Chapter 15

Domino Effects and Industrial Risks:
Integrated Probabilistic Framework —
Case of Tsunamis Effects

Ahmed Mebarki, Sandra Jerez, Igor Matasic, Gaétan Prodhomme,
Mathieu Reimeringer, Vincent Pensee, Quang Anh Vu, and Adrien Willot

Abstract This paper presents an integrated probabilistic framework that deals with
the industrial accidents and domino effects that may occur in an industrial plant.
The particular case of tsunamis is detailed in the present paper: simplified models
for the inundations depths and run-ups as well as their mechanical effects on
industrial tanks.

The initial accident may be caused by severe service conditions in any of the
tanks either under or at atmospheric pressure, or triggered by a natural hazard such
as earthquake, tsunami or extreme floods for instance. This initial event generates,
in general, a set of structural fragments, a fire ball, a blast wave as well as critical
losses of containment (liquid and gas release and loss). The surrounding facilities
may suffer serious damages and may also be a new source of accident and explosion
generating afterwards a new sequence of structural fragments, fire ball, blast wave
and confinement loss. The structural fragments, the blast wave form and the
features of the fire ball can be described following database and feedback collected
from past accidents.

The surrounding tanks might be under or at atmospheric pressure, and might be
buried or not, or protected by physical barriers such as walls. The vulnerability of
the potential targets should therefore be investigated in order to assess the risk of
propagation of the accidents since cascading sequences of accidents, explosions and
fires may take place within the industrial plant, giving rise to the domino effect that
threatens any industrial plant.
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The present research describes the risk of domino effect occurrence. The meth-
odology is developed so that it can be operational and valid for any industrial site.
It is supposed to be valid for a set of sizes, forms and kinds of tanks as well as a
given geometric disposal on the industrial site. The interaction and the behavior of
the targets affected or impacted by the first explosion effects should be described
thanks to adequate simplified or sophisticated mechanical models: perforation and
penetration of metal fragments when they impact surrounding tanks, as well as
global failure such as overturning, buckling, excessive bending or shear effects, etc.
The vulnerability analysis is detailed for the case of tanks under the mechanical
effects generated by tsunamis.

Keywords Tsunamis ¢ Industrial accidents « Explosions ¢« Domino effect o
Atmospheric tank ¢« Tank under pressure « Risk of failure

15.1 Introduction

The important quantity of hazardous substances which are produced, confined or
treated in industrial plants may generate, under given severe conditions, explosions,
fires and fragmentations of the tanks where they are stored or of the pipelines in
which they are transported. Due to internal or external causes, an initial sequence of
a severe accident may be triggered and may propagate affecting the tanks,
pipelines, power lines and facilities erected in their vicinity. This propagation
may result in catastrophic consequences: structural damages as well as human
losses or severe injuries.

Actually, the existing literature and reports on past accidents show that industrial
accidents may generate at the same time blast waves, projection of structural
fragments (in general, parts of exploded tanks), fireballs causing thermal radiation
or thermal effects as well as loss of confinement with ejection of gases and liquids,
that may be flammable or toxic. (Abbasi and Abbasi 2007; ARIA (website); Holden
1988; Lees 2005).

The analysis and modeling of the whole events and sub-sequent events and
effects (mechanical, thermal, chemical, etc.) is a complex scientific and multidisci-
plinary challenge, (Abbasi and Abbasi 2007; Ali and Li 2008; Antonioni
et al. 2009; Bgrvik et al. 2003; Corbet et al. 1995; Cozzani and Salzano 2004;
Marhavilas et al. 2011; Mebarki et al. 2009a, b; Mingguang and Juncheng 2008;
Neilson 1985; Ohte et al. 1982; Ruiz et al. 1989; Seveso Inspection Tool 2009;
Talaslidis et al. 2004; TNO 2005a, b; Tsamopoulos 2004; Universita degli Studi di
Torino; van den Berg 1985; Xie 2007):

— Triggering event: description of the triggering event (the first accident in any of
the existing tanks within an industrial plant). The probability of occurrence as well
as the thermodynamic and mechanical conditions for the first accident has to be
well known and described. Past accidents and existing databases may also be
helpful. The case of tsunamis generated by earthquakes is detailed in this paper.
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— Subsequent effects and propagation: detailed description of the sub-events such
as fragments generation and ejection, blast wave and the pressure front, fireballs
and the thermal front and flows, and ejection of gases and liquids (loss of
confinement/containment) requires mechanical modeling and also probabilistic
distribution of the involved parameters (input and output).

— Interaction and effects on the surrounding tanks and facilities: simplified or
sophisticated behavior of the affected targets and their response to the sub-events
are required either by analytical, by testing or numerical approaches. For
instance, partial penetration or perforation of the impacted tanks should be
adequately evaluated as well as the local or global damages suffered by the
target facilities (tanks, pipelines, etc.). The same requirements hold for the other
sub-events such as blast waves and fireballs. The confinement losses may cause
indirect effect such as fire ignitions, for instance.

— Successive sequences of accidents: the series of events and sub-events that take
place within the industrial plant once a triggering event hits any of the existing
tanks that are potential sources for domino effect initiation require time and
dynamic analysis. Numerical analyses are helpful.

