 50 s
Vertical stiffeners/columns (clamped) ~ 30 ms
Plate panel 50 - 100 ms
Whole wall ~ 50 ms

Table 5.3: Duration of the positive phase of the explosion
pulse in simulated cases [ms]

Methane Propane
Filling quantile quantile

Module grade 10% 50% 90% 10% 50% 90%
1/4 164 186 234 162 193 227

PA 1/2 174 204 286 137 157 237
1/1 157 188 262 149 167 215
1/4 161 192 244 155 179 229

M24 1/2 181 229 340 169 202 252
1/1 153 224 307 136 176 215
1/4 152 200 289 147 184 241

M25 1/2 183 231 282 175 207 250
1/1 184 215 270 166 187 219

The positive phase is taken to end when the explosion pressure drops to zero. Negative
and positive pressure oscillations after this point are neglected.

From the previous subsections, it is obvious that most of the simulated cases does not
fall into the category of "short" duration for typical offshore structures. The exception are
plate panels. If we base our discussion on the 50% quantile of the duration, we see that
plate panels in some cases will have a tl/T ratio approximately in the interval 50/350
100/150, i.e. ~ E [0.14,0.67]. SOfie of these values are larger than the limits given by
both Clough and Penzien and the Steel Construction Institute.

This result may argue for taking the impulse load into account when designing "large"
offshore structures, with a natural period larger than 50-100 ms, such as plate panels.

The duration of the positive explosion phase seems independent of gas filling grade.
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Table 5.4: Loading rate in simulated cases
[bar/sl

Methane Propane
Filling quantile quantile

Module grade 50% 90% 50% 90%
1/4 3.20 6.74 4.54 8.76

PA 1/2 3.32 5.89 13.22 25.25
1/1 17.16 39.78 44.30 90.11
1/4 2.36 3.64 3.86 6.60

M24 1/2 2.67 5.02 5.25 8.51
1/1 9.22 21.64 28.69 51.58
1/4 1.42 1.60 2.36 2.66

M25 1/2 2.04 2.35 3.47 4.08
1/1 5.25 5.61 11.15 11.71

5. 7 Loading rate

The rate of loading can in some cases be of importance to the structure. This applies if
the duration of the positive impulse is "long". Clough and Penzien [52] write:

For long-duration loadings, for example tIIT > 1, the dynamic magnification
factor depends principally on the rate of the load to its maximum value. A
steep loading of sufficient duration produces a magnification factor of 2; a very
gradual increase causes a magnification factor of 1.

The volurne "Blast Response Series" in the the Steel Construction Institute's Blast
and Fire Engineering Project [54] summarises important factors to be considered when
idealising a blast load. The blast load is denoted as dynamic in the interval 0.4 < tl/T <
2.0 and quasi-static for tIIT > 2.0. For these cases, preserving the rise time is very
important. Neglecting this fact can significantly affect the response.

For the simulations, the loading rate ~p/~t is presented in table 5.4 and the rise time
tris == tlP=Pmax - t!P=Pmax·O.05 is presented in table 5.5.

The start of the explosion pulse follows the convention defined in section 5.6.
Conclusions that can be made from the observations of loading rate are:

1. The loading rate increases with gas volume. We have earlier argued for the whole
offshore module being filled with gas as the design case. If this recommendation is
acknowledged, the loading rate will be in the higher range.

2. The loading rate increases with geometry complexity. This observation is done with
knowledge of the internal layout of the modules. The Piper Alpha C module com-
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Table 5.5: Rise time in simulated cases [ms]
Methane Propane

Filling quantile quantile
Module grade 10% 50% 90% 10% 50% 90%

1/4 56 88 123 53 76 110
PA 1/2 61 105 157 62 79 120

1/1 56 82 144 44 60 100
1/4 74 103 149 77 100 130

M24 1/2 85 121 170 91 120 178
1/1 90 133 192 62 88 126
1/4 79 121 199 73 109 156

M25 1/2 81 130 178 81 122 167
1/1 101 135 184 93 116 147

puter model contains far more piping than the CMR modules. This can also be
argued from a physical point of view. The "more obstructions encountered by the
gas fiow, the more turbulence is produced and faster combustion is achieved. The
simulations confirm this physical argument.

3. The loading rate increases with gas reactivity. Propane has a higher reactivity than
methane, and the table refiects this facto

Conclusions that can be made from the observations of rise time are:

1. The rise time seems almost independent of gas volume. The maximum overpressure
arrives at approximately the same time for all gas volumes.

2. The rise time can seem to decrease with geometry complexity. The Piper Alpha
and CMR M24 modules have the most numerous set of obstructions-small, but
turbulence-generating-while the CMR M25 module have more longish obstruc
tions, following the direction of the combustion, and thus producing less turbulence.
On the other hand, the CMR M25 module is divided horizontally into two sub
volumes by means of an internal deck with sonle openings. This may delay the
ignition of the gas volume on the other side of the deck with respect to the ignition
source. Both these explanations may be valid for the rise time values, and with that
the loading rate.
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5.8 Pressure-time shape function

Looking for ways to present the simulated data and search for different correlations, several
interesting discoveries emerge from the background material.

An interesting feature is whether the shape of the pressure-time function will have an
infiuence on the resulting maximum overpressure.

Let us disregard the pressure- time history before the pressure starts to gain some
magnitude. If we define t == Owhen p == Pmax . 0.05, i.e. about the time when the pressure
starts to rise significantly, tris, the rising time, will be the value when the maximum
pressure arrives. The duration of the positive phase, i.e. the time from t == Oto the time
when the pressure again reaches zero pressure, is denoted tI' The ratio tris/tl will then
describe the shape of the pressure-time function.

If we approximate the pressure-time function to be triangular-shaped, tris/tl ~ O will
denote a steep loading curve, tris/tl ~ 0.5 will describe an isosceles triangle while tris/tl ~
1 is a slow loading rate followed by an almost immediate decrease to zero explosion
pressure.

An example of maximum explosion pressure as a function of the ratio tris/tl is shown
in figure 5.10. The example shows the results from 400 simulations of the Piper Alpha C
Module, lower half module filled with methane. The ignition point location is varied.

Explosion pressure as function of pressure/time shape
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Figure 5.10: Maximum explosion pressure as function of pressure-time shape. Simulated
results from the Piper Alpha C Module, lower half module filled with methane.

Other simulations show the same pattern. The conclusion must be that there seems to
be no evident relation between the shape of the loading function and maximum explosion
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Table 5.6: Quantiles in the distributions of pressure
time shape by means of the ratio tris/tl. All modules
completely filled with gas. Quantiles from sets of 400
simulations

Methane Propane
quantile quantile

Module 10% 50% 90% 10% 50% 90%
Piper Alpha C 0.34 0.45 0.60 0.27 0.36 0.48
CMR M24 0.50 0.60 0.69 0.43 0.51 0.62
CMR M25 0.52 0.63 0.73 0.53 0.62 0.70

pressure. Both small and large explosion values can be accompanied by either abrupt or
slow explosion loading rates.

However, a visual inspection of figure 5.10 shows that the often assumed triangular
shape of a gas explosion is supported for this case. A majority of the observations is
placed in the interval [0.35,0.60]' with a value of 0.5 as the triangular fit. For these
explosions, an assumption of isisceles triangular shape will not be very wrong.

If we discard the information of the magnitude of the explosion and just observe the
ratio tris/tl, we can produce diagrams of the distribution of this ratio. These are shown
in figure 5.11.

The distributions can also be tabulated to gain information of the quantiles within
each distribution. This in done in table 5.6.

Observations that can be done are:

1. The top of an assumed triangular pressure-time pulse will arrive earlier for propane
than for methane.

2. The top of an assumed triangular pressure-time pulse will arrive relatively earlier
for congested modules.

3. An isosceles triangle seems to be an overall good estimate for methane, but this
observation is less definite for propane.

A visual inspection of several pressure-time diagrams (not shown here) comfirms the
overall impression of a triangular shape as ausable approximation. We have a loosely
based opinion that a skewed sinusoidal shape would fit most of the simulated results.

5.9 The effect of louvres

The EXSIM simulation code allows input of louvres, i.e. panel surfaces with porosity. Some
cases have been simulated both with and without louvres at the module longitudinal ends
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completely. Each subfigure is based on 400 simulations.
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Table 5.7: Explosion pressures for the CMR M25 module, full seale.
Quantiles from sets of 400 simulations [baro],

Relative Methane Propane
gas volurne w/ o louvres I with louvres w/ o louvres I with louvres

50% quantile
1/4 0.17 0.55 0.26 0.70
1/2 0.27 1.00 0.42 1.36
1/1 0.74 2.69 1.27 3.56

90% quantile
1/4 0.23 0.66 0.32 0.85
1/2 0.34 1.14 0.52 1.55
1/1 0.92 3.05 1.71 4.21

Table 5.8: Explosion impuls es for the CMR M25 module, full seale.
Quantiles from sets of 400 simulations [kNs/m 2

] .

Relative Methane Propane
gas volurne w/ o louvres I with louvres w/ o louvres l with louvres

50% quantile
1/4 1.75 21.27 2.44 24.89
1/2 3.27 36.07 4.74 41.92
1/1 8.40 71.33 12.19 79.75

90% quantile
1/4 2.03 24.54 2.86 29.35
1/2 3.84 39.83 5.58 47.51
1/1 9.56 78.09 13.91 86.26

to investigate the effeet of sueh panels.
More speeifie, explosion simulations have been perforrned on the CMR M25 module

(full seale) in it's original layout (without louvres) and with louvres at each end with a
porosity of 0.5.

Values for maximum pressure, explosion impulse, duration of positive phase and loading
rate are presented in tables 5.7, 5.8, 5.9 and 5.10 respeetively.

An introduetion of louvres at the ends of an offshore module have elearly effeets on
a possible explosion. Both maximum explosion pressure, impulse and explosion duration
inereases in their respective magnitudes.

For this case, louvres with a porosity of 0.5, the increase in explosion pressure is a factor
of 3-4 for methane and ~ 3 for propane. More dramatie is the increase in impulse. We
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Table 5.9: Explosion positive phase duration for the CMR M25 module,
full scale. Quantiles from sets of 400 simulations [ms].

Relative Methane Propane
gas volume w/o louvres I with louvres w/ o louvres [ with louvres

50% quantile
1/4 200 807 184 705
1/2 231 639 207 531
l/l 215 470 187 390

90% quantile
1/4 289 900 241 801
1/2 282 721 250 590
l/l 270 523 219 437

Table 5.10: Loading rate for explosion loads for the CMR M25 module,
full scale. Quantiles from sets of 400 simulations [bar/sl.

Relative Methane Propane
gas volume w/ o louvres I with louvres w/o louvres [ with louvres

50% quantile
1/4 1.42 2.07 2.36 3.09
1/2 2.04 3.68 3.47 5.74
l/l 5.25 12.95 11.15 31.83

90% quantile
1/4 1.60 3.02 2.66 4.46
1/2 2.35 4.96 4.08 7.52
1/1 5.61 16.88 11.71 35~26

53
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register a factor of 8-12 for methane and 6-10 for propane. There is no distinet difference
in these factors for the means (50% quantiles) and the extremes (90% quantiles).

