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Abstract. Forecasting mechanical actions induced by accidental explosions on the road is of crucial importance to
assessing potential damage to structures and non-structural property exposed to them. A logical result of such
forecasting may be expressed in the form of probabilistic models. They should quantify likelihood of occurrence
and physical characteristics of accidental explosions. Generally the models are to be selected under the conditions
of sparse statistical information on intensities and likelihood of explosive actions. The first part of the present
paper proposes a simulation-based procedure intended for selection of the probabilistic models in the absence of
direct statistical data on the explosive actions. The proposed procedure is formulated in the context of the
classical Bayesian approach to risk assessment. The main idea of the procedure is that statistical samples neces-
sary for fitting the probabilistic models can be acquired from a stochastic simulation of an accident involving an
explosion on the road. The proposed simulation-based procedure can be used for damage assessment and risk
studies within the methodological framework provided by the above-mentioned approach. A case study illustrat-
ing an application of the proposed procedure is given in the second part of the paper.
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1. Introduction

Man-made accidents occurring during trans-
portation of hazardous substances by road and rail
include such adverse physical phenomena as explosions,
fires, and releases of dangerous materials [1-3].
Mechanical, thermal, and sometimes chemical actions
(effects) induced by these phenomena can cause
considerable damage to structural and non-structural
property. Highly probable targets of explosions and fires
are structures built in vicinity of roads. In terms of
structural engineering, an action induced during a man-
made accident is called an accidental action. The present
paper will be focussed on one type of accidental actions,
namely, actions which can be generated by an accidental
explosion (AE!) on the road.

A complete prevention of accidents capable of
inducing AEs is not always possible or economically
feasible. What is possible it is a limitation of potential
damage which can be caused by AEs. Predicting
characteristics of AEs is indispensable for assessing this
damage. Characteristics of a blast wave generated by an

1 List of abbreviations used in this paper is given in
Appendix.

AE can be predicted either by experiment (direct
measuring) or by means of mathematical modelling.
Full-scale and scaled experiments imitating AE and
allowing a direct measurement of blast wave cha-
racteristics can be expensive and cover only a part of
values of the random factors which determine these
characteristics (e.g. [4]).

In some cases, predicting effects of AEs is possible
by combining mathematical modelling and data from
direct measurements of AEs [5, 6]. However, the
available knowledge can sometimes allow predicting
accidental actions merely by mathematical modelling.
It can be carried out by applying a stochastic (Monte
Carlo) simulation of accidents inducing accidental
actions [7]. Such modelling is fully applicable to
accidents involving an AE on the road.

The stochastic simulation allows coping with
considerable uncertainties related to AEs. Formally, the
simulation can be used for propagating these
uncertainties through mathematical models of AEs. The
uncertainties themselves can be expressed by means of
a quantitative risk assessment (QRA). QRA is well
suited to dealing with sparseness of statistical data on
man-made accidents and so accidents involving AEs on
the road [8, 9].
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This paper proposes an approach to a simulation-
based forecasting effects of an AE which may take place
on the road. The result of this forecasting is a
probabilistic model describing possible effects which
can be induced by this AE. The model can be applied to
assessing potential damage to exposed structures in the
framework of QRA or, alternatively, it can be used for
specifying traditional, deterministic intensities of the
effects for the conventional structural analysis.

The paper consists of two parts. The first part
develops a procedure for simulating the accident
involving AE on the road and selecting the probabilistic
model suitable to describe mechanical effects of this
AE. The second part presents a case study which
illustrates an application of the proposed procedure [10].

2. Looking at the road accident from the standpoint of
quantitative risk analysis

AE:s and similar dangerous phenomena occurring
on the road are, by their very nature, a matter for QRA
[11-13]. Mathematical tools of QRA allow dealing with
accidents involving AEs in a formalised way. However,
many of the QRAs, which consider AEs occurring in
transportation, do not approach accidents of this type
from the standpoint of structural engineering. The
following examination seeks to stress the structural
aspect. What is more, the author of the present paper
strongly believes that dealing with AEs on the road by
the traditional, deterministic means prevailing in the
structural engineering does not hold much promise.