Once the domino effect is studied in deep details, its socio-economic
consequences combined to the probability of its occurrence result in an expected
cost of the domino effect. Investments and protective measures can then objectively
be evaluated through an optimization of the global generalized cost. This concept is
very helpful for the stakeholders in order to mitigate the potential disaster, and
protect adequately the most sensitive and highly strategic installations.

15.2 Integrated Probabilistic Framework for Industrial
Explosions and Domino Effects

15.2.1 General Plant: set of Tanks as Sources of
Industrial Accidents and Sequence of Accidents

Let us consider any industrial site that may contain several tanks, either under
pressure or at atmospheric pressure, see Fig. 15.1. Each of these tanks can be the
source of accident or explosion due to either internal or external causes:

— Internal causes: critical corrosion, weakened welding, excessive cracking, over
pressure or a critical temperature of the stored gas or liquid, handling accidental
damage to critical, etc.

— External causes: malicious or malevolent acts, natural events such as strong
earthquakes or tsunamis as well as extreme floods, explosions or impacts, fires
and thermal effects, lightning, etc.
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Fig. 15.1 First accident sequence within an industrial plant and its propagation

Therefore, each tank can be denoted as a Source “S” of industrial hazard as it
may be damaged, may also explode and may generate threats (mechanical, chemi-
cal, thermal, etc.) to the surrounding facilities, and other tanks. Let us then denote
these potential sources of industrial hazard as sources S(i) with i = 1 up to N;, Ny
being the number of tanks erected within the industrial site under study.

When an accident affects a given source S(i), such as an explosion or fire for
instance, it can generate one or various events, i.e.:

— A set of structural fragments (plates, end-cups. . .): each generated fragment can
be ejected from the tank source and become therefore a projectile,

— A fire ball and thermal effects,

— A blast wave, and

— A loss of confinement (containment: gas and liquid losses).

Let us denote E;# the event that corresponds to occurrence of any first accident
(explosion for instance, impact, fire, etc.) that occurs within the entire industrial
plant at a given starting instant ty. Its probability of occurrence should be evaluated
during any given reference period, T, that may correspond for instance to the
expected plant lifetime. This probability is defined during the entire reference
period as:

P(Ef) = P(E’f ’TREF> ,during the reference period Trgg (15.1)

If this first accident gives rise to any of the subsequent events among fragments,
fire ball, blast wave and confinement loss, one should calculate the risk of such
propagation event E;P°P* since they may generate threats against the surrounding
facilities (tanks, etc.). The probability of the propagation event is defined as:
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Fig. 15.2 BLEVE explosion generating projectiles, fire ball as well as blast wave

P(Ellaropa) _ P(Ell)ropa’E%> P(E%) (15.2)

In fact, each explosion may also generate simultaneously these phenomena,
i.e. fragments, blast wave, fire ball and confinement loss, see Fig. 15.2.

Each individual event effect or their combined effects may therefore damage the
surrounding tanks (or facilities, buildings, etc.). The event E %™ that
corresponds to damage caused to the surrounding tanks has its occurrence proba-
bility defined as:

dam dam d
P(Ela age) _ P(Ela age E}l)ropa)P(EIl) Opa|E%>.P(E%> (15.3)

For the case where the tanks erected in the vicinity of the initial accidents are
affected by the propagation event and are therefore suffering mechanical damages,
they may then give rise to a new sequence and cascading accidents for instance. One
should say that a new sequence E,® is taking place within the industrial plant,
triggering the secondary sequence of explosions and accidents, leading then to the

rise of the so-called “domino effect”. Its probability of occurrence is therefore
estimated as, see Fig. 15.3:

P(E3) = P(ES|commar ) P (E‘f*‘““‘ge EPROPA) P(EF™ | ) P(E)  (154)
1

For the general purpose, one could say that any sequence E.%, where n is the
range of the accidents sequence (n > 1), can give rise to an additional sequence
(n + 1) with a probability defined as:

P(ES,,) = P(EE [gome ) P(ES™| o ) P(ER| ) P(EE)  (15.5)
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New accident

Fig. 15.3 Successive sequences of accidents/explosions within an industrial plant and domino
effect: case of fragments impact, for instance

Tank Under Pressure
L

e

Atmospheric Tank

Fig. 15.4 Industrial plants: (a) Two main kinds of tanks; (b) Case of a Japanese refinery damaged
by fires that occurred during the sequence earthquake-tsunami Tohuku, March 2011 (Author’s
pictures)

15.2.2 First Sequence of Accidents

In order to develop a general framework and use general notations, let us therefore
denote the accident at the source S(i) as the event E(i), see Figs. 15.1 and 15.4:
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Ey(i) = Ea() By (1)

1
E,(i): if S(i)=Tank at Atmospheric Pressure (15 6)
Ep(i): if S(i)=Tank Under Pressure .

withi = 1..Nj

having a probability of occurrence defined as the scalar product:

P(E,(i)) = 15(i).Ps (i) (15.7)

Where: E((i) becomes either E,(i) for an atmospheric tank or E(i) for an under
pressure tank, if these two kinds are the only potential sources of accidents and
explosions, with respective probabilities of occurrence denoted P(E.(i)) and
P(E,(i));

U = events union symbol

Is(i) = (15°> Identity vector of the tank (15.8)
lg, = { (1) ieflsz(i) = Tank Atmospheric Pressure (15.9)
so that : 1g(i) = 1,with 1,(;) (15.10)
and,
lg, = {(1) lrisi(i) = Tank under Pressure (15.11)
So that : 15(i) = lpwith 1, = (?) (15.12)