Noteworthy are also the increases in positive explosion phase durations. Originally quite
"short", some explosions now tend to reach durations near 1 second. This will clearly place
the dimensioning regime for structures in the module as "quasi-static", see section 5.7.

Under such conditions one must address the loading rate. We see from table 5.10 that
the loading rate increases for the situation with louvres. The dynamic magnification factor
as mentioned by Clough and Penzien [52] may, as aresult, increase, and thus make the
dimensioning circumstances worse.



Chapter 6

The effect of ignition point location

This chapter contains the results from over 7000 simulations. For each simulation, the
ignition point is located at a random place within the explosive cloud. This is done in
order to look for probabilistie properties in the distribution of explosion pressure.

6.1 Presentation of data

The infiuence of the location of the ignition point is illustrated in figures 6.1 and 6.2.
Each of the sub-figures are constructed from a sampling of 150 speeimens from a set of
400 simulations.

As can be seen from the figures, the maximum explosion overpressure varies with a
factor of approximately 4 (all modules, propane) to 20 (CMR M24, methane) within the
modules due to ignition point location. The impulse varies with a factor of approximately
2 (all modules, propane) to 10 (CMR M24, methane). Thus the impulse varies less than
explosion pressure.

Figures of observed distributions of cases with 1/4 and 1/2 filling grade are not pro
vided, but show similar behaviour.

6.2 Probabilistic properties

As for other loads, e.g. snow and wind, finding some universal distribution function for
the pressures presented in figures 6.1 and 6.2it would be convenient. With access to prob
abilistic parameters for explosions, we could estimate, as an example, the 90% quantile
in any explosion proeess, i.e. the valne that 90% of all explosion pressures (or impulses)
would be less than.

With access to the probabilities of an explosion occurring and its magnitude, we could
provide numbers for the return period of a characteristic explosion, the characteristic
explosion being aur choice of quantile.
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Figure 6.1: The effect on explosion pressure when varying ignition point location. Upper
row: Piper Alpha C module. Middle row: CMR M24 module. Lower row: CMR M25
module. Left column: Methane as gas. Right column: Propane as gas. All modules filled
completely.
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In order to provide probabilistic data for this approach, we must find one or several
distribution functions for the presented data. This can be done by tests. Procedures
to test versus several distributions can be found in statistical textbooks, e.g. Ang and
Tang [27, 30].

The choice of test are based on previous experience. Earlier probabilistic behaviour
discovered in load statistics is deseribed in seetion 3.. 2.2. Here, explosion data is test ed
versus normal, lognormal, Gumbel type I and Gumbel type Il distributions.

6.3 Testing of data versus normal and lognormal dis
tributions

6.3.1 General

The test of explosion loads versus normal distribution are most ly done as a reference,
since variable loads rarely will show up with a sueh distribution, see seetion 3.2.2. The
possibility of explosion loads taking the form of a lognormal distribution, however, must
be considered.

The theory of normal and lognormal distributions are covered in several statistieal
handbooks, e.g. Ang and Tang [27] and Dougherty [55].

6.3.2 Discussion

Data sets like those shown in figures 6.1 and 6.2 are tested. All in all we have 3 modules
with 3 filling grades of 2 gas types. The test are perforrned for both explosion pressure and
impulse. That makes a total of 36 test eases. The test figures are shown in appendix A.

Explosion pressure

Explosion pressure versus normal distribution. The diagrams with probability
test plots for explosion pressure versus normal distribution are given in figures A.l, A.5
and A.9. Surprisingly, it must be said, some of these show great concurrence, particularly
the CMR M24 module plots. The CMR M25 module plots also show very closeness to the
normal distribution, but the Piper Alpha C module must be said to differ. For the Piper
Alpha C module, the results from the module filled completely with gas are especially
non-confirming in the extreme values. The normal distribution can not be said to apply
to maximum explosion pressure in general.

Explosion pressure versus lognormal distribution The diagrams with probability
test plots for explosion pressure versus lognormal distribution are given in figures A.2,
A.6 and A.lO. Just the results from the Piper Alpha C module completely filled with
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methane and some of the results from the CMR M25 module can be said to coincide with
the lognormal distribution. Clearly the maximum explosion pressure does not fall into the
category of lognormal distributions.

Explosion impulse

Explosion impulse versus normal distribution The diagrams with probability test
plots for explosion impulse versus normal distribution are given in figures A.13, A.17 and
A.21. Many of these plots show great correspondence with the normal distribution. The
plots that differ most in the diagrams are CMR M25, lower ~ module filled with methane
(fig. A.21), and Piper Alpha C module, low ~ module filled with propane (fig. A.13). The
data in the other diagrams must be said to fit relatively well into the normal distribution
in some way.

All degrees of gas filling taken into account, the observed values for impulse are in
the range 1-25 kNs/n12

. A direct comparison of the results are therefore of little value,
but the observed coefficient of variation, V, may help in the estimation of future impulse
values. The calculated results are shown in table 6.1 without any further discussion.

Table 6.1: Observed mean and standard deviation together
with calculated coefficient of variation, V = s/ x for explosion
impulse.

Methane Propane
x s V fE s V

Piper 1/4 2.62 0.61 0.23 3.32 0.79 0.24
Alpha 1/2 3.39 0.83 0.24 7.51 2.16 0.29

C module 1/1 12.29 2.12 0.17 17.76 2.62 0.15
CMR 1/4 2.57 0.47 0.18 3.89 0.65 0.17
M24 1/2 4.34 1.12 0.26 6.97 1.14 0.16

module 1/1 12.77 3.05 0.24 18.42 3.41 0.19
CMR 1/4 1.73 0.23 0.13 2.41 0.35 0.14
M25 1/2 3.29 0.54 0.16 4.76 0.61 0.13

module 1/1 8.46 1.06 0.12 12.12 1.25 0.10

Explosion impulse versus lognormal distribution The diagrams with probability
test plots for explosion impulse versus normal distribution are given in figures A.14, A.18
and A.22. Raving concluded that this parameter may fit into a normal distribution, it is
no surprise that the explosion impulse does not seem to fit into a lognormal distribution.
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6.4 Testing of data versus extremal statisties distribu
tions

6.4.1 General

The theory of extremal statistics applies to all kind of loads where the extreme, Le.
"largest" or "smallest", values are the variables of interest. Such distributions and their
associated parameters have special characteristics unique to the extreme values [30].

The probability distributions of extremes are derived from the distribution of the initial
values. The value of interest, e.g. snow load on roofs, are recorded over some reference pe
riod, typically one year. This will represent a continuous stochastie variable. The recording
is sampled by n observations, denoted Xi, i = 1, ... ,n. The value of these observations are
called Xi, i == 1, ... ,n. The value of interest for the extreme statistics is the maximum of
these Xi, i.e.

(6.1)

Several sets of X, will form a set of observations Yi, i = 1, ... ,n with values Yn , and
Yn itself can be regarded as a stochastic variable. The distribution functions FYn (y) and
fYn (y) are functions of the distribution function of X and the number of observations n,
i.e. how many extremal values that are available.

The distribution of Yn is generally difficult toobtain in analytic form [30]. However,
as n, the number of extremal values available, approaches infinity, FYn (y) and fYn (y) may
converge to an asymptotic form [47]. This is known as the asymptotic theory of statistical
extremes.

Gumbel [29] classified the possible asymptotes into three forms:

1. Type I: The double exponential form

2. Type Il: The exponential form

3. Type Ill: The exponential form with upper bound w

The Type I form is associated with an initial variate distribution with an exponentially
decaying tail, while the Type Il form appears when the initial variate has a distribution
with a polynomial decaying tail. If the extreme value of the initial variate is limited, i.e.
has an upper bound, the distribution may asymptotically approach the Type III form.

Ang and Tang [30] describe the convergenee criteria for the three types of Gumbel
distributions. The criteria are based on the hazard function h(t) == f(t)/(l - F(t)). The
hazard function describes the conditional probability of failure in the time interval (t, t +
dt), given no failure in the time interval (O, t). For the largest value, the hazard function
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of X may be defined as [30]
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hn(x) = fx(x)
1 - Fx(x)

(6.2)

6.4.2 Application of statisties of extremes to explosions

Specifically for the case of explosion loads, the Type III distribution as described in sec
tion 6.4.1 is not applicable. There is no obvious physicallimit for the maximum explosion
pressure or explosion impulse. Furthermore, convergence criteria based on the hazard func
tion as described in equation 6.2 are difficult to apply on the explosion cases as viewed in
this context. In this thesis, the explosion parameters are analysed given that an explosion
occurs, while the hazard function necessarily will involve the probability of an explosion
occurring. The latter is beyond the scope of this thesis. The procedure to achieve the
probability of an explosion occurring is described in risk assessment literature, e.g. by
Kortner et al [56].

For this reason, a hypothesis of convergenee of explosion pressure and impulse dis
tributions to an asymptotic Gumbel form is difficult to approve or discard. However, it
is possible to test the explosion pressure and impulse distributions versus the different
Gumbel distributions by means of extremal probability papers.

6.4.3 Extremal probabilitypapers

The Gumbel Type I distribution

The Gumbel Type I distribution is given by it's cumulative distribution function [30]

(6.3)

and the probability density function

(6.4)

where
Un is the characteristic largest value of the initial variate X
an is an inverse measure of dispersion of X n

The characteristic largest value Un is defined by

n(l - Fx(un ) ) == 1.0

or

(6.5)
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Let X n be a rewriting of Yn in equation 6.1, i.e. the extreme values of n samples. We
introduee a standarised extremal variate

(6.6)

Introducing equation 6.6 into equation 6.3 yields

(6.7)

The N largest values from a population of the (assumably) Type I distribution are
plotted on an extremal probability paper such that the m th value in increasing order is
plotted at the probability m/(N + 1). The plotting order is diseussed by Gumbel [27, 28].
Thus, if we want to use the standard variate S as abscissa value, we get

or

m _ F ( ) _ _e- S _ _e-an(x-un)
-N-+-1 - s s -e -e

In (N": 1) = _e-an(x-Un)

In (-In (N":l)) =-an(x-un)

In (- In (N~1) )
x = Un - ----~

an

S=-ln(-ln(N":l))

(6.8)

(6.9)

Observation pairs are plotted as (8, X n ) on the Gumbel Type I probability paper.
If these observations form a line in the paper, the distribution can be assumed to be

of Gumbel Type I extreme distribution.
The straight line can be constructed either by eye, by the method of moments (MoM)

or by the order statisties estimators proposed by Lieblein [31]. The latter two are used in
this thesis.

