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Abstract. In the paper, an attempt is made to formulate a probabilistic framework for an assessment of risk to structures
resulting from accidental vapour cloud explosions (VCEs). This framework is based on the general methodology known
in the quantitative risk analysis as the classical Bayesian approach to risk assessment. Attention is centred on the
estimation of the annual probabilities of potential damages to structural systems exposed to dangers of VCEs. The paper
sets up the mathematical problem of assessing risk to structures related to VCEs and, for the most part, contains
discussion on the methodological tasks to be solved in this assessment.
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1. Introduction

Accidental explosions are dangerous, generally large-
scale phenomena, and accidents involving such phenom-
ena impose severe consequences, which in many cases
include damages to structural systems exposed to the
explosions. Industrial activities involving handling, stor-
ing and transportation of such combustible materials as
liquefied petroleum gas and liquefied natural gas consti-
tute the potentiality of dangerous phenomena called the
vapour cloud explosions (VCEs) and the boiling liquid
expanding vapour explosions (BLEVEs) [1]. One can say
with reasonable confidence that VCEs and BLEVEs are
the most probable type of accidental explosions if con-
sidered on the scale of the entire industry of a country
[2]. The consequences of VCEs and BLEVEs, first of
all, loss of life and damage to property have been shown
to be severe [3-5].

The likelihood and severity of potential damage to
the structural systems immediately exposed to dangers
of VCEs and BLEVESs may be assessed most consistently
using the methodology of the quantitative risk assess-
ment (QRA) [4, 6]. An application of QRA in an effort
to obtain estimates of risks to a structure coming from a
VCEs and BLEVEs requires to widen the conventional
use of the structural reliability analysis (SRA) and to
agree methods of SRA with the methodology of QRA
[71.

In the case of a VCE, the connecting link between
the QRA and SRA are mechanical effects (actions) of
VCEs endangering the structural system under analysis.
A QRA performed for a facility involving the danger of

a VCE can yield a probabilistic model of the mechani-
cal effects. With this model, a SRA can be performed
and estimates of risks to the structural system in point
computed. The need of a combined application of QRA
and SRA stems from the fact that there exist consider-
able uncertainties in the likelihood of imposition of the
mechanical effects as well as their characteristics and thus
in the possibility and severity of damages to the struc-
tural system considered.

The methodology of QRA possesses well-elaborated
general approaches to a quantitation of uncertainties re-
lated to rare dangerous events [8]. Undoubtedly, a VCE
can be considered as such an event, and an application
of SRA in the process of a VCE-related risk assessment
requires to apply these approaches to both modelling of
mechanical effects of VCEs and estimation of the likeli-
hood of structural damages. This requires to construct a
probabilistic framework, which allows to express and
interpret results of the VCE-related risk assessment in
the context of the up-to-day approaches to the quantitation
of uncertainties.

The probabilistic framework of the VCE-related risk
assessment should start from the definition of risk hav-
ing the form peculiar to the present-day QRA and fur-
thermore incorporate in the proper way settings up of
the problems related to SRA. Such a probabilistic frame-
work seems not to be created up to now despite the fact
that various scientific fields have collected a consider-
able knowledge about the physical phenomenon of VCE
and its mechanical effects as well as behaviour of struc-
tural systems under explosive loads.
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In the present paper, an attempt i1s made to formulate
the probabilistic framework of the VCE-related risk
assessment on the basis of the general methodology known
in QRA as the classical Bayesian approach to risk
assessment. Attention is centred on the estimation of the
annual probabilities of the potential damages to structural
systems exposed to dangers of VCEs. The paper is intended
as a global setting up of the problem of the VCE-related
assessment of the risks to structures and, for the most part,
contains discussion on the problems to be solved in the
course of this risk assessment.

2. Questions to be answered

Risk associated with a VCE can be represented in
the standard form called the risk profile [9]. The physi-
cal nature of VCE predetermines that many, if not all, of
the pairs “outcome - likelihood” in the risk profile will
be related to failures of structural components apart from
the case when the VCE cannot occur in a built-up area
or the structural system being considered is located at a
“safe” distance from the region, where the VCE can take
place.

A risk profile associated with a VCE can be estab-
lished for the particular structural system being a subject
of an QRA. The set of consequences of this risk profile
will contain damages to the structural system and corre-
sponding frequencies of these events. Such a risk profile
can be of interest to the owner of the structural system
or the regulatory agency which controls the use of the
structural system or else the underwriter to which the
risk related to a VCE is transferred.