Pt = (S0

: Probability vector for the source tank S(i) according to its nature  (15.13)

So that : Pg(i) = <P(E6(l)) )for a tank at atmospheric pressure (15.14)

and Ps(i) = <P(E(lj(1)) >for a tank under pressure. (15.15)

Within the industrial plant, under the simplified hypothesis that only two different
kinds of tanks are erected within the plant under study, the number of tanks is so that:

Ns =N, + N,
= total number of tanks, i.e.atmospheric as well as under pressure tanks

(15.16)
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Ns
N, = Z 15(i).1, : Total number of tanks at atmospheric pressure  (15.17)
i=1

Ns
N, = Z 1s(i)-h : Total number of under pressure tanks (15.18)

i=1

15.2.3 Occurrence Probability of the First Accident
Within the Plant During a Reference Period, Ty

The first sequence of accidents that might occur in a plant can be triggered by various
causes. Each triggering cause might be described by theoretical considerations or
on the basis of past accidents: probabilistic distributions, fuzzy sets, expert
judgement, etc.

15.2.3.1 Hypothesis 1: Case of Homogeneous Sub-populations
Within the Whole Population of Tanks

Let us consider the simplified case of an industrial plant where each category of tanks
(atmospheric or under pressure in the present case) is considered as “homogeneous”,
i.e. having same design, same construction period, same conditions of use and
service, storing the same category of gas or liquids, getting in failure or explosive
situation under the same conditions, etc. During a given period of existence, each
category presents given ratios of severe accidents. From database of past accidents or
through theoretical modelling and simulations, one may therefore consider an aver-
age annual rate of accident denoted:

A1) = 1s(i).As (i) with 4s (i) = (jlf(‘))) (15.19)
with: s (i) = vector of average annual accident ratios for the source tank S(i)
according to its category, i = 1 up to N;.

Notk: The case of malevolent acts requires specific analysis in order to evaluate or
predict the annual ratios and the risk of occurrence. In the following parts of
the paper, we do not consider this particular case although its consequences
could be catastrophic with devastating effects.

Furthermore, the probability of failure of an elementary event becomes in this
context:

Ps (i) = (g“)assuming P(E,(i)) =P, Vi
= 1..k,, for each of the atmospheric tanks (15.20)
Ps (i) = (gp)assuming P(E,(i)) =P, Vi

= 1.k, for each of the under pressure tanks (15.21)
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15.2.3.2 Hypothesis 2: Particular Case of First Sequence of Accidents

Let us consider the general case of a first accident concerning simultaneously a total
number k of tanks:

k = kotkp; KE[LN] KGE[IN,] (15.22)

Where: k,, k, = total number of atmospheric and under pressure tanks,
respectively.

The probability of this event can then be derived from the Binomial distribution.
Under the hypothesis of “homogeneous” sub-categories, i.e. atmospheric or under
pressure tanks, and probabilistic independency between two distinct individual
events, this probability of occurrence is then:

P(Eq(i = 1.k) NE, (j = 1.k,)) = P( ( 4 Ea(i)) n (‘F%Ep(j)»

_ KE:)-(W““ - Pa)N“_ka] . Klljs).(pp)kv.(l - pp))vav]

Where the binomial coefficients are:

N) g o N
(ka> == (ka!).(Ny — ky)! (15.24)

(15.23)

and

N, K N,!
C [ 15.25
<n> " Tl (Ny —Kp)! (132

Particular Case: Only One Accident Occurs Once at a Given Time t;

The particular case is the event, denoted E;, which corresponds to one accident
taking place once in either an under pressure or an atmospheric tank. As the
simultaneous accident of the two different tank categories is supposed to present
a null probability of occurrence, this event E ;€ global to the entire industrial plant,
has a probability of occurrence:

P(E%) = |:<1\ia> ( ) (1 — :| + |:(1\{P) 1_ ))Np1:|
= [Na.(P). (1 = P ] N (P (1 = B ]
(15.26)
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Number of Accidents that Affect One Tank: During a Reference Period T,c¢

As the explosions are rare events, we can assume that the number N.(i) of
explosions of a given tank S(i), i = 1 up to N, follows adequately a Poisson
distribution with an average annual rate A(i) evaluated from collected database on
industrial accidents. Therefore, the probability of having N.(i) of explosions affect-
ing the tank under study during the reference period Trgr (expected lifetime of the
industrial plant, for instance) becomes, (Mebarki et al. 2008a):

(ﬂ(l) .TREF)N° e~ (4(0)- Trer)
Ne!

P(Es(i)) = (15.27)

leading then, respectively to P(E,) and P(Ep) for the two kinds of tanks erected
within the concerned plant:

(Ao Trer)"" = (o Trer)
NI

P, =P(E,) = (15.28)

and

(7\«p .TREF)NC e U Trer)

PP = P(EP) = Ne!

(15.29)

Where: T, = Reference period time [unit: in years, as A is the average
annual ratio].