The straight line calculated by MoM is based on the equations for the population
moments:

(6.10)

(6.11)
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If we replace the population moments with the sample moments, ux; -7 xn and O"Xn -7

SXn , we get:
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" _ V6
Un == X n - ----:;-,SXn

" Jran == ---
V6sxn

and the plotting is done by the formula

The straight line calculated after Lieblein [31] is done by the estimators

(6.12)

(6.13)

(6.14)

(6.15)

(6.16)

where ai and bi are weight factors given in appendix B. The procedure prescribed by
Lieblein involves grouping the explosion data into groups of six entries and sorting the
entries within each group in increasing magnitude. With several groups, the estimators
are given by

(6.17)

(6.18)

where ri, == 6, k the number of groups and the plotting is done according to equation 6.14.

The Gumbel Type Il distribution

The Gumbel Type Il distribution is given by it's cumulative distribution function [30]

(6.19)

and the probability density function

(6.20)
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where
Vn is the characteristic largest valne of the initial variate X
k is the shape parameter; l/kis a measure of dispersion

The. characteristic largest valne Vn is defined by

(6.21)

If Yn has the Type Il asymptotic distribution with positive parameters Vn and k, then
In Yn has the Type I asymptotic distribution with parameters Un == InVn and Qn == k.
Thns,

(6.22)

The Type Il distribution paper is equivalent to the Type I distribution paper, except
that the Type Il has a logarithmic (as opposed to linear) seale for the stochastie variable.
The plotting position of the observations are given in equation 6.9.

We lise the MoM and order statisties method as described for Type I to produce the
valne pairs (O, Xs=o) and (1, X S=l ), and derive an exponential funetion that goes through
these points. The exponential function will form a straight line in the semilogarithmie
diagram.

6.4.4 Discussion

Data sets like those shown in figures 6.1 and 6.2 are tested. All in all we have 3 modules
with 3 filling grades of 2 gas types. The test are perforrned for both explosion pressure and
impulse. That makes a total of 36 test cases. The test fignres are shown in appendix A.

Explosion pressure

Explosion pressure versus Gumbel type I distribution. The diagrams with prob
ability test plots for explosion pressure versus the Gumbel type I distribution are given in
figures A.3, A.7 and A.12. The only diagrams that show some agreement between mea
sured data and theoretical distribution behaviour are the Piper Alpha C module with gas
in whole module, both methane and propane, and the CMR M24 module with lower half
filled with methane. The other plots seem to differ to a large degree. The eonclusion is
that the Gumbel type I distribution in general fit poorly for explosion pressure.

Explosion pressure versus Gumbel type Il distribution The diagrams with prob
ability test plots for explosion pressure versus Gumbel type Il distribution are given in
figures A.4, A.B and A.12. The Gumbel type Il distribution does not fit the measured
data at all. All simulations show large deviations for low and high data.
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Explosion impulse

Explosion impulse versus Gumbel type I distribution The diagrams with prob
ability test plots for explosion impulse versus Gumbel type I distribution are given in
figures A.15, A.19 and A.23. A few of the sub-figures may be argued to fit to the Gum
bel type I distribution, i.e. Piper Alpha, 1/1 module filled with methane and CMR M24
module, 1/1 and 1/2 module filled with methane, but in general there is more divergence
than concurrence. The Gumbel type I distribution can not be said to represent the data
material.

Explosion impulse versus Gumbel type Il distribution The diagrams with prob
ability test plots for explosion impulse versus Gumbel type Il distribution are given in
figures A.16, A.20 and A.24. As for explosion pressure, the tests reveal a rather appalling
misfit. The Gumbel type Il distribution can not be said to represent the simulated results.

6.5 Non-pararnetric statisties

6.5.1 General theory

When regarding statistical data with unknown distribution, such as the results from explo
sion simulators, non-parametric or order statistics may be used. Gibbons [57] has deduced
the equations used in this thesis. This section contains a short summary.

We let Xl, X 2 , •.• ,Xn denote a random sample from a population, such as the maxi
mum overpressures from explosion simulations when varying the ignition point location.
The sample is sorted in increasing magnitude, in such away that X(1) < X(2) < ... <
X(r) < ... < X(s) < ... < X(n)'

To estimate a confidenee interval for a population quantile, Kp , this can be done by
calculating the probability that the quantile will lie between two observations in the
sample,
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(6.23)

where X(r) and X(s) denotes two observations, r < s. l-a is the confidence level associated
with the inequalities.

The probability is given in it's original notation by

(6.24)
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where p is the sought quantile level (e.g. 90% ~ p = 0.90), not to be misinterpreted as
explosion pressure.

Henceforward we will denote Gibbons' f\;p (quantile in a population) as PK, (pressure
population quantile) in order to avoid misunderstandings regarding the use of the letter
p. Also, IK, will denote f\;p when discussing the impulse population quantile. Later we will
derive a set of load factors 7 with their corresponding distribution functions, and 7K, is a
quantile based on their sort ed sets.

Gibbons suggests to choose rand s such that s-r is a minimum for a fixed a. However,
there is also the possibility to choose rand s such that the difference X, - X; forms a
minimum. Sometimes there will be severai equal interval spans s - r that satisfy the same
confidence criterion, with no particular clues of which span is the one to favour.

The present calculations is based on the situation "first come", Le. the first probability
found by the computer that satisfies the given confidence criterion is used, not concerning
which of the minimum criterion is achieved. This may produee some minor "jumps" in the
tables presented, but they are expected to be of less importance.

Given the data in e.g. figure 6.1, the estimation of an explosion overpressure quantile
PK, can be done by using equation (6.24). The quantile willlie within a confidence interval,
PK, E [pK,,-z, pK,,+d, where l denotes the confidence level. It follows that one can be certain
with (at least) the chosen confidenee level that the actual quantile pK, has a lower value
than its upper confidence limit, PK,,+l-

Here, the upper limit for the population quantile within a confidence level is taken to be
the population quantile itself. Thus we will denote PK,,+l as PK,. This is formally incorrect,
but serves the purpose of this study. I K,,+l will likewise be denote as IK,.

The confidence interval will be case-specific. With enough simulations, non-parametric
statistics can always be used to achieve a certain quantile in the expIosion pressure with
a preferred confidence interval for a given case (i.e. geometry, gas type and cloud size).
This is the desired procedure.

The samples presented here can be used to estimate their specific quantiles in the pop
ulation. Furthermore, they can be used to derive several statistically interesting properties
in further risk analysis.

6.5.2 Application of non-parametric statisties to explosion data

As explained, the derivation of such confidence intervals will depend on a certain amount
of simulations for each given case. This can be costly and time-consuming, and motivates
the search for a simpler and more general - but still statistically correct - method.

A situation may occur where the eost or time only allows a few, say 2, simulations of
an explosion with arbitrary ignition points within a module. How can we use data from
earlier simulations to obtain a sound statistical platform for the use of these two new
simulations?
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The situation is illustrated in tigure 6.3. The problem is solved by extracting data from
sets such as those given in figure 6.1. If we draw randomly 2 data points from a set of 150
observations (as is the case for the results presented in tigure 6.1), and take the mean value
of these 2, we will gain a set of (1;0) == 11175 mean values, denoted Xi, i == 1, ... ,11175.
The distance from this random mean Xi to the sought PK,+l (e.g. the 90% quantile) is
denoted d. This d will then he a stochastic variable with an unknown distribution.

The distance d, however, is of little practical value for the general case. It will vary in
magnitude for each simulated module, and it's denomination, kPa, fits poorly if we want
to provide a factorial approach, as the partial factor method described in section 3.3.3.
The solution to generalisation of the problem can be to do some kind of normalisation
of the distance. If we divide the distance d with the random mean Xi, we will get a
denomination-free factor that can be used in the reverse case. If we let
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(6.25)

we can by picking two arbitrary simulations tind a X and calculate the desired pressure
quantile by multiplying with the 'Y factor, i.e. PK == Xi'YI- The assumption that must be
done for this procedure is that the 'Y factor has a similar distribution for each case.

The problem turns out to be how to estimate 'Yl. For two other simulations, we will
get a new Xi and thus a new 'Yl. For a set of 11175 observations it is trivial to reproduce
the distribution of 'Yl. We simply let the computer calculate all possibilities. An example
of a such calculation is illustrated in figure 6.4.

The distribution of 'Y is obviously dependent of the choice of acceptable pressure level.
As can beseen from figure 6.3, the higher level of safety, by choosing a high pressure
quantile, the higher the factor 'Yl == PK/Xi.

The distribution of 'Yl in figure 6.4 is much smoother than the distributions of Pmax
in figure 6.1, and a test of 'Yl versus various known distribution functions may well lead
to aresult. If we, however, continue our non-parametric treatment of the observed data,
we can, after some computations, present a 'YIK,+l' i.e. an upper limit for a quantile for
'Yl with a specific confidence level l in a set of 'YI,i- Although slightly incorrect, we will
also here call this upper confidenee limit of the population quantile for 'YIK' With a set of
observations of order 10 000, the confidence interval will be relatively narrow.

The quantile K p (Gibbons' notation, see sec. 6.5) and confidence level l will generally
be different for Pmax,i or li, and their corresponding 'YI,i' As an example, we can decide
that the 90% quantile of the explosion pressure presents an acceptable safety level. This
quantile can be estimated with a confidence level of 95%. This value isa number on the
pressure axis. Given this value, we can calculate a set of 'Y, and in turn decide that this
factor can be represented by it's 90% quantile with 98% confidence.

The combinations of quantiles, confidence levels, gas types, gas filling and choice of
module turn out to be numerous. For this reason, the presented data are limited to
observe the 75, 90, 95 and 98% quantiles in the pressure and impulse distributions with
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Figure 6.3: Calcuiating confidenee level and ignit ion point location uncertainty factor
'Y = (x + d)/x = p",+t!x ~ p,, /x.
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90% confidence and the 90% quantile of the factor ry with 98% confidence. The relevanee
of this choice for direet use in consequence analysis is unknown. Other combinations can
be tabulated, but are not shown here.

More simulations than 2 can be done to get a value of Xi' The number 2 was chosen
to illustrate the proeedure. A higher number of simulations will produee lower factors ry
with less dispersion. The effect is documented in the following chapters.

6.5.3 Calculations of ignition point location uncertainty factors

Calculations to gain values for the ignition point location uncertainty factor are done for
both pressure and impulse for all offshore modules and each filling grade. The calculations
are done with basis in 2, 3 and 4 simulations.

The presented tables are organised by gas volume cloud. Within these categories, each
module is presented with gas type, number of simulations and selected distribution quan
tiles as variables. Thus, we have a set of ignition point location uncertainty factors in
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tables 6.2-6.10. The pressure and impulse quantile levels are calculated with 90% confi
dence. The r factors are presented as the 90% quantile with 98% confidence to achieve
the (in the tables) given pressure quantile with 90% confidence.

Table 6.2: Ignition point location uncertainty factor r for Piper Alpha C module,
1/4 module filled with gas.