The risk profile related to a particular structural
system can be expressed as

Risk = {(F(D), Ly, ), i=1,2, ..., n_} (1)

where F(D)) is the frequency (annual probability) of the
damage to the system, D; L, is the loss suffered in the
case of an occurrence of D,. In this risk profile, the dam-
age D, is considered as a consequence (random event)
and one of these random events, say, D'w means ‘“no”
damage.

The definition of risk given by Eq (1) poses two
questions of structural nature, namely,

(a) how to establish the spectrum of structural con-

sequences, D, D,, ..., D, ;

(b) how to estimate the frequencies F(D,), F(D,), ...

Both questions are closely related and it is impos-
sible to answer the second question having no answer to
the first one.

3. Categorisation of structural consequences

An establishing of the spectrum of consequences,
D, D,, ..., D, ,is governed by the need to classify struc-
tural failures, which or combinations of which constitute

the damages D.. On the other hand, the spectrum of con-
sequences should be established in the way, which al-
lows a clear classification and evaluation of the
losses Ly, , Lp, , ... ’L% . A solution of this problem dic-
tates the number of consequences, n,. One can concede
that number of consequences and structure of the spec-
trum of consequences is not an unique objective feature
of the structural system being analysed, and both the
number and the structure can be changed according to
the risk management aims.

Establishing the spectrum of consequences is to a
great extent an affair of the persons who participate in
the decision-making pertaining to evaluation, retention or
transfer of the risk arising from the possibility of a VCE.
Of course, each spectrum of consequences will always
include the desirable state of the structural system under
analysis, namely, no damage in case of a VCE. In prin-
ciple, the spectrum of consequences, D, D,, ..., D”d , can
be represented as a list of all possible failures which the
structural system under analysis may suffer in case of a
VCE. However, the owner (underwriter, regulatory
agency) will more likely be interested in grouping the
structural failures which allows to represent the spectrum
of consequences as a set of essentially different undesir-
able states related to radically different losses suffered in
case when the structural system gets into one of the states
in consequence of a VCE. For instance, a lessor of an
industrial building may be interested in the spectrum of
consequences

D, ="building gets into irreparable state”,

D, ="building gets into reparable state, long interruption of

production process is required”,

2

Dy ="building gets into reparable state, short interruption of
production process is required”,

D, ="minor damages to structural components, no interrup-
tion of production process is required”,

D, ="no damages to structural components occur, no inter-

ruption of production process is required”.

5

The regulator of the government agency concerned
with the workplace safety in industrial buildings may
demand from the owner of a building to assess risk based
on the spectrum of consequences

D, ="people working inside the building are killed or injured
in consequence of structural failures caused by a VCE
occurring outside the building in point”,

D, = "no fatalities or injuries in consequence of structural fail-
ures caused by a VCE occurring outside the building in
point”,

D, ="no structural failures occur in consequence of a VCE”.

Finally, the operator of a bare pipeline built in a
vicinity of a liquefied natural gas facility may have an
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interest in the spectrum of consequences

D, ="VCE causes mechanical damage to the pipeline with

disruption of pipes and release of supplied material”,

D, =7VCE causes mechanical damage to the pipeline without
disruption of pipes”,

D, ="VCE does not cause any mechanical damage to pipe-

3
line”.

If the consequence D, , means a survival of struc-
tural system in case of a VCE, the consequences
D, D,, ..., D, can be structural failures of any com-
plexity. In the light of the aforesaid considerations on
establishing the spectrum of consequences,
D,,D,, ..., D, , the definition of each consequence D,
(i 'n,) is a common task of the risk analyst (structural
engineer) nvolved in the risk assessment process and
the person who is going to accept the corresponding
potential loss L, or to transfer the risk related to the loss.

The decision which structural failure(s) will be con-
sidered as the consequence D, (i #n,) may be dictated
by economic reasons or even legal considerations. For
instance, the consequence “building gets into an irrepa-
rable state due to a VCE” will mean an exceedance of
one or several ultimate limit states by the load-bearing
structures of the building. At the same time, excessive
deformations of its structures, that is, exceedance of one
or several serviceability limit states, which do not neces-
sarily lead to the danger of subsequent collapse of the
building, may be considered by its owner as such state
of his property in which a repair is not justified from
economical reasons and a demolition of the damaged
building is preferable. The consequence D, (i # n,) may
also include all structural failures which, if occur in con-
sequence of a VCE, can endanger people working inside
of a building and so impose legal responsibility on the
person who runs a production inside.