Particular Case: k = 1
Let us consider the case of an initial accident E, (i), occurring at the source S(i) only

once during the reference period. The corresponding probabilities of occurrence
becomes for each category of tanks:

P(El(i)|TREF) - P(Es(i)|TREF) = (A(i). Trgr).e~ A0 Tewr) (15.30)
as N, = 1, leading then to:

P, = (Ja.Trer)-e” ) and P, = (1,.Trer) (15.31)

since: k, = 1 ork, = 1.
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Synthesis

The event corresponding to any first accident within the entire plant during the
whole reference period E€ is also defined as:

Ef[. = U (E Q)] ) (15.32)
Hr, = o UV T '

From the above developments, the probability of occurrence of only one acci-
dent, once within the industrial plant, during the entire reference period is therefore
explicitly written as:

P(ES];, ) = [Nao((a Trge)-e~0aTse0)). (1 = (2, Tp).e G or) )

- {Np.((}\p'TREF) 'e_(kp'TREF))'(l o (}@TREF).e‘(Ap‘TREF))NP1}
(15.33)

15.2.4 Consequences of the First Accident Triggered
Within the Plant During a Reference Period, T .,

15.2.4.1 Subsequent Events and Threats Generated
by a Given Accident

When an accident is triggered (such as BLEVE effect, for instance), a sequence
of events might take place as explained above, see Figs. 15.1, 15.2, 15.3, 154
and 15.5:

— A set of structural fragments (plates, end-cups...): event Eg(i) since each
generated fragment can be ejected from the tank source and become therefore
a projectile.

— A fire ball and thermal effects: event E1(i)

— A blast wave: event Ew(1)

— A release or loss of liquid and gas (loss of confinement): event Ec(i).

These events may generate mechanical, thermo-mechanical or chemical
effects that can affect the surrounding facilities or installations, and even persons
on charge of the plant control and security. Our present purpose is to analyse the
unfavourable effect on the tanks erected in the vicinity and that might be severely
damaged so that they might give rise to a new sequence of accidents and
explosions. These successive sequences of damages and explosions, and their
subsequent events and consequences, are important steps when dealing with the
so-called domino effect.
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Source

Fig. 15.5 BLEVE explosion generating projectiles, fire ball as well as blast wave: (a) Fragments
generation and projectile impacts; (b) Blast wave and pressure/depression front

Fig. 15.6 Fragments ejected as projectiles that may impact surrounding target tanks

Therefore, let us consider the case of the first accident triggering at instant t;
within the industrial plant under study:

Nq
=U (El(i)|T ), i.e.Es(i) = E;(i) triggered at an initial time t; (1)
i=1 ref
(15.34)

Let us consider a global axial system as a reference system for the whole plant.
The various sources are erected in their respective locations defined by the position
vector X4(.), see Figs. 15.5 and 15.6:

xs(1)) = | ys(i) |,i=1uptoN (15.35)

The elementary threat events propagating from the source accident S(i) may
affect and impact the surrounding tanks that becomes, once the initial sequence
triggered at time t;(i), as potential targets T(j), j = 1 up to N,. The various tanks and
targets erected within the considered plant, are placed in the location described by
x.(.), see Figs. 15.5 and 15.6:

x(0)= | () |.j=1uptoN (15.36)

z(j)
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In fact, all the tanks can be considered as potential source of accident S(i) as
well as potential targets T(i) under the effects of the threats generated at the
source, i.e.:

xs(i) = x(i),j = T up to N, (15.37)

15.2.4.2 Propagation of the First Accident and Threats
to the Surrounding Tanks and Facilities

This generation of events that may threaten the neighbourhood corresponds to the
propagation event, denoted Ep;opa(i):

E"" (i) |g, i) = Er(i)UEr (i) UEw (i) UEc (i) (15.38)

Therefore, the apparition of first threats to the surrounding tanks and facilities
results from the first accident and propagation events:

By ()N (EY P (i) [g,)) = (B1())N(Ep(i)UBr(i))UBw(i)UEc(i))  (15.39)
The corresponding probability of propagation event is then defined as:

N

P((EFP (1)) = > P(EY™(i)|g, ) P(E: (i) (15.40)

=1
Propagation of the Accident: Ejected Structural Fragments as Projectiles

The first accident at the source tank S(i), i = 1 up to N, occurring at the starting
time t,(i) may give rise to a set of N¢(i) structural fragments (denoted F(i,k), k = 1
up to Ng(i)) that are ejected from this source and may impact other tanks or facilities
that cross their trajectory, i.e.:

. Ne(i) .
Er(i) = U Eng(i,k) (15.41)

Its occurrence probability can be estimated according to collected database
inputs or from theoretical and simulation approaches that provide therefore:

Pr(i) = P(Er(i)|g, ) -P(E:1 (i) (15.42)

From database analysis of past accidents and existing bibliography reports as
well as theoretical approaches, one can establish the probabilistic distributions
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concerning the main governing parameters of the fragments motion and energy,
i.e. (Mebarki et al. 2007; 2008a, b, 2009a, b):

— The number of fragments: N¢(i)

— The ratio a(i) of total internal energy Eiyema(i) within the source tank that is
transformed into kinetic energy ejecting the fragments and transferred to them
during their motion around the source: Ey;,(i)

Ekin (1) = (X-Eimemal (1) (1543)

— The form (among plate, end-cup, oblong end-cup, etc.) and the dimensions of
each fragment

— The mass of each fragment F(i,k): mp,(i,j) withi = 1up to Nsandk = 1 up to Ng(i)