Gas type
Methane Propane

no. of simulations no. of simulations
Load type 2 I 3

I 4 2 I 3 I 4
75% quantile

Pressure 1.71

I
1.66

I
1.60 1.91

I
1.83

I
1.76

Impulse 1.39 1.36 1.33 1.49 1.45 1.42
90% quantile

Pressure 2.14

I
2.07

I

1.99 2.16

I

2.07

I
2.00

Impulse 1.84 1.79 1.76 1.90 1.86 1.81
95% quantile

Pressure 2.36

I

2.28

I

2.20 2.37

I

2.28

I

2.19
Impulse 1.94 1.89 1.85 1.95 1.90 1.86

98% quantile
Pressure 2.55

I

2.46

I
2.37 2.48

I

2.38

I

2.29
Impulse 2.01 1.96 1.92 2.13 2.08 2.03
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Table 6.3: Ignition point location uncertainty factor ry for CMR M24 module,
1/4 module filled with gas.

Gas type
Methane Propane

no. of simulations no. of simulations
Load type 2 I 3 I

4 2 I 3 i
4

75% quantile
Pressure 1.47

I

1.43

I
1.39 1.41

I
1.39

I

1.36
Impulse 1.33 1.32 1.29 1.29 1.28 1.26

90% quantile
Pressure 1.62

I
1.58

I

1.53 1.53

I
1.51

I

1.48
Impulse 1.50 1.48 1.45 1.36 1.35 1.33

95% quantile
Pressure 1.76

I

1.71

I

1.67 1.65

I

1.63

I

1.60
Impulse 1.72 1.71 1.67 1.43 1.41 1.39

98% quantile
Pressure 1.86

I
1.80

I

1.76 1.72

I
1.71

I

1.67
Impulse 1.93 1.91 1.87 1.71 1.70 1.67

Table 6.4: Ignition point location uncertainty factor ry for CMR M25 module,
1/4 module filled with gas.

Gas type
Methane Propane

no. of simulations no. of simulations
Load type 2

I
3 I 4 2 I 3 I 4

75% quantile
Pressure 1.55

I
1.54

I

1.50 1.51

I

1.48

I

1.44
Impulse 1.27 1.25 1.23 1.30 1.30 1.28

90% quantile
Pressure 1.78

I

1.74

I

1.69 1.71

I

1.67

I
1.63

Impulse 1.36 1.34 1.32 1.40 1.40 1.38
95% quantile

Pressure 1.83

I

1.79

I

1.73 1.83

I
1.79

I

1.74
Impulse 1.45 1.43 1.41 1.47 1.47 1.44

98% quantile
Pressure 1.85

I
1.80

I

1.75 1.93

I
1.89

I

1.84
Impulse 1.66 1.63 1.61 1.58 1.58 1.54
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Table 6.5: Ignition point location uncertainty factor r for Piper Alpha C module,
1/2 module filled with gas.

Gas type
Methane Propane

no. of simulations no. of simulations
Load type 2 l 3 l 4 2

I
3 I 4

75% quantile
Pressure 1.78

I

1.70

I
1.63 2.50

I

2.21

I

2.08
Impulse 1.58 1.53 1.48 1.74 1.68 1.61

90% quantile
Pressure 1.99

I
1.89

I

1.82 2.92

I

2.58

I
2.42

Impulse 1.72 1.66 1.61 1.96 1.90 1.82
95% quantile

Pressure 2.11

I
2.01

I
1.93 3.70

I
3.28

I

3.08
Impulse 1.78 1.72 1.66 2.09 2.03 1.94

98% quantile
Pressure 2.28

I
2.17

I

2.10 4.03

I

3.56

I
3.35

Impulse 1.85 1.79 1.73 2.18 2.12 2.03

Table 6.6: Ignition point location uncertainty factor r for CMR M24 module,
1/2 module filled with gas.

Gas type
Methane Propane

no. of simulations no. of simulations
Load type 2 I 3 l 4 2 I 3 I

4
75% quantile

Pressure 1.97

I

1.86

I

1.78 1.57

I
1.52

I
1.47

Impulse 1.49 1.44 1.40 1.31 1.29 1.27
90% quantile

Pressure 2.57

I
2.43

I

2.23 1.81

I
1.75

I

1.70
Impulse 1.77 1.71 1.66 1.43 1.41 1.38

95% quantile
Pressure 2.75

I
2.60

I

2.48 1.95

I
1.88

I
1.82

Impulse 1.82 1.75 1.70 1.45 1.42 1.39
98% quantile

Pressure 3.38

I
3.19

I

3.04 2.35

I
2.26

I
2.19

Impulse 2.12 2.04 1.99 1.50 1.47 1.44
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Table 6.7: Ignition point location uncertainty factor 'Y for CMR M25 module,
1/2 module filled with gas.

Gas type
Methane Propane

no. of simulations no. of simulations
Load type 2 I 3 I 4 2 I 3 l 4

75% quantile
Pressure 1.54

I
1.52

I
1.47 1.36

I
1.36

I
1.34

Impulse 1.32 1.33 1.30 1.21 1.22 1.20
90% quantile

Pressure 1.71

I
1.69

I
1.64 1.52

I
1.53

I
1.50

Impulse 1.46 1.47 1.44 1.36 1.37 1.35
95% quantile

Pressure 1.84

I
1.82

I
1.76 1.70

I
1.70

I
1.67

Impulse 1.52 1.53 1.50 1.49 1.49 1.47
98% quantile

Pressure 1.99

I
1.97

I
1.90 1.88

I
1.89

I
1.86

Impulse 1.63 1.64 1.60 1.53 1.53 1.51

Table 6.8: Ignition point location uncertainty factor 'Y for Piper Alpha C module,
1/1 module filled with gas.

Gas type
Methane Propane

no. of simulations no. of simulations
Load type 2 I 3 , 4 2 I 3 l 4

75% quantile
Pressure 1.84

I
1.76

I
1.68 1.68

I
1.61

I
1.56

Impulse 1.64 1.59 1.54 1.32 1.30 1.27
90% quantile

Pressure 2.06

I
1.97

I
1.87 2.16

I
2.07

I
2.01

Impulse 1.78 1.72 1.66 1.50 1.48 1.45
95% quantile

Pressure 2.19

I
2.08

I
1.99 2.51

I
2.47

I
2.34

Impulse 1.89 1.83 1.77 1.56 1.54 1.51
98% quantile

Pressure 2.52

I
2.40

I

2.29 3.25

I
3.12

I
3.03

Impulse 2.16 2.09 2.02 1.60 1.57 1.54
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Table 6.9: Ignition point location uncertainty factor 'Y for CMR M24 module,
1/1 module filled with gas.

Gas type
Methane Propane

no. of simulations no. of simulations
Load type 2 l 3 I 4 2

I 3
r

4
75% quantile

Pressure 2.00

I

1.90

I
1.81 1.49

I

1.45

I
1.41

Impulse 1.46 1.46 1.41 1.40 1.38 1.35
90% quantile

Pressure 2.41

I
2.29

I

2.18 1.75

I

1.70

I
1.66

Impulse 1.75 1.75 1.70 1.54 1.51 1.48
95% quantile

Pressure 2.51

I

2.38

I

2.26 1.80

I

1.75

I
1.70

Impulse 1.85 1.86 1.80 1.62 1.60 1.57
98% quantile

Pressure 2.57

I
2.44

I
2.32 2.00

I

1.95

I

1.90
Impulse 2.04 2.05 1.98 1.68 1.66 1.63

Table 6.10: Ignition point location uncertainty factor 'Y for CMR M25 module,
1/1 module filled with gas.

Gas type
Methane Propane

no. of simulations no. of simulations
Load type 2 I 3 I 4 2 I 3 l 4

75% quantile
Pressure 1.49

I
1.45

I

1.41 1.36

I
1.35

I
1.33

Impulse 1.25 1.26 1.24 1.22 1.22 1.21
90% quantile

Pressure 1.73

I

1.69

I
1.64 1.63

I
1.62

I
1.59

Impulse 1.33 1.34 1.32 1.30 1.30 1.28
95% quantile

Pressure 1.99

I

1.94

I

1.89 1.74

I
1.73

I
1.69

Tmrmlse 1=45 1.46 1.43 1.35 1.35 1.33----r----
98% quantile

Pressure 2.14

I
2.09

I
2.03 1.78

I

1.76

I
1.73

Impulse 1.66 1.67 1.64 1.41 1.41 1.39
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The effect of all modules combined are presented in table 6.11. Assuming that the
design case in many cases will be the whole module filled with gas, the mean of the r
factor for all 3 offshore modules completely filled with gas are shown.

Table 6.11: The mean of ignition point location uncertainty factor l for all mod
ules, modules completely filled with gas.

Gas type
Methane Propane

no. of simulations no. of simulations
Load type 2 I 3 I 4 2 I 3 I 4

75% quantile
Pressure 1.78

I
1.70

I
1.63 1.51

I
1.47

I
1.43

Impulse 1.45 1.44 1.40 1.31 1.30 1.28
90% quantile

Pressure 2.07

I
1.98

I
1.90 1.85

I
1.80

I

1.75
Impulse 1.62 1.60 1.56 1.45 1.43 1.40

95% quantile
Pressure 2.23

I
2.13

I
2.05 2.02

I
1.98

I
1.91

Impulse 1.73 1.72 1.67 1.51 1.50 1.47
98% quantile

Pressure 2.41

I
2.31

I
2.21 2.34

I
2.28

I
2.22

Impulse 1.95 1.94 1.88 1.56 1.55 1.52

6.5.4 Immediate observations

Given the factors presented in table 6.11 and those for the individual modules, some
immediate results can be observed:

1. Deviations in explosion impulse is lower than for explosion pressure.

2. Deviations for propane are in general lower than for methane, i.e. the explosion
propagation for methane is more dependent on the ignition point location than that
for propane.

3. Relatively, there seems to be no evident effect of gas cloud volurne.

4. By increasing the number of simulations from 2 to 4, we will get a reduction in the
ignition point uncertainty load factor r. For explosion pressure, this reduction is of
order 8% for methane and 5% for propane. For explosion impulse, the reduction is
approximately 4% for methane and 3% for propane.
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5. The! factor is very case-dependent with respect to quantile choice. For Piper Alpha,
we get an increase in the! factor of approximately 100% from the 75% to the
98% quantile in the distribution. For the CMR M25 module, we get an increase of
approximately 15% in the same interval.

6.5.5 Discussion of properties of the ignition point location Ull

certainty load factor

The properties described in section 6.5.4 can be diseussed as follows:

1. The observation that the explosion impulse is more "stable" than the maximum
explosion pressure seems natural, While the pressure is a peak value, the impulse
is an integrated value, and will thus tend to vary less than the pressure function.
Thus, a lower ignition point uncertainty factor for impulse than for pressure seems
sensible.