Logical models of QRA can be applied to trace
causes and consequences of an accident involving AE.
The causes of AE can vary substantially. Therefore this
paper will be focussed on an accident which can be
initiated by a collision of two vehicles. One of them
carries explosive substances. Thus AE can be a
consequence of vehicular impact. Fig 1 shows an event
tree developed for the initiating event £, = “collision
of vehicles”. Branches of this tree diagram end with the
consequences C; to C,. The first two, C; and C,, are
determined mainly by AE.

The standard result of QRA applied to the event
tree shown in Fig 1 is the so-called risk profile { (Fr(C),
S,k =1,2,3,4}, where Fr(C;) and S, is the frequency
and significance of C,, respectively (e.g. [8, 9]). The
significances of C; and C, are determined in essence by
characteristics of AE. Fr(C,) and Fr(C,) coincide with
the frequency of AE related to respective event tree
branch. This frequency will be denoted next by Fr(AE),
where AE is the random event (re) of AE.

Potential damage to structures from a particular
AE and, more generally, the significance | and §, can
be assessed by means of a probabilistic model describing
characteristics of this AE (probabilistic action model,

pam). When selected pam can serve as a tool for
predicting characteristics of AE and estimating
probabilities of specific damage to structures.

The problem considered in this paper is how to
select pam Fr(r) which expresses the frequency (annual
probability) of exceeding the magnitude m of a
mechanical effect generated by AE. This model can be
schematically defined as Fr(AE) X P(m | AE), where
P(m | AE) is the conditional probability of exceeding
m given AE. In the interests of brevity the selection of
Fr(m) will be considered only for one type of accident,
namely, the accident represented by the sequence of re’s
Ey, E, and E, (Fig 1).

The pam Fr(m) breaks down the modelling
problem into smaller problems of estimating the
likelihood of AE and modelling characteristics of AE.
A more precise definition of the pam Fr(m) and thus
peculiarities of its selection depend on an interpretation
of the frequency Fr(AE) and probability P(m | AE).
Estimating Fr(4E) and fitting P(m | AE) solely on the
basis of the data gained from occurrences of an AE will
more often than not be impossible. Data on AEs are
usually sparse or unsuitable to a particular situation of
exposure to AE, or, what is not uncommon, unavailable
atall.

The situation of sparseness or absence of data can
be alleviated by mixing hard data (relevant experience
data) with subjective information (expert opinions and
judgements of analysts) as it is done in QRA [14]. A
methodological framework for the combination of hard
data and subjective information is provided by a general
approach to QRA known as the classical Bayesian
approach (CBA) [14, 15]. Principles of CBA will be
followed in this paper. In view of the selection of Fr(m),

| Collision of vehicles (initiating event  £) |

]

Collision energy exceeds tolerable value
Yes (event E) |

No (event E|)

Collision energy exceeds tolerable value

Yes (event E,) I No (evew
= Y
@

Ignition of vehicles after collision

Yes [ No

—

Explosion in consequence of fire
Yes [ No

& &

Fig 1. Event tree diagram with the initiating event “collision
of vehicles” and tracing the consequences involving an
accidental explosion on the road
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CBA may be defined as a tool for estimating Fr(AE) and
P(m | AE).

3. Mathematical model used to predict mechanical
effects of explosion on the road

In line with CBA, the frequency Fr(4AE) and
probability P(m | AE) are treated as true, even if
unobservable and unknown, quantities. Both Fi{4E) and
P(m | AE) express the aleatory (stochastic) uncertainty
inthe re’s AE and “exceedance of m given AE”. Another
type of uncertainty distinguished in CBA is the epistemic
(state-of-knowledge) uncertainty in the true values of
Fr(AE) and P(m | AE). Thus a pam based on CBA
should incorporate both types of uncertainty.

In terms of CBA, a model of an accidental action
can be expressed as a family of probability distributions
(pd’s) quantifying both aleatory and epistemic
uncertainty [7]. As applied to AE, CBA yields the
following form of the pam Fr(m):

Fr (X) ={Fp, (Pa8,).(1Fx, (X[8)), pr)i L 2.t (1)

where x is the vector of action characteristics; X is the
random vector which models an aleatory uncertainty in
x; p, is the frequency of AE; P is the random variable
(rv) which expresses an epistemic uncertainty in p;

Fpa (pP,18,) is the cumulative distribution function
(cdf) of P, with a parameter vector 6, ; Fx, (x164) (@i=
1,2, ...,n) are the cdf’s of the vector X with the same
argument vector x and individual parameter vectors 6, ;
p; are the probabilities expressing epistemic
uncertainties in cdf’s F, (x]6,;) . A simplified example
of such a pam is the family of hazard curves of ground
motion acceleration used in a seismic risk assessment
[16].