— The initial velocity: v,(i,k) at instant t;(i)

vx (i, k)
vp(i, k) = xp(1,k) = | vy(i,k) (15.44)
va(i, ) t=t; (i)
— The initial angles of ejection: event 0(i,k)
65 (i, k)
0p(i, k) = | 0y(i, k) (15.45)
o 0,(i,k)

t=t; (i)

At any instant t > t;(i), the motion of each fragment can be studied according to
adopted values for the drag and lift coefficients, i.e. the position x(.), velocity vp(.)
and acceleration gp(.):

Xp(i, k) X p(i, k)
%, (1K) = | ypli.k) vk = [ ¥k
z,(i,k) i) zp(i,k) 1 ():
Xp( i,k)
7p (i k) = Yp( i,k) (15.46)
- z P (1, k) (i)

On the basis of its motion and the relative location of the whole other potential
targets, i.e. the tanks T(j), j = 1 up to Ny, one can define the possible impacts on the
tank T(j) by the impact indicator:

S 1 : if fragment F(i, k) impacts target T(j) at instant timpact (i, K, j)
(i, k) = 0 :else

(15.47)

The tank T(j) is impacted by at least one or a rain of the fragments ejected from
source S(i) if the impact indicator is equal to 1, i.e.:
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(@) :
Ne(i
1. (i,k j) = Min L (15.48)
=impact\"» ™ E 1p(17k7‘])
k=1

The impact event on the tank T(j) under the set of projectiles due to source S(i) is
then:

i)

impact ;.\ Ne(
Ez7() = kL:Jl

(B, k.J) O Erag(i,K)) (1549)

Where:

Event corresponding to tank T; impacted by the fragment F(i,k)= E&™P( k j)
Event corresponding to existence of a fragment F(i,k)= Eg,o(i.,k)

When there is an impact, the mechanical models that are adopted should provide
the damage generated to the impacted tank. A set of mechanical limit state
functions tells whether the impacted tank T(j) reaches its defined :

— Limit state of local damages: perforation, partial penetration, cracks, excessive
stress or strains, etc.

— Limit state of global damages: over-lapping, anchors rupture, sliding,
buckling, etc.

— The corresponding probability of damage can be obtained by analytical or
numeric approaches. Due to the complexity of the analysis, Monte Carlo
simulations are the common tool used in order to estimate this value:

p(E™(1) = 3 (™)

k=1

g (j)) P (E;m[)aCt §) |Efmg (i,k)) .P (Efrag (i, k))

(15.50)
Propagation of the Accident: Fire Ball Generates Thermal Effects
The first accident at the source tank S(i), i = 1 up to N, may generate thermal field

that may affect significantly other tanks or facilities erected in the source vicinity, see
Fig. 15.7. This event and its probability of occurrence are respectively defined as:

Er(i) win Pr(i) = P(Ex()lg, ) P(E1 () (15.51)

This occurrence probability can be estimated according to collected database

inputs or from theoretical and simulation approaches. The event generates thermal
fields and flows than can be described by:

T(i,ﬁ (i), x, (i), t — t; (i)) — thermal field (15.52)

®r (i, x, (i), %, (i)t — 1) (i)) — thermal flow (15.53)
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Fig. 15.7 Fires and threats to surrounding facilities: Case of a Japanese refinery damaged by fires
that occurred during the sequence earthquake-tsunami Tohuku, March 2011 (Author’s pictures)

The effect of the thermal event on the tank T(j) due to source S(i) can produce
direct as well as indirect (such as ignition of surrounding gases or liquids and fire
generation) global or local damages. The corresponding probability of damage can be
obtained by analytical or numeric approaches. Due to the complexity of the analysis,
Monte Carlo simulations are the common tool used in order to estimate this value:

P(EF™()) = P(EF™ ()], ) P(ER (i) (15.54)
Propagation of the Accident: Blast Wave
The first accident at the source tank S(i), i = 1 up to N, may give rise to a blast
wave that generates high positive and negative pressures around the source and may

affect mechanically the surrounding tanks and facilities. This event and its proba-
bility of occurrence are respectively defined as:

Ew(i) with Py (i) = P(Ew(i)|El(i)) P(Ei (i) (15.55)
This occurrence probability can be estimated according to collected database

inputs or from theoretical and simulation approaches. The event generates a pres-
sure field and front wave than can be described by:

p(i, X, (i), %, (i), t — tl(i)) — pressure field (15.56)
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The effect of this blast wave on the tank T(j) due to source S(i) can produce
global or local damages. The corresponding probability of damage can be obtained
by analytical or numeric approaches. Due to the complexity of the analysis, Monte
Carlo simulations are the common tool used in order to estimate this value:

p(E‘vismagE(j)) - P(Es,smage(j)‘ ).P(Ew(i)) (15.57)

Ew(j)

Propagation of the Accident: Loss of Confinement

The first accident at the source tank S(i), i = 1 up to Ny, may cause loss of
confinements with ejection of gases or liquids that may be indirect sources of
fires or explosions. This event and its probability of occurrence are respectively
defined as:

Ec(i) with Pc(i) = P(Ec(i)|E] @) P(E; (i) (15.58)