2. The observation that methane should be more sensitive to ignition point location
than propane may be correct, or at least can be explained. Propane is a more reactive
gas than methane, and may tend to produee higher overpressures no matter where
the ignition point is located. Methane has a slower combustion rate than propane
under undisturbed conditions, but if the ignition is in a very confined area, an early
turbulenee will occur and result in a quicker combustion rate. While the arrival
of an early maximum pressure does not need to imply a high explosion value (see
figure 5.10), this may be the case for a methane cloud ignited in a congested area.

3. The explosion pressure as a function of ignition point location being seemingly
independent of the gas cloud size is just an observation. There are no evident ex
planations why it should be, or, for that matter, not be so. If of any worth, it may
be taken as an argument for the l factor being a property of a set of explosions,
independent of gas cloud size.

4. The small difference in ignition point uncertainty factor with 2 and 4 simulations
shows that even such small numbers provide a good estimate of the overall pressure
or impulse level in the module. They do not provide information of the variations of
the possible explosions, the deviation, but even 2 simulations give a good estimate
of the mean value.

5. The! factor seems to be case-dependent. However, the overall level of the -y factcr
seems to be well settled. For explosion pressure, the 'Y factor for the 90% quantile
will for the three modules lie within the interval 1.3-2.9, l E [1.3,2.9] with an
approximated mean of 1.7-1.8, i.e. a little under 2. For explosion impulse, the 90%
quantile will for the three modules lie within the interval1.2-1.9, l E [1.2,1.9]' with
an approximated mean about 1.5.
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6.5 Non-parametric statistics

The effect of the relative gas cloud size is illustrated in an example in figure 6.5. The
picture is typical. While there are some variations within each module, the tendency is
that the ry factor does have an overall value for a given module.
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Figure 6.5: The ignition point location uncertainty factor ry as a function of module filling
grade.

The influence of number of simulations on the ry factor is shown in figure 6.6. The figure
is an example, and shows clearly the relative moderate effect an increase in number of
simulations has on the ry factor.

Methane will in general produce larger or similar ry factors than propane. An example
is shown in figure 6.7.

The ignition point location uncertainty factor ry will rely on the chosen pressure (and
impulse) quantile. This effect is illustrated in figure 6.8.

6.5.6 Non-parametric statisties conelusions

Non-parametric statisties can, with large enough number of simulations, be used to cal
culate pressure quantiles that satisfy given safety levels in the design proeess. This must
be the desired procedure in any planning phase of industrial processes involving explosive
gases, both offshore and onshore.

However, the large number of simulations necessary to achieve such a safety level is
inconvenient. This is tried solved by finding the distribution produced when picking 2,
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'Y as function of number of simulations
Propane, explosion pressure, 1/1 filling grade, 90% quantile

~3.0

ES

-e- Piper Alpha C module
-e7- CMR M24, full scole
..·..,:!x···.. CMR M25, full scole
- Meon of 011 modules

~----e---------JE!J

2··-·····-··-~:::=.·.·.....~.··· .:::==-=....=..~
"'C
o

.Q 2.0
1:'

.C:

~ 1.5
Q)
uc:
~ 1.0
c:

·0
a.
§ 0.5

:;:;
·c

C)')

- 0.0-+-------.,.....----------..----"'------.

2 3 4

Number of simulations
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"1 as function of pressure quantile
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3 and 4 arbitrary simulations and let the mean of these enter as the denominator in a
fraction where the known quantile represents the numerator. This will produce a ignition
point locaiion uncertainty jaetor.

The question of relevance of the ignition point uncertainty factor being ameasurement
of real dispersion of the effect of ignition point location remains. This will be discussed in
chapter 8.

With these limitations, the non-parametric statistics approach is recommended, and
taken the presented data into view-the only general probabilistie method currently
applicable to explosion loads.

6.6 Error sources in data treatrnent

At this point it may be necessary to remind the reader that the only subject discussed here
is the ignition point location. Other sources to possible errors in the estimation process,
such as explosion simulator behaviour and assumptions of initial turbulenee field are kept
out of the discussion.

In spite of narrowing down the error sources to the treatment of the ignition point
location, there are still several sources that should be investigated.
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6.6.1 Placement of ignition point

In the computer simulations, the ignition point is placed randomly within the fiammable
cloud. This is hardly the actual case. The ignition point location will presumably be
connected to some obstruction surface. Possible ignition sources may be hot surfaces or
electrical switches.

The procedure of picking randomly placed ignition points was done due to three main
reasons.

1. The available data models were not accurate enough. Minor .pipes and electrical
cabling are not shown in the cited literature. Furthermore, an implementation of
these are rarely done in the computer models due to the flow nature of the problem.
Single, small pipes, although turbulence-generating to some degree, often have little
infiuence on the total fiow and turbulenee pattern.

2. Lack ofprocedure for picking points close to surfaces. Although a such procedure can
be established from the internal simulator representation of the obstacles, it would
have been time-consuming. Judgment resulted in emphasis put on establishing a
statistical method of data treatment.

3. The necessity of investigating close-to-surface ignitions in stead of arbitrary ignitions
is unclear.

Given that an explosion occur in the vicinity of asurface, one might expect a bound
ary condition that produces turbulenee when the gas fiow passes along. The turbulenee
results in a higher combustion rate and thus quicker pressure loading rate. However, the
infiuence of the loading rate on maximum explosion pressure seems vague, as illustrated
in figure 5.10 on page 49. Furthermore, as explained earlier, closeness to asurface may
not be a sufficient criterion. Just a closeness criterion may not produee significant early
turbulence. The critical parameter is the confinement of the ignition source. A procedure
describing confinement instead of closeness is hard to formalise.

The error produced by the chosen location procedure will presumably be a one-sided
one, Le. the simulated pressures (chosen in free air) will be higher or lower than similar
values obtained from close-to-surface simulations.

The effect of choosing an arbitrary ignition point within the gas cloud, as opposed to
the vicinity of asurface, remains unknown. If it exists, the resulting error will presurnably
be a constant, thus making the achieved factors being either toa low or toa high. The
presented reasoning that the maximum explosion pressure seems relatively independent
of the loading rate argues for that the possible error will be small.



6.6 Error sources in data treatment

6.6.2 Biased explosion simulator

There is a possibility of explosion simulators calculating certain igni tion point locations
with more or less accuracy than other points. We can e.g. imagine a simulator tackling
the fiow and combustion equations especially well for ignition in corners of a module.

There is no published data confirming or rejecting a such hypothesis as a general
property of any explosion simulator. While a such behaviour may be present in single
cases, a general trend have not be traced.

A biased explosion simulator will, if it exists, produce a constant error in the data, and
thus infiuence the data either in safe or unsafe direction.

The lack of demonstrateable biased cases in literature does not prove the non-existence
of such behaviour. Biasing in ignition point location is a matter of great importance, and
must be viewed with great attention in the future.

6.6.3 Error in statistical values

Given the non-parametric statistics approach, the simulated results represent a sei of
observations, but the selected value PK,+l represents the quantile in the population. Thus,
the estimation of the explosion quantile should be robust and conservative, as the chosen
value is taken to be the upper confidence limit.

In the postprocessing of the explosion data, the calculated mean fE is done from the sei,
not the population, as the value is calculated from a subset of the already simulated data.
This may introduce an errar in the estimation of i: The size of the set is 150 specimens,
so the conclusion is that an approximation of x in the set to J.L in the population can be
done. The resulting error is arbitrary, and thus may lead to both higher and lower values.
The magnitude of this error is unknown.

The ignition point uncertainty factor 'Yl is deduced from a set of observations, but the
resulting value taken to be the upper limit in the confidenee interval of the population
value. This estimation is also on the safe side.

6.6.4 Error summary

Thus, the statistical procedure from the raw data to the final 'Yl contains two numerical
roundings to the safe side and one approximation with arbitrary sign. The effect of this
will be a 'Y giving areasonable measurement of the dispersion in ignition point location,
mostlyon the conservative side.
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Chapter 7

The Flixborough accident

7.1 Introduction

The Flixborough accident is thoroughly documented [58, 38,50,59]. Only a brief summary
is given here; On 1st June 1974 there was an uncontrolled leakage of about 30 tons [58] of
cyclohexane on the Nypro (UK) Ltd plant at Flixborough, England. A short minute after
the leakage started the explosive cloud was ignited. A violent explosion occurred, causing
the death of 28 men and severe damage to the buildings on the site.

A plan of the plant is shown in figure 7.1.

7.2 Literature

SeveraI authors have estimated the maximum overpressure in the exploding gas cloud ([58],
[50], [59]). The estimates are either based on observation of the damage or calculations of
the energy release in the explosion.

7.2.1 Estimation of ignition point and gas cloud volume and 10
cation

Sadee et al. [58] have made an estimation of the explosive cyclohexane air mixture to a
total volume of about 400 000 m3 , shaped like a banana or boomerang in its footprint,
containing 30 tons of cyclohexane at a concentration of 2% per volurne. The authors
also pointed out that a likely source of ignition was the reformer furnace of the nearby
hydrogen plant. Gugan [50] stated 36 tons as a likely cyclohexane mass, Marshall [59]
also stated the hydrogen plant as a probable point of ignition. Generally, there seems to
be an agreement with respect to' the general conditions of the leakage and the location of
ignition in most reports of the Flixborough accident.
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Figure 7.1: Plan of Flixborough plant. Assumed gas cloud reconstructed from Sadee et
al. [58]. Pressure monitoring points Pl . .. P8 are described in the text.



7.2 Literature

7.2.2 Estimation of explosion pressure

Sadee et al., 1976

The site survey performed by Sadee et al. [58] describes 11 selected structures that sub
stained damage. The maximum explosion pressure are visually estimated at 9 of these
locations and compared to an "equivalent" TNT explosion.

Where the damage was particularly severe, i.e. at the apparent explosion centre and
at the caprolactam control building, Sadee et al. made no estimation of the explosion
pressure. The caprolactam building was just described as demolished. Further from the
explosion centre several structures and their damage was thoroughly documented. The
authors estimated overpressures in the range 70-15 kPa (0.70-0.15 bar) at corresponding
approximately distances 100-300 m.

Gugan, 1979

Gugan [50] describes the damage done on the reactors R2525 (here called P2) and R2526
(here called P3) and concludes that the net crushing pressure on the skirts of these
vessels must have been in excess of 760kPa (7.6bar). The skirts were provided with
several apertures for ventilation and access, and a rise in the out side pressure would
quickly be followed be a rise in the inside pressure, thus reducing the net load on the
skirts. Depending on the assumption of the pressure rising rate, Gugan estimates a free
atmospherie pressure in the intervall 039-1518 kPa (10.4-15.2 bar), the latter mentioned
first.

A parked road tanker (here called P7) was estimated to have been exposed to an
explosionpressure in the interval 340-1 000kPa (3.4-10 bar) [50, 60].

A draincover (here called P6) of east iron sustained damage from a pressure in excess
of 1000 kPa (10 bar).