The definition (1) follows the principles of CBA
which require keeping apart the aleatory and epistemic
uncertainties in the final form of risk analysis [15]. It
follows from the definition (1) that a selection of the
pam Fr, (X) amounts to a selection of cdf Fpa (pa16,)
and the family of cdf’s Fy, (X|6,;) aswell as assignment
of the respective weights p;.

4. Selecting the model of accidental explosion on the
road

4.1. How to deal with virtual lack of direct data on
explosion effects?

In most cases the analyst will face a complete lack
of direct data allowing a direct fitting the cdf’s
Fe (Pa16,) and Fy, (X|6,) . In principle, some data
are almost always available, say, from back (post-
mortem) investigations of one or more analogous
accidents. However, it is usually impossible to group

the data in samples which are large enough for fitting
these cdf’s.

The situation of the virtual lack of direct data will
be usually encountered when the analyst has to do with
unique situations of exposure to AE. However, this
situation can not be considered hopeless if the analyst
can employ probabilistic and deterministic models
describing physical phenomena behind the events E,
E,, and E,. The selection of cdf’s Fp, (P,16,) and

Fy, (x]6, ) canbe based on these models.

Models describing E,, E;, and E, are normally
developed independently of each other. Therefore it is
hardly probable that the entire set of them will be present
in aready-to-use form. In author’s experience, extra effort
will usually be required to make these models
“compatible” with each other.

The central idea of this paper is that in some cases
cdf’s Fp (P, 16,) and Fy, (x]6,) canbe selected using
a stochastic simulation of accident courses (scenarios)
represented by E,, E |, and E,. This accident simulation
can generate samples of action characteristics
and frequencies of AE. The cdf’s Fy (x|6,) and

Fe, (P, 18,) canbe fitted to the generated samples. The
accident simulation can be used for an uncertainty
propagation and relate probabilistic models re-
presenting E, E, and E, to cdf’s F, (p,16,) and

Fx (x16,).

4.2. Procedure for simulating the accident
involving an explosion on the road

The uncertainty propagation via a stochastic
simulation of the accident represented by E, £, and
E, is visualised by Fig 2. It shows the event tree path
containing two branching points. A nested loop
simulation procedure can be applied to the propagation
[7,17]. An application of the two loops stems from the
necessity to distinguish between the aleatory and
epistemic uncertainties. They can be expressed by the
model sets =, :={ Fp (Po16s) , F,(216,) , Fe, 65) }
and =,:={m,(z.16,),Fe, (6x),k=123}.

Elements of =, describe the initiating event £,
(Fig1): Fq (Pol6g) is the cdf of the rv Py used to model
epistemic uncertainty in the frequency (annual
probability) p, of E,, (vearl, say); Fy(z,16,) is the cdf
of the random vector Z; used to express aleatory
uncertainty in characteristics of E; Fg (6,) is the cdf
of the random vector @, used to quantify epistemic
uncertainty in 6); 6 and 6, are the parameter vectors
of Fp (' and F,([), respectively.

The model set =, is related to the events suc-
ceeding the initiating event, £, (k = 1,2) (Fig 1). The
models m,(z,|6,) describe physical phenomenon
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represented by E; s, where z, is the input vector and 6,
is the vector of model parameters.

The cdf’s Fg (Po105) and Fg (6) (k=0,1,2)
in =, and =, can represent prior or posterior pd’s
depending on the availability of hard data. The role of
the models m,(z, |6,) in the accident simulation is
twofold: (i) output components of m,(z ]6,)
(k < 3) serve as input values of the subsequent model;

m,(z,10;) yields action characteristics (Fig 2); (ii)

models m,(z,16,) and m,(z,]8,) are also used to
decide which of the alternative accident courses
represented by the event tree branching takes place in
the jth repetition of the nested loop (Fig 2).

The rule used to decide at the two branching points
represented by the complementary events E; and E,
(k =1,2) can be expressed as follows:

H. if mk(z 16,4 ) U ay (event Ey occurs),
1z, 16) = %J
if mk(z 16, ) O ay (event E, occurs),

where @, is the output domain defining an occurrence
of E;; m(z |6,) is the model output computed in
the jth repetition of the nested loop and the /th repetition
of the outer loop.