This occurrence probability can be estimated according to collected database
inputs or from theoretical and simulation approaches. This event generates loss of
confinement that releases liquids and gases and it can, therefore, give rise to a fire
ignition or explosions, for instance. This confinement loss can be expressed by a
critical volume of losses within a critical time (global volume or rate of volume
release, in a half hour or an hour or a day, for instance) than can be described by:

v (i, X (1), x (i), t — t1 (1)) = volume of confinement loss and products release
(15.59)

The effect of this confinement loss on the tank T(j) due to source S(i) can
produce global or local damages. The corresponding probability of damage can
be obtained by analytical or numeric approaches. Due to the complexity of the
analysis, Monte Carlo simulations are the common tool used in order to estimate
this value:

P(EE™(1)) = P(EE™ () |eeg ) P(EC(i)) (1560

15.2.4.3 Total Energy and Momentum: Conservation Requirements

When an accident is triggered, one should verify that the conservation requirements
are satisfied, i.e.:

Momentum conservation of the ejected fragments and products (liquids or gases)
for the tank S(i), i =, i.e. up to N,
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—

P initial (1) = P intemat (1) + P extemar (1) With P g =0 (15.61)

P external (1) ;éa: in case of a prior impact for instance (15.62)

P initar (i) = Efragmems(i) + P fuias (i) (15.63)
Pfragmems Z my (k ) and P fluids

= / pg-vG-dVg + / pL-vL-dV; (15.64)

Ve Vi
Where: p i,y (1) = initial momentum in the considered tank SGQ); P oxerna (1) =
momentum provided by the external cause such as a prior external impact on the

tank, for instance; pfmgmem( i) = total momentum of the fragments; p 4 (i) = total
momentum of the ejected fluids (liquids and gases); my,, v,, Ny = mass, velocity of
each fragment among the total set of Ny ejected fragments, rg, vg, Vo = density,
velocity and volume of the gas part, respectively; 1., v, V| = density or specific
weight (if g included), velocity and volume of the liquid part, respectively.

Energy conservation since the total initial energy (internal energy and external
energy in case of impacts, for instance) is partly transformed into kinetic energy
(fragments, gases and liquids), thermal energy, blast energy, dissipated energy and
residual energy, i.e.

Einitial (1) = Einternal (1) + Eexternal (1) with Eimernal 7& 0 (1565)

Eexternat (1) 7# 0 : in case of a prior impact or thermal flow, for instance  (15.66)

Einitial(i) = Esohds(.) + Eﬂulds(.) + Eblast -wave (1) + Ethermal—effect(i)
+ Edlssnpated( ) + Eres1dual( ) (1567)

Ny 1
Efragmems = Z <§ myp (k)vé (k)> (15.68)

k=1

_ 1
Efigs (1) = / 5pG.vé.dVg+ / pLvi.dV (15.69)
Ve Vi

Where: Eiyemar (i) = internal energy in the considered tank S(i); Eexiernar (1) =
external energy provided by the external cause such as a prior external impact on
the tank, for instance; E;,;, (i) = initial total energy in the considered tank S(i);
Efragments (1) = total kinetic energy of the fragments; Eqyiqs (i) = total kinetic energy
of the ejected fluids (liquids and gases); Epjasi-wave (1) = total energy transported
by the blast wave; Egermaleffect (1) = total energy transported by the fire ball;
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Fig. 15.8 Protective measures regarding potential sources or targets

Edissipatea (1) = total energy dissipated in order to trigger the explosion and fragmen-
tation of the considered tank (such as plastic deformation, cracking and propagation,
fragmentation, chemical reactions and transformation, etc.); and Ejqua (i) = total
residual energy remaining in the damaged tank (residual products and solids, etc.).

15.2.5 General Purpose of the Domino Effect Study
and Use of the Occurrence Probability
for Decision Making

The industrial accidents have in general several consequences of great importance,
such as:

— Socio-economic and employees jobs losses due to production interruption,
reconstruction, repair or strengthening of the industrial plant

— Environmental consequences in case of containment losses such as liquids or
gases

— Fires that threaten the whole plant as well as the surrounding buildings, facilities,
installations, etc.

— Threats to the health and physical integrity of the employees and inhabitants in
case of toxic products release, etc.

In order to reduce or mitigate the disaster, one may consider either, see Fig. 15.8:

— Reduction of the hazards and threats by isolating the sources of possible
accidents
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— Reduction of the vulnerability of the potential targets by protective measures
better design, barriers and protections, erection of buildings, tanks and
installations with large relative security distances

— Regular inspections and severe security measures, etc.

— Protection against confinement losses such as containment and retention basins
in case of petrol oil, for instance.

— Use of automatic protective systems such as shutdown systems, alarms, fire
protection, etc.

From a theoretical point of view, let us consider that the site under study
(industrial plant, surrounding buildings, facilities and other plants, strategic
installations, operational headquarters, etc. is so that the total expected cost of
losses is:

n
Cigosses = ZP(EE)CE where P(E%>
k=1

~P(E}

damage
Eizﬂl:age) .P <Ek71

ey ) P(EET

where : C,® = socio-economic losses as consequences of the sequence k of the
domino effect, k = 1 up to the range n of sequences under study (until the total
plant is destroyed or reaches a given threshold of destruction, Cjyeses® = mathemat-
ical expected value of the socio-economic consequences on the whole industrial
plant and its concerned vicinity.