Based on the energy release in the exploding cyclohexane-air mixture and the pressure
rising rate, Gugan argues that the pressure in the centre of the fiammable cloud probably
was of the order 2500kPa (25bar) and maybe as high as 4400kPa (44 bar).

Roberts and Pritchard, 1982

Scattered over the site was a large number of lamp posts. Roberts and Pritchard [61]
carried out an examination of the deformation of 17 of these lamp posts. The deformation
of such hollow cylinders can be calculated for force per unit length for a given period of
duration. The other way round; given the deformation, one can calculate force per unit
length for a given period, Le. the impulse, these lamp posts were subjected to.

Some lamp posts were knocked completely down by the explosion pulse, thus the im
pulse must have been greater than their internal resistance. One of the lamp posts sus
tained a large defiection, but from the deformed shape it was possible to calculate an
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assumed impulse. The lamp post is here denoted as "P8".
Roberts and Pritchard estimated the total impulse on this lamp post to be I =

3.7 kPa s. With an estimated value for the duration of the positive phase of the impulse of
td = 200ms, the "dynamic pressure" was calculated to be Pd = I/td = 3.7/0.2 = 18.5 kPa.
The air velocity was found by' the equation Pd = ~pU2 with P = 1.3 kg/rn", thus

U = J2Pd / P = J2 . 18.5 . 103/1.3 = 169m/s

Marshall, 1987

The remains of the Nypro plant was also inspected by Marshall [59]. His classification is
based on visual inspection.

Marshall concluded that the main office building (here called P5) had been subjected
to an overpressure in excess of 70 kPa (0.7 bar). He further estimates areasonable over
pressure for the oleum plant control building to be 50kPa (0.5 bar). For the caprolactam
plant control building (here called P4) Marshall suggested a best estimate of overpressure
to be circa 100 kPa (1 bar).

Comments to results found in the literature

It is interesting to note that the two authors basing their estimates on visual inspection
(Sadee, Marshall) to a large degree conform in the assumed pressure values, i.e. on the
low side of 1 bar. Gugan, on the other hand, is basing his estimates on calculations that
produee explosion pressures of magnitude 10 bar.

According to Bjerketvedt et al. [12], Gugan's estimates of the pressure in the center
of the explosion (25-44 bar) are only likely if there has been a detonation. It is uncertain
whether Gugan's calculations are applicable to detonations.

7.3 Computer implementation

7.3.1 Plant layout and gas cloud

The geometry of the Flixborough plant is reconstructed in the computer solely for this the
sis on the basis of drawings and photos provided by the Health and Safety Executive [41]
supplemented with details from The Inquiry report [38] and Gugan [50]. A visualisation
of the computer model is shown in figure 7.2. The final computer model hold 3500 - 4000
obstructions. The gas is selected to be cyclohexane, as in the real case.

The computer model implements a 400000 m3 stoichiometric vaporised cloud of cy-
clohexane and air, with equal height and an approximated banana-shaped footprint as
described by Sadee et al. [58]. The approximation to the prescribed cloud is done with
three rectangular parallelepipedes combined to one large cloud. The ignition point is taken
to be somewhere inside the H2 plant.



7.3 Computer implementation

Figure 7.2: Visualisation of the computer model implementation of the Flixborough plant.
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The Flixborough simulation cases are built up of approximately 180 000 control vol
urnes. The grid is exponential, with the smallest control volurnes cubes with sidelengths
of about 1.5 ID. The total calculation domain is approximately 300 m·300 m·lOO m, the
smallest value being the height, and the smallest control volurnes located in the most
congested areas within the flammable cloud.

These simulations put large demands on the computer, sa only 200 simulations are
done. However, due to the selected number of pressure monitoring points (16), only 100
simulations are available for each point.

7.3.2 Pressure monitoring points

The pressure monitoring points in the simulation are chosen so that comparison with
the visual or calculated pressure levels in literature can be done. The 8 chosen pressure
monitoring points are described in table 7.1.

Table 7.1: Description of pressure monitoring points.
Pressure Reference

monitoring to
point literaturea Description
Pl Sl Appearant explosion centre
P2 G12 Freestanding reactor 5 from sec. 25A
P3 G13 Reactor 6, sec. 25 A
P4 831M3 Control building, south side
P5 M2 NW corner of main office building
P6 G16 east steel drain cover
P7 G15 Parked road tanker
P8 R15 Lamp post

as == Sadee et. al [58], G == Gugan [50], M == Marshall [59], R == Roberts and
Prithcard [61]

7.4 Simulation results

The pressure values in table 7.2 are shown as mean maximum overpressure over 1ms
and explosion impulse for 100 different simulations, all of them with their ignition point
located on the ground floor of the H2 plant.



7.5 Comparisons

Table 7.2: Maximum explosion overpressure over 1ms and explosion impulse. Mean values
from 100 different simulations with ignition point located at the ground floor of the H2

plant.
Distance from Maximum

Pressure "explosion centre" a explosion overpressure Explosion impulse
monitoring point [ml [kN/m2 (bar)] [kNs/m2

]

Pl O 1360 (13.6) 27.3
P2 55 1290 (12.9) 26.0
P3 30 1650 (16.5) 27.6
P4 90 400 (4.0) 14.1
P5 20 1310 (13.1) 26.1
P6 70 1400 (14.0) 25.4
P7 150 220 (2.2) 7.9
P8 170 100 (1.0) 6.7

aAs denoted by Sadee et al.

7.5 Cornparisons

A col1ocation of previous estimated values from the literature and simulated is shown in
table 7.3.

Table 7.3: Results from literature compared to simulated results.
Literature estimated Simulated

Pressure explosion overpressure explosion overpressure
monitoring point [kN/m2 (bar)] [kN/m2 (bar)]

Pl - 1360 (13.6)
P2 1039-1518 (10.4-15.2)CZ 1290 (12.9)
P3 1039-1518 (10.4-15.2)CZ 1650 (16.5)
P4 100 (l.O)M /70 (0.7)8 400 (4.0)
P5 > 70 (0.7)M 1310 (13.1)
P6 > 1000 (> 10.0)CZ 1400 (14.0)
P7 340-1000 (3.4-10.0)G 220 (2.2)
P8 3.7 kNs/m2 (impulse):" 6.7 kNs/m2 (impulse)

G == Gugan (1979), M == Marshall (1987), S == Sadee et al. (1976),
R == Roberts and Pritchard (1982)
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7.6 Discussion

The concurrenee of results from Gugan's estimations [50] and the simulated results (P2,
P3, P6, P7) is striking. The values are very similar. Gugan has investigated the Flixbor
ough case thoroughly and done a great number of calculations to quantify the magnitude
of the explosion. It seems that his estimations and further mathematical treatment based
on data from the observed damage to a large degree confirm the simulation results.

The explosion pressure estimations of Sadee et al. [58] and Marshall [59] are much
lower than the values from the simulations. The reason might be that their values are
based on visual inspection, not calculations. The collapse of buildings such as the control

. room and main office block has resul ted in their conclusion of an explosion pressure of
magnitude 1 bar, while the simulations show that the actual pressure might be 4.0 bar (P4)
and 13.1 bar (P5). This may indicate that an assumption of explosion pressure estimation
based on visual inspection alone can lead to large assessment errors.

7.7 Ignition point location at the Flixborough plant

With the given geometry, gas type and cloud size, the ignition point location is varied
inside the ground floor of the H2 plant. Explosion pressure and impulse are registered for
100 simulations with different ignition source locations.

The results show very little variations around the mean values for the 8 pressure mon
itoring points described in the previous chapter. The mean value, ii, standard deviations,
sand coefficient of variance, V = 81x, of these simulations are shown in table 7.4.

Table 7.4: Mean, standard deviation and coefficient of variation for 100
simulations of explosion pressure and impulse at Flixborough. Pressure
in bar, impulse in kNs/m2

•

Pressure Approx. dist. Explosion Explosion
monitoring from explosion overpressure [baro] impulse [kNs/m2

]

point centre [ml fE s V x s V
Pl O 13.6 0.18 0.0135 27.3 0.30 0.0111
P2 55 12.9 0.25 0.0195 26.0 0.06 0.0024
P3 30 16.5 0.36 0.0218 27.6 0.14 0.0050
P4 90 4.0 0.01 0.0016 14.1 0.33 0.0237
P5 20 13.1 0.33 0.0249 26.1 0.23 0.0088
P6 70 14.0 0.24 0.0172 25.4 0.64 0.0254
P7 150 2.2 0.22 0.1021 7.9 0.81 0.1027
P8 170 1.0 0.19 0.1865 6.7 1.60 0.2374



7.7 Ignition point location at the Flixborough plant

As can be seen, at these distances from the ignition point, the exact location of the
source is not significant. Other parameters, such as turbulenee generation due to congested
areas, will override the importance of the initial ignition effects.

A natural effect is the increasing coefficient of variance in both explosion pressure
and impulse as the distance from the explosion centre (and also from the ignition point)
increases. A little more noteworthy is the observation that the coefficient of variation is
of the same order for both pressure and impulse. Taking the integrating aspect of the
impulse under consideration, we would expect less variance from the impulse than the
pressure.
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Chapter 8

Partial factors

This chapter summarises the model presented and the respective values found, based on
the sirnulations.

8.1 The presented model

The proposed model tries to establish a statistically sound characteristic explosion load
based on the results from 2, 3 or 4 sirnulations of the case in interest.

The model was proposed in chapter 4, and we summarise:

(8.1)

where
Ak is the characteristic explosion load

p is the sample explosion action, usually p, based on the mean of 2, 3 or
4 simulations

1'G is a gas volurne uncertainty load factor
1'1 is an ignition point uncertainty load factor

1'M is an explosion simulator model uncertainty load factor

This characteristic accidental action Ak is inteded to be used in the accidental design
situaion in the ultirnate state limit described in Eurocode 1.1 [8] and the proposal to
the equivalent Norwegian standard [44]. The procedure to obtain the sample explosion
action, p or p, is described in section 6.5.2. The uncertainty load factors are described in
the following sections.
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8.2 Factors for gas cloud size and location

Partial factors

For offshore modules, it is argued in section 2.2.2 for a design case being the whole module
filled with gas. This will in general represent a conservative assumption, and can be
formulated with a gas volume uncertainty load factor with value 1, Le. lG = 1.0.

There has been no calculations of the volurne uncertainty load factor for smaller gas vol
urnes. We can, however, point to figures 5.4 and 5.5. These show that the maximum loads
(pressure and impulse) are approximately linear functions of the gas volume. Combined
with a probabilistic representation of different explosive gas cloud volurnes occurring, it
is possible to estimate approximate gas volume uncertainty load factors.

For onshore proeess plants the lG factor has not been calculated.

8.3 Factors for ignition point location

The usefulness of the calculations of ignition point uncertainty load factor relies upon the
assumption of the existance of a universal (but unknown) distribution for this factor. The
existance of a universal distribution has not been proved here, nor have there been any
quantitative assessments of the assumption of this existance. The assumption is based on
observations done in chapter 6.