Once the consequences D, (i#n,) have been pre-
liminary determined, the next step of the risk analysis is
to give a precise definition of the random events D,
(i# n,) in the context of SRA. This step consists in group-
ing the limit states, which the structural system being
analysed can exceed in case of a VCE. If all the n ; iden-
tifiable random events of exceedance of limit states in
case of a VCE are represented by the set

15,5 85 - ,S/,, e, S,,,. }, each of the consequences D,
(i#n,) can be defined as
D;= |JS, (2)
kEJ,’

where S, denotes the random event of an exceedance of
the limit state j and J, is the subset of values of the
index j such that all random events Sj (j€ J) are rel-
evant to the consequence D;. With the definition (2), the
conditional probability of a suffering the consequences
D, given a VCE is expressed as

P(DfiA)=P{ US;

kEJ,'

‘

where A denotes the random event of a VCE. Because
the risk profile (1) is usually defined in such a way that
the consequences D, D,, ..., D, , are mutually exclu-
sive events, and the union of all D, is the certain event,
the definition of the consequences D, D,, ... ,D,  must

. Iy ng
satisfy the condition

2. PDl4)=1.

In terms of the conditional probabilities P(D, | 4),
the frequencies F(D,) appearing in the risk profile (1),
that is, the frequencies of suffering the consequences D,
can be defined as

F(D,) = F(4) P(D; | 4), 3)

provided that the likelihood of a VCE can be modelled
in terms of the annual probability (frequency) F(4).

The expression of the likelihood of a VCE in terms
of the frequency F(4) agrees with the risk profile defini-
tion (1). What is more the form of the profile requires
to define the likelihood of the random event 4 by an
annual probability. Such a definition, however, can be
inconsistent with the real state of affairs.

In general, the probability of a VCE can increase
with time due to a natural wear of the facilities used for
handling, storing and transportation of combustible ma-
terials which can be accidentally released, vapourised and
explode. A time-dependent modelling of the probability
of a VCE will automatically change the definition of risk,
that is, the probabilities of suffering the consequences,
P(D,), will become time-dependent. An assessment of risk
based on the time-dependent analysis is generally more
realistic than the one resting on the risk profile (1). The
latter, however, can be considered as a simplest defini-
tion of the VCE-related risk. A detailing of the estima-
tion of the frequency F(4) and the probabilities P(D, | 4)
in the framework of the risk assessment based on the
risk profile (1) can provide an useful methodological
basis for the time-dependent risk assessment.

The following section of the present paper consid-
ers how to estimate the frequency F(4) and the prob-
abilities P(D,|A) and thus the frequencies of possible
damages (structural failures), 7(D)).

4, Estimation of frequencies of damages to structure
4.1. Conceivable approaches

The expression of the frequencies of possible dam-
ages, F(D)), given by Eq (3) is based on the simple defi-
nition of conditional probability. The definition (3) states
that the estimation problem of these frequencies can be
decomposed into two problems, namely, an estimation
of the frequency F(4) and an estimation of each of the
probabilities P(D; | A).



E. R Vaidogas / JOURNAL OF CIVIL ENGINEERING AND MANAGEMENT — 2002, Vol VIII, No 2, 108-116 111

Pressure signal of
incident blast wave

Pressure signals of
reflected wave

Vi
—y,—> Action effects and
2 resistances of structural
components
Y, ]

Modelling independent of the
structural system under
analysis

Modelling related to the structural system under analysis

Two stages of the mathematical modelling in the course of an assessing the frequencies of structural failures (x = character-
istics of the pressure signal of the incident blast wave; y, - mechanical actions imposed by the blast wave in the /th area of
external surface of the structural system under analysis; /=1,2,...,n)