In order to mitigate the industrial disaster, the stockholders may decide to adopt
several protective solutions in order to optimise the economic investments so that to
reach the optimal global cost:

EL) P(EE ) (15.70)

CE, = Mind C§ + ACS + > (P(Ef) +AP(E})).C, (15.71)
k=1

Where: C,p,® = optimal global cost of the entire zone (industrial plant and its
affected surroundings), Co® = initial global cost before adopting any additional
protective measures so that the initial risk of domino effect P(E;®) is reduced by AP
(E,®) as consequence of the protective measures.

In fact, this optimal global cost seems easy to be theoretically calculated.
However, several aspects such as respect of human life, pollutions and aggressive
products release, reactions of the public opinion and political decisions make this
optimization not so easy to be reached in practice. However, this theoretical
formulation may also be helpful in prospecting objective investments and
accompanying measures (survey and early warning systems, automatic control
and shutdowns, protective barriers, vicinity planning and organization) that result
in risk reduction, disaster mitigation and satisfy resilience and quick recovery
requirements.



15 Domino Effects and Industrial Risks: Integrated Probabilistic Framework. . . 291

15.3 Applications and Sensitivity Analysis

15.3.1 Risk of Failure

The present application considers the case of tanks with various filling levels, see
Table 15.1. It is restricted to the analysis of the fragments impacts and the blast
wave. For sake of simplicity, the thermal flows effects and the containment losses

effects are not included in the present results. They are done separately.
Monte Carlo simulations are used in order to evaluate the probability of impacts
as well as the probability of failure.

15.3.2 Structural Fragments: Probability of Impacts
and Risk of Failure

The probability of failure is obtained by Monte Carlo simulations as, (Mebarki
et al. 2007, 2008a, b, 2009a, b; Mingguang and Juncheng 2008):

Table 15.1 Probabilistic description of the structural fragments (Mebarki et al. 2009a, b)

Random variable

Probability
density function

Probability density
function formulas

Comments and details

Number of Discrete expo-  Py(n) = e Ao, M and A, are multipliers of Lagrange
fragments (n) nential (=40 — A1 — ﬂznz) obtained from the accidental data
distribution

Relative frequency of Uniform distri-  f, Forms and ratios collected from past
any projectile bution by accidents and database
form (f},) intervals
Projectile mass (mp)  Uniform m, =V, X p Volume of fragments is a product of ran-
distribution dom variables and follows a uniform
distribution
Projectile departure ~ Uniform v, — |2 Velocity of projectiles depends from the
velocity (vp) distribution P e kinetic energy transmitted to
E. = oEexp projectiles. Kinetic energy is a fraction
of the explosion energy which can be
represented by the ratio «. This factor
follows a uniform distribution
Horizontal departure  Uniform distri- 0 Preferential directions collected from past
angle (0) bution by accidents and database
intervals
Vertical departure Uniform @ with Arcsin () Experimental information unavailable:
angle () distribution following uniform theoretical distribution is assumed

distribution.
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N .
B 1 ate oI a targe k
Prup _ (State of a targ t;éO)( ) (15.72)

—1 Nsim

With:

B [ 1 if a target is completely damaged (15.73)

1(State of a targetz0) (k) - 0 else

And: Ng;,, = total number of simulations.

Furthermore, a uniform random variable, H, is considered in order to express the
filling level of a source tank. Its values range within the interval] 0; H,,..], where
H,,.ax is the maximal filling level of a tank.

The trajectory of the fragments and their impact on target tanks are evaluated
according to existing developments (Mebarki et al. 2009a, b).

15.3.3 Blast Waves: Effects on Target Tanks
and Risk of Failure

After an explosion, a blast wave propagates through the air and in contact with
surrounding tanks it can produce mechanical effects on affected tanks, resulting in:

— Excessive bending,

Tank overturning,

Global buckling,

Tank sliding on the ground surface, and
Excessive shear and bending of the target anchors.

15.3.4 Results and Comments

15.3.4.1 Comparison Between the Proposed Theoretical Models
and the Experimental Results

Obviously, the results depend intimately on the accuracy of the models concerning
the governing parameters: fragments description, their trajectory, their impacts and
perforation of the impacted targets. The number of structural fragments is described
by a theoretical probabilistic model which results are reported in Fig. 15.9a, in the
case of BLEVE phenomena. The kinetic energy at ejection of the fragments, as
shown in Fig. 15.9b, and their initial horizontal angles are also described by
adequate models, derived from experimental observations in the case of spherical
as well as cylindrical metal tanks, (Mebarki et al. 2009a).
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Fig. 15.9 Explosion and structural fragments. (a) BLEVE and Number of fragments (Mebarki
et al. 2009a); (b) Kinetic energy of the fragments, (Mebarki et al. 2009a); (c¢) Distances of
fragments impacts in the real case of Mexico accident (Mebarki et al. 2009b)



294 A. Mebarki et al.

Table 15.2 Case study:

Parameter Source tank Target tank

source and target tanks -

definition Radius (R) 3.5m 6m
Length (L) 15m 12 m
Capacity (V) 757 m® 1,350 m*
Shell thickness (e) 0.007 m 0.005 m
Burst pressure (P.) 800,000 Pa -
Ultimate stress (6,) 360 Gpa 360 Gpa
Ultimate strain (g,) 0.23 0.23

Table 15.3 Properties of the  p,octer Value

structural fragments ejected -

as projectiles impacting the Average speed at the impact 82.98 m/s

target Average kinetic energy at the impact 14.463 MJ
Average mass of projectiles 8,954 kg
Ratio of end cups 9.09 %
Ratio of elongated end cups 45.45 %
Ratio of plates 45.45 %
Pimp: Probability of the impact 55 %1073

Furthermore, the simulation of explosion and fragments trajectory is run for the
case of Mexico accident: a good accordance is obtained between the observed
distances of fragments impacts and the theoretical prediction as shown in
Fig. 15.9¢, (Mebarki et al. 2009b).