For offshore modules, chapter 6 has described the values obtained for the ignition
point uncertainty load factors. The load factor are presented as mean values for modules
completely filled with gas in table 6.11. The valnes depend on the chosen level of safety.
The examples throughout this thesis have been the 90% quantiles in the explosion or
impulse distributions. This choice of example values is based on our subjective assessment.
Other quantiles may be more representative for actual design situations. While background
material may lack for other quantiles, final values are provided earlier.

If we base the value of the load factor on the approximated mean of the 90% quantiles
in the three modules investigated, as referred in section 6.5.5, we get approximate ignition
point uncertainty load factors ,l = 2.0 for explosion pressure and Il = 1.5 for impulse.
For a more precise assessment and for other quantiles, see chapter 6.

For onshore proeess plants only the reconstruction of the Flixborough accident in chap
ter 7 has been evaluated. For this particular case, the exact ignition point location was of
little interest, i.e. Il = 1.0 for both pressure and impulse. It is not recommended to lise
such a small value without further research.

8.4 Factors for computer eode uncertainties

There are no evidences for the computer simulation code uncertainties to be different
for offshore modules and onshore process plants. While some effects, e.g. the time of the
laminar phase of the combustion, may be more dominant for one or the other, explosion



8.5 Remarks

simulators are validated against both large and small geometries. The author have no
reports of simulators performing exceptionally well or bad for offshore modules or onshore
plants alone.

The uncertainty being a computer code property, it can be calculated from validation
data. Reported results are referred to in section 4.5.

For the EXSIM explosion simulator, the simulator model uncertainty load factors can
be calculated to the values presented in table 8.1.

Table 8.1: Values of the simulator model uncertainty load
factor 1M to produce a statistical quantile for maximum
pressure values from the EXSIM gas explosion simulator.

Quantile in simulated Model uncertainty
explosion pressure load factor

to achieve 1M
75% 1.30
90% 1.52
95% 1.65
98% 1.86
99% 1.90

Thus, if we want to be 90% sure that the explosion simulator results are on the "safe
side", we get a factor 1M ~ 1.5.

8 et 5 Remarks

The factorial approach is done on the assumption of individual events, that the three
different uncertainties are independent. This assumption is discussed in section 4.6.

Note that if we choose the conservative approach of the design case for an offshore
module being completely filled with explosive gas and the 90% quantiles for both ignition
point (see sec. 8.3) and simulator (see sec. 8.2) factors, we get
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Ak ==p·1.0· 2.0 ·1.5 == 3· P (8.2)

i.e. a design load being 3 times larger than the mean of the simulations with arbitrary
ignition point.

The combined probability of exceeding this characteristic load will be

P(L > Lk ) == 1 . (1 - 0.90) . (1 - 0.90) == 0.01 (8.3)
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i.e. given that an explosion actually occurs, our estimate of the characteristic load will be
exceeded in 1% of the cases. It will be exceeded in less than 1% of the cases if we allow
the gas cloud to be ignited before filling the whole module.

The probability of exceeding the characteristic load must be multiplied with the prob
ability of an explosion occurring to get the correct picture of the risk.



Chapter 9

Conclusions

9.1 Summary and conclusions

This thesis has addressed a number of factors associated with uncertainties in the explosion
load estimation process. Using numerical explosion simulators in the design phase, several
sources to possible errors are introduced. This thesis tries to isolate and quantify several
of these possible errors.

The main sources to uncertainties discussed in this thesis are the gas eloud volurne, the
location of the ignition point and the quality of the computer eode used in simulations.

Statistieal methods are used to quantify the named uncertainties. In order to get enough
statistical data to provide safety factors, approximately 10000 explosions simulations were
done, colleeting properties from the simulated explosions.

During the data eollection, a number of properties were registered for gas explosions
in offshore structures. Graphs and/or tables are presented for:

1. explosion pressure and impulse as function of gas eloud volurne.

2. the relation between explosion pressure and explosion impulse.

3. explosion pressure and impulse as function of explosion duration.

4. the probability of a "short" explosion with respect to the natural periods of typical
offshore structures.

5. the loading rate for several gas volumes and gas types.

6. the pressure-time shape function, i.e. an investigation of the often assumed triangu
lar shape of a gas explosion.

7. the effect of louvres on explosion pressure and impulse in offshore modules.

The corresponding eonclusions were:
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there seems to be a inverse relation between explosion pressure and explosion dura
tion, but this effect is not so clear for explosion impulse.

for large numbers, there is an approximate linear relation between the pressure or
impulse and gas volurne.

it seems possible to produce a linear relation between explosion pressure and impulse
in the investigated pressure interval.

the literature statements of offshore structures rarely being in the impulsive regime
is confirmed; "short" explosion durations are uncommon.

loading rates vary a lot, they are observed in the interval 1.5-90 bar/sec.

the triangular shape assumption is supported by the observed data.

introducing louvres of infinite strength will significantly increase explosion pressure,
impulse and duration
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1.

2.

3.

4.

5.

6.

7.

Only one onshore plant explosion was investigated; a reconstruction of the Flixborough
accident. Explosion pressures up to 16.5 bars was simulated. The simulated results were
compared with estimated values in the literature. The simulated results agreed to a large
degree with estimations based on actual explosion calculations, but differed a lot from
estimations based on observed damage. Estimations based on building damage were typ
ically much lower than simulated and calculated results. This can imply that for severe
building damage, an observational estimation of the pressure may be insufficient if the
buildings are demolished, as is the case from Flixborough.

The effect of ignition point location was investigated in detail for offshore modules.
Simulations confirmed variations with a factor of 20 in explosion pressure with respect
to ignition point location. The pressure and impulse distributions while varying the igni
tion point were tested versus normal, lognormal and Gumbel type I and Il distributions.
Explosion impulse seems to follow a normal distribution, while explosion pressure hardly
can be classified into a parametric distribution.

The distribution of explosion pressure was treated with non-parametric statistics. In
this way it was possible to tabulate several interesting quantiles in the pressure distribution
with base in just a few simulations. The factor used to multiply the mean of the results
from some few simulations to achieve a wanted quantile was called the 1 factor, or the
ignition point location uncertainty factor. Values for the, factor are tabulated for severaI
cases. The relevancy of these values relies upon the assumption of the existance of a
universal distribution for the, factor.

The value and properties of this , factor were discussed. It seems relatively independent
of gas cloud volurne and surprisingly independent of the number of initial simulations. The



9.2 Recommendation for further work

"I factor seems lower for impulse than for pressure and just slightly lower for propane than
for methane, It is, however, dependent of the chosen safety level.

For the onshore plant-the Flixborough plant-the effect of the ignition point loca
tion was negligible. This observation was explained with the large gas cloud, the numerous
obstruetions and the omnipresent sources to turbulenee generation. Is was, however, doc
umented that the effect of the ignition point location increased as the distance from the
presumed explosion centre increased.

A model for taking into account the quantified uncertainties was proposed. The model
is based on the uncertainties being independent events and results in a design explosion
load. The effect of simultaneous load events are left to the prescriber of the accidental
limit state.

Partial factors for the design load model was presented in the text. The value of these
rely heavily on the user's choice of safety level.

9.2 Recommendation for further work

Although numerous hours of CPU time has been used, both in explosion simulations and
non-parametric statisties calculations, the data col1ection could be more extensive to get
a better basis for the statistical evaluations.

Recommendations for further research into factors applicable to the proposed model
are:

• Investigate the effect of the initial turbulenee field on explosion pressure and im
pulse. The result from such an investigation may lead to an introduction of another
uncertainty factor, "IT, introductory turbulenee uncertainty.

• Investigate the possibility of biased explosion simulators, e.g. the possible case of a
particular simulator being extremely good at or bad at simulating ignitions in' e.g.
corners of modules.

• Produee an algorithm for selecting ignition points close to surfaces or a table of
likely ignition points with corresponding igniting frequencies.

• Investigate the effect of ignition point location for several mediurn-sized, land-based
process plants. Although insightful for this particular case due the existence of earlier
reports, the Flixborough accident simulation produced little generalisable data.

~ The increasing popularity of Floating Production Storage Off-loading installations
(FPSOs) justify that a similar route of data collection and statistical assessments
and generalisation should be done for these to extend the use of the model.
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100 Conelusions

• The 'Y factor is treated with non-parametric statisties in this thesis. A test of this
factor versus parametric distributions may lead to a better understanding of the
properties of 'Y.

• The statisties in this thesis are based on non-parametric proeessing of sampled
sets. Another approach would be the Bootstrap resampling method as described by
Efron [62] and Efron and Tibshirani [63]. It is our impression that the resampling
method would enhance the accuracy of the statistical data.

As the model is presented in this thesis, it is a stand-alone design tool for structure
dimensioning. In a wider range, it could be coupled to other models for risk analysis.

Of interest is the fit of an explosion event into the hazard function described in sec
tion 6.4.1. This may ease the fit of explosion pressure into an extremal distribution and
thus may provide parametric properties.

Other applications of the model, such as the extension into e.g. a Monte Carlo-model
for explosions or risk analysis in general are also possible.



Nomenclature

Latin letters

ei
fe
fde
fds
t,
fL
fR
fx(x)
fxn(x)
Iv: (y)
h(t)
hn(x)
g(. . . )
k

ti

Lieblein weight factors, see appendix B
Lieblein weight factors, see appendix B
natural base, e = 2.718281...
relative error in simulation of an explosion
material strength of concrete
material strenght of concrete exposed to fast loading
material strenght of steel exposed to fast loading
material strength of steel
probability density function for L, i.e. load effect
probability density function for R, Le. resistance
probability density function for X
probability density function for X n

probability density function for Yn

the hazard function
the hazard function for the largest value of X
limit stat function
the number of groups in Lieblein order statistics;
the shape parameter of X n in Gumbel Type Il distribution;
factor for calculating quantiles in a distribution
factor for calculating qunatiles in load distributions
factor for calculating qunatiles in resistance distributions
confidence level
number
number of observations within each group for Lieblein order
statistics, chosen to ti, = 6 for aur purpose

p explosion pressure; sample explosion pressure or impulse action
p the mean of several sample explosion actions
Pk characteristic explosion pressure
Pmax maximum explosion.pressure, max{p(t)}
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pK,
r
S

SXn

t
tI

tris

Un

Un

V

Vmax

Vn

X

Xn
y
Ad
Ak

D[·]
E[·]
FL
FR
Fx
Gk

Gkj

Fx(x)
L
Ld
L·z
Lk

M
N
P(... )
PF

PN
nr
~x:

Qkl

Qki

Pk

R

Nomenclature

quantile in an explosion pressure distribution
subsript; number in a sequence
standarised extremal variate; subscript; number in a sequence
standard deviation of a sample of X;
time
time of positive phase of explosion
rising time of explosion pressure
the characteristic largest value of the initial variate X in the
Gurnbel Type I distribution
estimation of Un

displacement of structure
maximal displacement of structure
the characteristic largest value of the initial variate X in the
Gumbel Type Il distribution
stochastic variable
mean value of a sample of X;
stochastic variable
design value of an accidental action
characteristic value of an accidental action
deviation
expected value
accumulated probability function for L, i.e. load effect
accumulated probability function for R, i.e. resistance
cumulative distribution function
characteristic value of permanent action
characteristic value of permanent action j
accumulated probability function for X
load effect
design load value; Ld = 7F L k

any of several L's
characteristic load value
safety margin
a given number
probability
probability of failure
probability of non-failure
characteristic value of a single variable action
characteristic value of the dominant variable action
characteristic value of a non-dominant variable action i
characteristic value of a prestressing action
resistance, i.e. structure strength



Nomenclature

Rd

Rk

u;
S
S
T
V
VR

Var j-]
X
X
X n
y
Yn

(both actual and calculated based on probabilistie properties)
design value of structure strength; Rd = Rk / 7M
characteristic strength
nominal strength
the set of all non-failure states
value of standarised extremal variate
natural period of structure
coefficient of variation, i.e. V = a-/p
coefficient of variation for the ratio Rn/R
variance, i.e. 0'2

a vector of stochastic values; X = [Xl X 2 XnJ
the stochastic value of x
the nth observation; a synonym for Yn

the stochastic value of y
the maximum value of X, i.e, Yn = max {Xl, X 2 , ... , X n }
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Greek letters

an inverse measure of dispersion of X; in Gumbel Type I distribution;
fraction in determination of confidence level

an estimation of an
e safety index, defined by E [M] / D [M]
7 partial factor; Euler constant, 7 = 0.577216 ...
7i any of several 7'S
7A partial factor for accidental action
7F partial factor for load effects or actions
7GA partial factor for permanent actions in accidental design situations
7GAj partial factor for permanent action j in accidental design situations
7G partial factor for gas cloud size and location uncertainty
71 partial factor for ignition point location uncertainty
7M partial factor for a material property;

partial factor computer model uncertainty
7p partial factor for prestressing actions
7pA partial factor for prestressing actions in accidental design situations
r: denotes the quantile in a population, e.g. PK'
I1 o;a 'tTOf"'tl'\r nf TYlOc:::lTl "'lTc:::l1'11 ec.•• - [" ,,- " 1tN Ul YvV\JV.L V.L ..L..L.LvUl,u VU.1.U 0, fAl - 1-"'1 1-"'2 ••• fJ;NJ

J-l mean value
ux; mean value of the population of X;
Jr 3.141592...
a standard deviation
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(Jk

(Jm

(JL

(JR

(JXn

~

~1

~2
W

4>
4>( o)
4>-1(.)

characteristic material strength
mean value of material strength
standard deviation in the load distribution
standard deviation in the resistance distribution
standard deviation of the population of X;
weight function on the volume defined by S
coefficient for frequent value of a variable action
coefficient for quasi-permanent value of a variable action
the upper bound in the Gumbel Type III distribution
component resistance factor
the standarised normal distribution function
the inverse standarised normal distribution function

Nomenclature



A bbreviations

API
CMR
CPU
DIF
ENV
EMERGE
EXSIM
FLACS
FORM
FPSO
LRFD
MoM
NBS
NKB

NS
QRA
RP
SORM

American Petroleum Institute
Christian Michelsen Research
Central Processing Unit
Dynamic Increase Factor
Europeische Vor-Norm (European Pre-Standard)
Extended Model1ing and Experimental Reseach into Gas Explosions
EXplosion SIMulator
FLame ACcelration Simulator
First Order Reliability Method
Floating Processing Storage Off-loading instal1ation
Load and Resistance Factor Design
Method of Moments
National Bureau of Standards
Nordisk Komite for Bygningsbestemmelser
(Nordie Committee for Building Regulations)
Norsk Standard (Norwegian Standard)
Quantitative Risk Assessment
Recommended Practice
Second Order Reliability Method
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Appendix A

Figures with probability test plots
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108 Figures with probability test plots
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Figure A.l: Piper Alpha C Module. Test of maximum explosion pressure versus normal
distribution. Left column methane as gas, right column propane as gas. Upper row: gas
in whole module, middle row: gas in lower half of module, lower row: gas in low quart of
module. Straight line drawn by linear regression.



109

Explosion pressure on Iognormal distribution paper
Explosion pressure on lognormol distribution paper
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Figure A.2: Piper Alpha C Module. Test of maximum explosion pressure versus lognormal
distribution. Left column methane as gas, right column propane as gas. Upper row: gas
in whole module, middle row: gas in lower half of module, lower row: gas in low quart
of module. Straight line drawn by exponential interpolation between the points (0, XO.50)

and (1, X O.84 ) .
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Figure A.3: Piper Alpha C Module. Test of maximum explosion pressure versus Gumbel
Type I distribution. Left column methane as gas, right column propane as gas. Upper
row: gas in whole module, middle row: gas in lower half of module, lower row: gas in low
quart of module. Straight lines are drawn by Method of Moments (MoM) and Lieblein
order statistics.
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Explosion pressure on extremal prob. paper; Gumbel Type Il
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Figure A.4: Piper Alpha C Module. Test of maximum explosion pressure versus Gumbel
Type Il distribution. Left column methane as gas, right column propane as gas. Upper
row: gas in whole module, middle row: gas in lower half of module, lower row: gas in low
quart of module. Straight lines are drawn by exponential interpolation between the points
(SO.50, Xo.so) and (80.84 , X O.84 ) calculated by Method of Moments (MoM) and Lieblein
order statisties.
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Figure A.5: CMR M24 Module. Test of maximum explosion pressure versus normal dis
tribution. Left column methane as gas, right column propaneas gas. Upper row: gas in
whole module, middle row: gas in lower half of module, lower row: gas in low quart of
module. Straight line drawn by linear regression.
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Explosion pressure on Iognormal distribution poper Explosion pressure on lognormal distribution poper
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Figure A.7: CMR M24 Module. Test of maximum explosion pressure versus Gumbel Type
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of module. Straight lines are drawn by Method of Moments (MoM) and Lieblein order
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Explosion pressure on extremal prob. poper; Gumbel Type D Explosion pressure on extremol prob. poper; Gumbel Type Il
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Figure A.B: CMR M24 Module. Test of maximum explosion pressure versus Gumbel Type
Il distribution. Left column methane as gas, right column propane as gas. Upper row:
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Figure A.II: CMR M25 Module. Test of maximum explosion pressure versus Gumbel
Type I distribution. Left column methane as gas, right column propane as gas. Upper
row: gas in whole module, middle row: gas in lower half of module, lower row: gas in low
quart of module. Straight lines are drawn by Method of Moments (MoM) and Lieblein
order statistics.
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Figure A.14: Piper Alpha C Module. Test of explosion impulse versus lognormal distri
bution. Left column methane as gas, right column propane as gas. Upper row: gas in
whole module, middle row: gas in lower half of module, lower row: gas in low quart of
module. Straight line drawn by exponential interpolation between the points (O, X O.50)
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Figure A.16: Piper Alpha C Module. Test of explosion impulse versus Gumbel Type
Il distribution. Left column methane as gas, right column propane as gas. Upper row:
gas in whole module, middle row: gas in lower half of module, lower row: gas in low
quart of module. Straight lines are drawn by exponential interpolation between the points
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Figure A.17: CMR M24 Module. Test of explosion impulse versus normal distribution. Left
column methane as gas, right column propane as gas. Upper row: gas in whole module,
middle row: gas in lower half of module, lower row: gas in low quart of module. Straight
line drawn by linear regression.
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Figure A.IB: CMR M24 Module. Test of explosion impulse versus lognormal distribution.
Left column methane as gas, right column propane as gas. Upper row: gas in whole module,
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line drawn by exponential interpolation between the points (0, X O.50 ) and (1,X O.84 ) .
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Figure Ao19: CMR M24 Module. Test of explosion impulse versus Gumbel Type I distri
bution. Left column methane as gas, right column propane as gas. Upper row: gas in whole
module, middle row: gas in lower half of module, lower row: gas in low quart of module.
Straight lines are drawn by Method of Moments (MoM) and Lieblein order statistics.
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Figure A.20: CMR M24 Module. Test of explosion impulse versus Gumbel Type Il distri
bution. Left column methane as gas, right column propane as gas. Upper row: gas in whole
module, middle row: gas in lower half of module, lower row: gas in low quart of module.
Straight lines are drawn by exponential interpolation between the points (SO.50' X O.50 ) and
(80.84 , X O,84 ) calculated by Method of Moments (MoM) and Lieblein order statistics.
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Figure A.21: CMR M25 Module. Test of explosion impulse versus normal distribution. Left
column methane as gas, right column propane as gas. Upper row: gas in whole module,
middle row: gas in lower half of module, lower row: gas in low quart of module. Straight
line drawn by linear regression.
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Figure A.22: CMR M25 Module. Test of explosion impulse versus lognormal distribution.
Left column methane as gas, right column propane as gas. Upper row: gas in whole module,
middle row: gas in lower half of module, lower row: gas in low quart of module. Straight
line drawn by exponential interpolation between the points (O, XO.50) and (1, X O.84 ) .
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Figure A.23: CMR M25 Module. Test of explosion impulse versus Gumbel Type I distri
bution. Left column methane as gas, right column propane as gas. Upper row: gas in whole
module, middle row: gas in lower half of module, lower row: gas in low quart of module.
Straight lines are drawnby Method of Moments (MoM) and Lieblein order statistics.
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Figure A.24: CMR M25 Module. Test of explosion impulse versus Gumbel Type Il distri
bution. Left column methane as gas, right column propane as gas. Upper row: gas in whole
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Straight lines are drawn by exponential interpolation between the points (50.50 , X O.50 ) and
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Appendix B

Weight factors for Lieblein's Order
Statisties Estimators

Table B.1: Weight factors for Lieblein's Order Statisties Estimators, repro
duced from Lieblein [31], (p > 0.90).-

Weights ai and bi for Xl :::; X2 :S ... :::; X n

n i== 1 2 3 4 5 6
2 ai 0.91637 0.08363

bi -0.72135 -0.72135
3 ai 0.65632 0.25571 0.08797

bi -0.63054 0.25582 0.37473
4 ai 0.51100 0.26394 0.15368 0.07138

bi -0.55862 0.08590 0.22392 0.24880
5 ai 0.41893 0.24628 0.16761 0.10882 0.05835

bi -0.50313 0.00653 0.13045 0.18166 0.18448
6 ai 0.35545 0.22549 0.16562 0.12105 0.08352 0.04887

bi -0.50313 0.00653 0.13045 0.18166 0.18448 0.14581
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Appendix C

Colour plots from a simulation of the
Piper Alpha C Module explosion
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Figure C.l: Plots from a simulation of the Piper Alpha C module expIosion. Methane gas in Iower,
eastern quadrant of module. Central ignition within gas cloud. Ceiling and walls are removed for the
illustration.
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