Although the estimation of annual probabilities and
conditional probabilities can be considered as a problem
of classical statistics, and confidence intervals of F(4)
and P(D, | 4) as well as F(D)) can be computed practi-
cally for any amount of data on occurrences of the events
4 and D, it should be clear from the outset that the
estimation based on the approach provided by the clas-
sical statistics is virtually impossible. One can adduce at
least two arguments for it. Firstly, VCEs, especially deto-
nations of unconfined vapour-air clouds, are rare events
even considered on the world-wide scale, and each VCE
can be considered as an unique rather than typical event
(accident). Secondly, the situation of the exposure of the
structural system under analysis to the danger of a VCE
is more often than not unique, to say nothing about par-
ticular structural components of the system. All this
means that in the majority of cases the analyst will be
faced with the necessity to estimate the probabilities F(4)
and P(D, | 4) in the situation of paucity or even absence
of suitable accidental data on occurrences of the events
A4 and D,

The situation of paucity or absence of suitable acci-
dental data occurs universally in all assessments of risk
stemming from low-frequency high-consequence events.
In QRA, two approaches known as “classical Bayesian
approach” and “fully Bayesian approach” to risk assess-
ment are suggested to cope with this situation [8, 10].
As regards data or, more generally, input information in
QRA, the approaches lie in a combination of objective
statistical data and mathematical models chosen on the
basis of experimentation with subjective engineering
judgement. The lack of objective information is com-
pensated by subjective judgement or, in other words, “the
Bayesian approach[es] does not break down in the ab-
sence of large amounts of data” [8]. The use of engi-
neering judgement results in the fact that the final result
of QRA, namely, the risk profile is also subjective to a
large degree.

In the Bayesian approaches, the concept of prob-
ability is used as the analyst’s measure of uncertainty or
degree of belief. As regards the problem considered in
the present paper, an application of one of the Bayesian
approaches to risk assessment related to structural con-

sequences of VCEs would require to redefine the prob-
abilities F(4) and P(D, | A) according to the principles
of this approach. In principle, each of the Bayesian ap-
proaches can be applied to assess risk to structures com-
ing from a VCE or, more precisely, to assess the prob-
abilities F(4) and P(D,|4). What will differ when ap-
plying the classical and the fully Bayesian approaches is
the final form of the risk profile (1) as well as meaning
of its components (see the rows 2 and 3 in Table).

In what follows it is considered how to interpret
and estimate the probabilities ¥(4) and P(D, | 4) in the
framework of the classical Bayesian approach. First a
brief look is taken at the problem how to apply prin-
ciples of the classical Bayesian approach to the choice
of the hazard functions characterising the pressure signal
of the incident blast wave generated by a VCE (the lefi-
hand rectangle in the flowchart shown in Fig). Then these
principles are applied to formulate expressions of the
probabilities P(D, | A) in the form allowing to utilise
methods of SRA to estimating these probabilities (the
middle and right-hand rectangles in Fig).

The flowchart shown in Fig 1 illustrates a possibil-
ity of the aforementioned decomposition of the estima-
tion of the frequencies of structural failures, F(D,). The
decomposition is achieved by an in-depth probabilistic
modelling of characteristics of three physical phenom-
ena: incident blast wave of a VCE, reflection of the in-
cident wave by the structural system analysed, and re-
sponse of the structural system to the reflected wave.
The in-depth probabilistic modelling consists in a redefi-
nition of the frequencies F(D,) in the form allowing to
apply mathematical models of the phenomena just men-
tioned and so to express stochastic (aleatory) and
epistemic (state-of-knowledge) uncertainties in the phe-
nomena and their models as is done using the classical
Bayesian approach.

4.2. Integration of hazard functions of explosions into
estimation of possible damage frequencies

The frequency (annual probability) of a VCE, F(4)
determining together with the probabilities P(D; | 4) the
frequencies of possible damages, F(D,), is by itself of
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Representation of the risk profile (1) in three methodological frameworks conceivable in QRA

Row

Methodological
framework of QRA

Result of QRA

classical statistics

{CVF s Froal, LDI ) i=1,2, ..., ng}
Here 1F; p, Fil 1s the confidence interval of the frequency of possible damage, £(D;); the true
value of F(D;) is unknown and unobservable, however, it is property of the technical system
considered; the risk profile is purely objective

2 classical Bayesian {( F, (puif;r”m ), LD, ), i=1,2, ..., n4
approach Here F,, (p,,|m,, ) is cumulative distribution function expressing epistemic uncertainty
(subjective degree of believe) in the value of the frequency of possible damage, F(D,); the true
value of F(D;) is unknown and unobservable; the risk profile is objective by definition, yet it
contains subjective information
3 fully Bayesian {(F Ly ) i=1,2,...,n)}
approach