The jth repetition of the nested loop is terminated
and a new one started as soon as the current binary
function 1(z; |6, ) takes zero value (Fig 2). The result

|'|k .Uz 16,,) =1 means that AE takes place in the jth
and /th repetition of the nested and outer loop,

-------------------------------------- Continue if | € n,

respectively. The /th run of the nested loop with n,
occurrences of AE yields a simulated sample of action
characteristics, X;, X, ..., Xy, , and a relative
frequency of AE given by n,/n, (n,<n).
The outer loop is repeated n, times and used for
sampling the parameter values py; and 8, from cdf’s
Fr, (Pol8g,) and Fe, (6k) (k=0,1,...,3). Onsampling
Py and 8, , they serve as input of the nested loop. An
application of the nested loop procedure requires
simulating the accident n,*n, times. It yields a sample
of n  estimates of the frequency p,, namely,
fr, = py N, /N, and n, samples of action characteristics
X, .EBach x, isdefinedas x, =(X;,j=1,2,...,n,).
These samples can serve for fitting cdf’s Fy (p,6,)
and F, (x|6,) aswell as assigning thewelghtsp

5. Expert judgement in forecasting effects of accidental
explosions on the road

A need for expert judgement arises from the fact
that AEs are typically rare events backed by sparce hard
data. The pam Fry (x) defined by (1) reflects
uncertainties expressed by the sets of “lower-level”
models =, and =,. Given these sets, the selection of

Fry (x) amounts to uncertainty propagation by means

of the above simulation-based procedure.
According to the model classification used in QRA,

the models m,(z,16,) canbe considered to be process

Sample characteristics z;; of the

Py sampled from Fy (p,| )
8, sampled from F (6,)

¥

Continue if } < ny initiating event E, from M (z,18,,, py) * b 0, (0o
“ -
r * Evaluate the model m,(z,; | 6, }4 ------- 0, sampled from Fg (8;) =

¥

NO if 1(z,;|6,) = 0

T Energy of collision exceeds tolerable
L value, above which explosion can be
triggered in vehicle A (event event E,)

YESif 1(z,;]6,) = 1
L 4

Evaluate the model m,(z; | 6,) }« ------- 8, sampled from Fg (6, )=

I=1+1

NO if 1(z,6,) = 0

¥
Explosion of charge in vehicle A
(event E,) { Outer loop
T (index I, n, repetitions)
YES if l(z1j 16,) =1
h 4

Current accident simulation
is terminated and the next one
started anew

Nested loop

Calculate characterlstlcs of AE:

(index j, n, repetitions)

MyZy163) g samoled from E. (6.) e
Update frequency of AE: 0  sampled from F, 6.)
Ny =ny + 1
+

— Entire accident leading to AE is simulated, j =j + 1

‘ ’ Store X and n,, in computer memory

J

Fig 2. Nested loop procedure used for simulation of the accident involving an accidental explosion on the road
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models, the frequency p, and cdf’s Fg (Pol6f),
Fo(216,), and Fg (6i) belong to stochastic models

[14, 18]. The structure of =, and =, depends mainly

on the available knowledge about the physical
phenomena behind the re’s £, E, and E,. A part of

this knowledge should be the process models m,(z, |6,)

which are a prerequisite for an application of the
stochastic accident simulation. Another part of the
knowledge should be information which allows
assigning and updating the stochastic models included

in =, and =,. This information may consist of available

hard data and expert judgements. In some instances
expert judgements may be the only source of information

for specifying elements of =, and =,.

Expert judgement can be incorporated in mo-
delling AEs by applying organisational and mathe-
matical methods developed in the field of QRA. These
methods determine choice of experts, formal elicitation
of expert opinions as well as quantification and
combination of these opinions [14, 18].

Formal means applied to QRA in combining expert
judgement with available hard data are provided by the
Bayesian statistical theory [8, 18]. In CBA, elements of
this theory are used for updating expert opinions
expressed as prior (posterior) distributions of epistemic
uncertainty when new information becomes available.
These distributions are related to input parameters of
such QRA models as event trees and fault trees. Bayesian
updating schemes can be used for combining
probabilities and p.d.s subjectively assessed by experts
[19].