Here F; is the frequency expressing the epistemic uncertainty (subjective degree of believe) in

profile is purely subjective

the occurrence of the damage D; during one year; occurrence of the event D, is observable
event and the frequency £; is used to express analyst’s uncertainty in its occurrence; risk

no use for predicting the dynamic actions imposed on
the structural system under analysis by the VCE and thus
for the SRA intended to estimate conditional probabili-
ties of the random events D, The value of F(4) simply
expresses the likelihood of an occurrence of a VCE hav-
ing any intensity in the period of one year.

To carry out the SRA is possible if the potential
VCEs are characterised by a more informative mathemati-
cal model, namely, a hazard function. Hazard functions,
by definition, are used in many applications of QRA to
describe adverse physical phenomena in terms of annual
exceedance probability versus intensity (eg, [8]). The
incident blast wave generated by a VCE can be charac-
terised by a hazard function having the following sche-
matic form [11]:

Hyx|m,p)=p, (1 - Fx|m)),

xeR", m e R, @

where x is the value of the random vector X having the
dimension n_and describing characteristics of the pres-
sure signal of the incident blast wave, angle of approach-
ing the structural system under analysis, etc; F (x| &) is
the cumulative distribution function (c.d.f.) of the ran-
dom vector X with the vector of parameters, &, with the
dimensionality 7, ; p, is another (shorter) notation of
the frequency of a VCE, F(4). The hazard function
H/x|m,p,) expresses the annual probability that at least
one of the characteristics of the incident blast wave, that
is, at least one component of the vector X will exceed
the corresponding component of the vector x.

The above definition of the hazard function
H(x|x,p,) states that the frequency of a VCE, p,,, along
with components of the vector 7, is the parameter of
this function. In the light of the classical Bayesian ap-

proach, the frequency p, as well as annual probability
Hx|m,p,) should be considered as true but unknown
and unobservable values, and some probability distribu-
tions used to depict the concentration of analyst’s knowl-
edge about the values of p, and H (x| 7, p,).

In the classical Bayesian context, it seems to be
natural to express the hazard function H{.) as the “loose”
family of probability distributions

{FI'IA(pA’”HA);(FXk(xlﬂ:xk)’pk )9
k=1,2, ..,n,} (5)

and to apply its components Fy,(x|7,. ) (k=1,2,
.., n,) to the subsequent estimation of the conditional
probabilities P(D, | 4). In Eq (5), P, is the random vari-
able with the c.d.f. Fp (p4|7y,) used to model
epistemic uncertainty in the true value of the frequency
Py Fx(xlmy) (k=1,2,...,n)) is the family of c.d.f's
each expressing the stochastic uncertainty in the values
of the random vector X; and p, (k=1,2,...,n,) are
weights expressing epistemic the uncertainty in the cor-
responding c.d.f.s Fy, (x|7 ;). The weights p, are also
called the analyst’s probability that the kth c.d.f. is true.
The sum of all weights p, is, of course, equal to one.
A VCE-related risk assessment in the setting of the
classical Bayesian approach requires to express the
epistemic uncertainties in true but unknown values of p ,
and H (x| 7z ,p,) explicitly, that is, in terms of the dis-
tributions £, (pAIn'nA) andp, (k=1,2,...,n,) and to
progress the uncertainties with the aim to quantify the
epistemic uncertainties in true but unknown values of the
frequencies F(D)). A choice of the c.d.fs F (p,|m,, )
and Fy,(x|m,,) as well as assignment of the weights
p, is a complicated problem that can be solved by a
mathematical modelling of accident courses leading to a
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VCE and based on stochastic simulation [11]. The simu-
lation-based modelling of the accident courses and so
the choice of the hazard function H(x) is independent
of the structural system being the subject of QRA, apart
from several variables describing position and orienta-
tion of the structural system in respect of the site, where
flammable materials can be released, vapourised and ig-
nited.