A number of methods for constructing prior
distributions have been proposed in the Bayesian
statistical theory (see e.g. [20, 21]). Certain of them can
be used for constructing prior distributions Fg, (Po65)
and Fg, (6,) insituations where relevant hard data are
sparse or where such data are not available at all. In the
latter case, constructing F (Po165) and Fg, (64) has
to be based on other forms of information. Formal
methods for eliciting probabilities and p.d.s from experts
have been extensively developed in the field of QRA
[19, 22, 23]. Many practical situations covered by the
above-mentioned methods can be encountered when
simulating accidents involving AEs on the road. These
methods can be applied to specifying the epistemic
uncertainty measures included in the sets =, and =,.

Incorporation of expert judgement in modelling
physical phenomena, which can escalate into AE, isto a
large degree a problem that can be solved by standard
means of QRA. They were developed for a model
uncertainty analysis and are closely linked to an expert
opinion use [24]. The meaning of model uncertainty

and the role of expert judgement in quantifying this
uncertainty under the CBA format are discussed in [25].

The practical application of the simulation-based
procedure proposed in Sec. 4.2 can be complicated by

the fact that the process models m,(z 16,), which

embody the state-of-knowledge about the physical
phenomena related to the events £, E,, and AE, may
be deterministic and imperfect (not error free). This
can require supplementing deterministic constituents

of m(z,|6,) with subjective uncertainty distributions

which could allow applying these models in the Bayesian
framework. A candidate approach to such a probabilistic

“upgrading” of the models m,(z,16,) is the method of
adjustment factors [26]. The application of this method
to the model m,(z,|6,) will be illustrated in the second

part of the present paper [10].

Specifying the stochastic models belonging to =;
and =, may be a highly case-specific task. It is
determined mainly by available knowledge on E;s
(general information on the physical phenomena related
to E;s, relevant hard data on E;s, and expert
judgements). Therefore, the case study described in the
second part of the paper gives methodological (“how-
to-do” and “where-to-find”) descriptions of the
procedures which can be applied to assigning and
updating elements of =, and =, which are used to
quantify expert judgement [10].

6. Conclusions

This paper proposed a computational procedure
intended for selecting mathematical models for actions
induced during accidental explosions (AEs) on the road.
It was suggested to choose mathematical models for AEs
(action models) in the framework of the quantitative
risk assessment (QRA). It was shown that methods of
QRA allow considering the specific nature of the rare
and difficult-to-predict physical phenomena occurring
as AEs. The proposed procedure is underpinned by the
classical Bayesian approach to QRA. This approach is
well suited to quantifying aleatory (stochastic) and
epistemic (state-of-knowledge) uncertainties related to
actions induced by AEs on the road.

The procedure implements a stochastic simulation
of an accident initiated by a vehicular collision. It relates
the aleatory and epistemic uncertainties in
characteristics of AE to the uncertainties in the physical
phenomena, the sequence of which may end up in AE.
Thus the procedure serves the purpose of propagating
uncertainties. The action model selected by applying
the procedure expresses both aleatory and epistemic
uncertainty related to AE.

The practical application of the proposed
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procedure requires establishing mathematical models
describing the physical phenomena which precede AE.
They determine initial information (hard data and expert
judgements) which must be collected and transformed
via uncertainty propagation into an action model. The
simulation of the accident involving AE is not an end in
itself. A preparation of this simulation indicates what
initial information is to be gained to allow using the
available models. This is an important, albeit indirect
result of the analysis of an accident involving AE.
Clearly, results of the simulation will be conditioned on
the models being applied.

The classical Bayesian approach to QRA was
considered in this paper as a means of combining hard
data and expert judgements within the problem of
predicting AE. This approach allows compensating
sparce experience data on AE by subjective information.
The number of recipes given in QRA and Bayesian
statistical theory for a formal use of subjective
information is relatively large, albeit not sufficiently
systemised for practical use.

The simulation-based procedure proposed in the
paper can be used for design of future structures
(assessment of existing structures) which are built in
vicinity of roads used for transportation of explosive
substances and goods. The second part of the present
paper contains a case study which illustrates an
application of the proposed procedure [10].
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Appendix. Abbreviations used in the paper

AE = accidental explosion

CBA = classical Bayesian
approach

cdf (cdf’s) = cumulative distribution
function(s)

pam = probabilistic action model

pd (pd's) = probability
distributions(s)

QRA = quantitative risk
assessment

re(re's) = random event(s)

rv (rv's) random variable(s)
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