The c.dfs Fy,(x|®,,) making up the family (5)
are probabilistic models of characteristics of the inci-
dent blast wave represented by the random vector X. Let
us assume that the nature of the structural system under
analysis allows one to estimate, with a high accuracy,
the conditional probability of the damage D, given the
incident blast wave with the characteristics x, namely,
the probability P(D, | x). With the model Fy,(x|7 ),
the conditional probability of damage D, due to a VCE
of any intensity 1s given by

P 4)= | P(D, %) dFy,(x|7)  (6)

all x

where 4, denotes the random event of VCE which char-
acteristics are expressed by the kth c.d.f. Fy, (x|m ).
If we keep in mind that the c.d.fs Fy, (x|m ) are
weighted with the subjective probabilities p, and these
probabilities can also be assigned to the corresponding
conditional probabilities P(D, | 4,), the conditional prob-
ability P(D, | A) present in Eq (3) can be expressed as

PD 1 A)= Y P(D, | 4,) p, @
k=1

The latter expression can be used to simplify the
structure of epistemic uncertainties related to the frequen-
cies of structural failures, F(D,), defined by Eq (3) and
eventually to facilitate the interpretation of the final form
of the risk profile (1). If the subjective probabilities p,
are averaged out, the remaining epistemic uncertainty in
the terms on the right-hand side of Eq (3) is represented
only the c.d.f. Fy, (p4l™y,) . Considering that the con-
ditional probability P(D, | 4) is a single number (multi-
plier), and the epistemic uncertainty in the frequency of
a VCE, F(4), is expressed by the random variable 1,
the linear transformation

I, =11, P(D,| 4) (8)

yields the random variable [T, which can be used to
express the epistemic uncertainty in the true but unknown
and unobservable value of the frequency F(D). It is
amply clear that to obtain a particular c.d.f.
Fy (pp|m ) of the random variable IT),, which ar-
gument Pp, is another (shorter) notation of the frequency
F(D), given the c.d.f. Fy (p,lm n,) is a straightforward
problem.

From Egs (3) and (8) follows that the same c.d.f.
Fy (p4lmy,) will completely determine the epistemic
uncertainties in all frequencies F(D) (i=1,2,...,n).
This, of course, is true if (a) the distribution of the un-

certainties given by the weights p, (k=1,2,...,n,) is
averaged out to simplify the final form of the risk pro-
file (1), and (b) the epistemic uncertainties in the values
of the conditional probabilities P(D, | x) may be disre-
garded. If the condition (b) is not met and the epistemic
uncertainties in the probabilities P(D; | x) will amount to
an epistemic uncertainty in the value of the conditional
probability P(D, | 4), the linear transformation (8) should
be replaced by the more general transformation

I, =11, HPD, )

where Il,, is the random variable used to model
epistemic uncertainty in the value of the probability
P(D, | 4).

From the computational standpoint, there is no need
to fit probability distributions to the random variables
HPD,, (i=1,2,...,n,) and so to use the transformation
(9). The epistemic uncertainties in the probabilities
P(D, | x) can be progressed through the Eqs (6) and (7)
via the stochastic simulation, which will yield samples
of the frequency pp suitable to fit the c.d.f.
£, (Ppi% ,,) . Once the progression of uncertainties
in the probabilities P(D,|x) has been done and prob-
ability distributions of the random variables II, cho-
sen, the risk profile (1) must be reformulated in line with
the principles of the classical Bayesian approach. In the
new form of the risk profile, the frequencies F(D,) must
be replaced by the uncertainty distributions
Fo (p 0%, ) or, alternatively, some percentiles sim-
plifying the risk profile interpretation (see the row 2 in
Table).

4.3, Modelling uncertainties in structural fragility
analysis

In the context of the problem considered in the
present paper, the conditional probabilities P(D; | x) may
be considered as a point of intersection of QRA and SRA.
An evaluation of these probabilities in broad sense in-
cludes modelling (prediction) of dynamic loads imposed
by the incident blast wave having the characteristics x
and, with these dynamic loads, estimation of the prob-
abilities of the damages D, themselves (see the two right-
hand rectangles in Fig). Each probability P(D,|x) can
be considered as the fragility of the structural system
under analysis with respect to the incident blast wave
having the characteristics x (see the definition of the fra-
gility of structural and mechanical systems used in QRA,
for instance, in [12]). :

In the view of SRA, the problem of estimating the
conditional probabilities P(D, | x) is alleviated by the fact
that the accidental actions generated by a VCE are present
in the integral expressions of these probabilities as fixed
(non-random) arguments of relevant limit state functions.
This generally accelerates an evaluation of the integral
expressions, what is of great value for an evaluation of
the integral expressions of the probabilities P(D, | 4,) (see
Eq (6)). The number of necessary estimations of the con-
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ditional probabilities P(D, | x) in the entire problem of
computing the risk profile (1) will in most cases be con-
siderable.

Each estimation of the conditional probabilities
P(D, | x) is preceded by a computation of values of acci-
dental actions for given characteristics of the incident
blast wave, that is, for given x. This can add severity to
the estimation, especially if the structural system under
analysis has a complex geometry [13]. The accidental
actions generated by a VCE are a result of the interac-
tion of incident blast wave with structural system under
analysis, and this interaction gives rise to such phenom-
ena as reflection and diffraction of the wave. A VCE
can impose a very complex distribution of dynamic load-
ing on external surface of the structural system under
analysis [14]. This must be taken into account when for-
mulating particular expressions of the probabilities
P(D, |x).

To formulate the integral expression of the condi-
tional probabilities P(D, | x), let us first assume that the
entire external surface of the structural system analysed
can be divided into n_ areas such that mechanical ac-
tions of a VCE in each area can be described by the
vector y, with the dimensionality n; (n,21). Assume
further that there exist vector-functions

¥, = yix, ”wz) (=12,...,n)

allowing to relate the characteristics of the incident blast
wave, x, to the mechanical actions imposed by the inci-
dent wave on each of the n  areas. The vectors T, in
the vector-functions yj(.) contain parameters of these
functions.

If the subset of the vectors y, relevant to the dam-
age D, is represented by the matrix

y[=(y|’ yz’ s yn_“ ) (ns,'sns)9

elements of this matrix will be arguments of the limit
state functions g,(.) (k=1,2, ... ,nf) which are used to
define the damage D, in terms of structural mechanical
models. Then the definition of D, expressed by Eq (2)
can be reformulated as

D; = U(gk(Zl-,yl-)SO)
kEJ,'

(10)

where Z, denotes the random vector of the basic vari-
ables appearing in the limit state functions g,(.) (k €J).
It is obvious that some components of the vector Z, are
normally acting loads imposed on the structural system
under analysis at the instant a VCE occurs. With the
definition (10), the conditional probability P(D; |x) is
expressed as

PDOI0= | 1z.y)dF,lr,) (D
all z;

with

LifJ,., (&:(z.¥)<0)
0 else

l(ziay,'):{

where F7 (z|7,;) is the c.d.f. of the random vector Z,
with the vector of parameters, 7 .

The integral expression (11) corresponds to the stan-
dard definition of the probability of structural failure,
and the integral in Eq (11) can be evaluated using well-
investigated methods of SRA (eg, see the standard [15]).
However, an application of the classical Bayesian ap-
proach requires to go beyond the traditional SRA and to
ask the question about the epistemic uncertainties in the
values of the conditional probabilities P(D, | x). A gen-
eral answer to this question is already available [10].
Here one can give some comments on the peculiarities
of quantitation of the epistemic uncertainties related to
mathematical modelling of accidental actions imposed by
VCEs.

Epistemic uncertainties can be related to the c.d.f.
Fy (z:7 ;) , the limit state functions g,(z,, y,) and above
all else mathematical models relating characteristics of
mcident blast wave, x, with actions imposed by the blast
wave and represented by the vectors y, Generally the
analyst will have to cope with all these three groups of
uncertainties. However, one can expect that the epistemic
uncertainties related to the functions £, (zl7,;) and
gz, y,) will be negligible or at least substantially lower
than those related to the functions y(x, ).

The dynamic behaviour of the most commonly en-
countered structures under well-defined explosive load-
ing has been investigated over many years, and realistic
mechanical models in the form of the limit state func-
tions g,(z,, y,) can be used without explicit quantitative
modelling the epistemic uncertainties in the functions
£,(z, y,) (see the general reviews given in [16, 17]). Fur-
thermore, components of the vectors Z, model structural
characteristics (material properties, dimensions and loads
acting at normal conditions) which are usually backed
with such amount of statistical data which 1s sufficient
to fit the c.d.fis F, (|7 ;) and to apply them with no
regard to related epistemic uncertainties.

Dynamic accidental actions generated by the inci-
dent blast wave with characteristics x are another mat-
ter. Realistic mathematical models, say, the functions
yi(x, 7!:“,1) allowing to predict the accidental actions for
given x may be not available at all if the structural sys-
tem analysed and its environment has a complex geom-
etry. The choice of such mathematical models may re-
quire a special experimentation on a reduced model of
the structural system [13]. All this can necessitate to take
proper account of the epistemic uncertainties in the mod-
els yx, ”\Vl)' Generally such model uncertainties can be
expressed 1n several ways [18].

As an example one can refer to the case that there
is epistemic uncertainty in the parameters of several or
all functions y(x, 7)) and these uncertainties can be ex-
pressed by the corresponding c.d.f.s FnM (ﬂw,tirnw).
Then the uncertainty in components of the respective
vectors y, can be expressed by the c.d.f.
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Rt
FY, (ylﬂ}', ): P(U(‘an Sym)}
m=1

= J v, (x,m,) anV,(”wlmnv,,)

Ay

with the integration domains

A= W) W, 00T ) Sy, m=1,2, . 0 )

where ¥, is the random vector with componens Y, used
to model uncertainties in the accidental actions resulting
from the incident blast wave with the characteristics x;
v (x, 75\',,) is the mth component of the vector y(x, n'wl).

The allowance for the functions yx, ) or their
parameters 7, to be uncertain gives rise to an epistemic
uncertainty in the limit state functions g,(z,, y,) and even-
tually in the conditional probabilities P(D, | x). This un-
certainty can be quantified via the stochastic simulation
and progressed upward to the epistemic uncertainties in
the frequencies of structural failures, F(D,).

5. Concluding remarks

Establishing and evaluating the VCE-related risk
profile enclosing structural consequences of a VCE is
generally a complex problem. The main contributor to
the complexity are considerable uncertainties in mechani-
cal effects of the VCE. A proper modelling of these
uncertainties as well as their progression to the uncer-
tainties in the frequencies of structural failures which can
be suffered in consequence of the VCE requires to ap-
ply the up-to-date approaches developed in QRA for an
uncertainty quantitation.

The general methodology known in QRA as the clas-
sical Bayesian approach to risk assessment can be ap-
plied to express epistemic uncertainties in the frequen-
cies of the VCE-related structural failures. An applica-
tion the classical Bayesian approach allows a combined
use of objective statistical data and subjective engineer-
ing judgement to obtain distributions of the epistemic
uncertainties in the frequencies of the structural failures.
In other words, the application of the classical Bayesian
approach yields the risk profile which contains subjec-
tive information. The distributions of epistemic uncer-
tainties depict the concentration of analyst’s knowledge
about the true but unknown and unobservable values of
the frequencies of structural failures.

In principle, one can proceed further and apply the
so-called fully Bayesian approach to quantitation of un-
certainties in the frequencies of structural failures. In the
context of latter approach, the frequencies of structural
failures are single numbers expressing the analyst’s de-
gree of belief in an occurrence of these failures, that is,
the fully Bayesian approach yields a purely subjective
risk profile. It has been argued that results which can be

obtained applying the fully Bayesian approach are more
suitable to the risk-based decision-making than the ones
which can yield the classical Bayesian approach [8].
However, the aim of the present paper was to consider
the applicability of the classical Bayesian approach to
the VCE-related risk assessment.

Within the limits of the classical Bayesian approach,
the evaluation of the VCE-related risk profile consists in
an evaluation of a set of integral expressions including
fragilities of the structural system under analysis with
respect to a VCE. The set of these integral expressions
can be considered as the probabilistic framework of the
VCE-related risk assessment. This framework is the main
result of the present paper. A practical evaluation of the
risk profile starting from the probabilistic framework
suggested and, first of all, a progression of uncertainties
within the framework is only possible by extensive ap-
plication of the stochastic simulation. In principle, the
practical evaluation may face serious numerical problems
and requires considerable computer time. Broadly speak-
ing, the practical evaluation of the VCE-related risk pro-
file is a challenging and, at the same time, urgent prob-
lem. If we recall the catastrophic consequences often
caused by VCEs, we can see that it makes sense to solve
this problem.

The present paper sets up the probabilistic frame-
work for assessing risk to structures related to VCEs and
contains discussion on the methodological tasks to be
solved in this assessment. A practical application of the
proposed probabilistic framework is to be presented in
the author’s subsequent papers.
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