The interaction of the impacted tanks and the metals fragments is described by
simplified models of penetration and perforation, whereas the fragments are con-
sidered as rigid rods. A set of experimental results is collected for various incidence
angles and velocities at impact. The proposed simplified models for perforation and
penetration provide good predictions of the penetration depth and velocities after
perforation, (Mebarki et al. 2007, 2008b).

15.3.4.2 Sensitivity Analysis and Numerical Simulations

For illustrative purposes, the source tank is cylindrical and pressurized, whereas the
target tank is at atmospheric pressure, see Table 15.2. The source tank content is
liquefied propane. Target tank is supposed without any liquefied content, full of
evaporated gas-oxygen mixture. Under this assumption, secondary effects due to
liquid dynamic movement are intentionally neglected and, on the other side, a target
tank is more prone to mechanical damage.

The target tank is located at a distance of 100 m from the source tank. Consider-
ing the origin of coordinate system at the centre of source tank, the centre of the
target tank is then located at (100 m: horizontal distance, 0 m, 6 m: height).
Table 15.3 provides the results obtained from the simulations, i.e.: projectiles
impacting the target, distribution of projectiles and distribution of projectiles
kinetic energy at the impact on the ground for each angular sector, see Table 15.3
and Fig. 15.10a.
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Fig. 15.10 Distribution of projectiles and failure risk. (a) Iso-values of impact probability around
the cylindrical source tank; (b) Iso-values of tanks failure probability under the projectiles impact
(P¢imp) and the overpressure wave (Py,,)

From the results of simulations for projectiles impact and overpressure wave
effect on the atmospheric tank it is possible to compare levels of risk from each
phenomena and for different levels of damage. It is found that overpressure waves
can produce significant damages at the near field. On the other hand, risk of
projectiles impact is much lower at the near field but projectiles can trigger the
domino effect at much higher distance.

Figure 15.10b shows that the probability of failure from the blast wave is 3—7
times greater than the probability of failure produced by projectiles. Also, in this
model only massive projectiles are considered as the potential projectiles and small,
light projectiles are intentionally neglected.
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15.4 Natural Hazards as Triggering Events:
Tsunamis Caused by Quakes

15.4.1 Theoretical Frameworks and Required Steps

Natural hazards such as quakes, tsunamis, storms, floods, lightening, extreme winds,
tornados and typhoons for instance may trigger domino effects sequences in indus-
trial plants. Actually, the tanks and facilities may be damaged and the damages may
propagate until disastrous situations take rise as it happened during the 2011 Eastern
Japan Great Earthquake Disaster (Norio et al. 2011; Goto et al. 2011): quakes and
tsunamis effects have caused serious and disastrous damages.

Therefore, mitigation and risk reduction for the case of coastal industrial plants,
for instance, require four steps:

— Hazard modeling: description of the maximum inputs generated by the natural
hazard (PGA: Peak Ground Acceleration for the quakes, PWH: Peak Water
Heights and Run-ups for the tsunamis, for instance).

— System vulnerability, fragility and limit state functions: definition of the limit
states that should not be reached by the systems under study in order to avoid
occurrence of system failure (rupture of the industrial tanks or critical release of
products after mechanical damages and impacts for instance) (Askan and
Yucemen 2010; Reese et al. 2011).

— Reliability and risk analysis: assessment of the limit states occurrence probabil-
ity, i.e. probability of failure. Actually, the hazard and the vulnerability are
described within a probabilistic framework in order to express the error models
and cover the uncertainties and heterogeneities (Eckert et al. 2012; Leone
et al. 2011).

— And decision making by optimization: definition of protective measures and
required investments in order to reduce the expected risks and socio-economic
losses (protective barriers, coastal walls, early warning systems, real time
survey, etc.), (Beltrami and Risio 2011; Grasso and Singh 2008; Jin and Lin
2011; van Zijll de Jong et al. 2011; Wilson et al. 2011).

154.2 Hazard Modeling: Simplified and Probabilistic
Models — Case of Tsunamis

The present work focuses on the particular case of tsunamis. Several authors have
investigated the description and modeling of the tsunamis in order to predict the Peak
Water Heights and Run-ups (Burwell et al. 2007; Cheung et al. 2011; Constantin
2009; Demetracopoulos et al. 1994; Flouri et al. 2011; Haugen et al. 2005;
Heidarzadeh et al. 2009; Helal and Mehanna 2008; Kharif and Pelinovsky 2005;
Liu et al. 2009; Lovholt et al. 2011; Madsen 2010; Nandasena et al. 2011; Pophet
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Fig. 15.11 Tsunami path from the epicentral zone towards the shore and inlands

et al. 2011; Sladen et al. 2007; Todorovska et al. 2002; Ward 2011; Wijetunge 2006;
Zhang et al. 2009; Zhao et al. 2011).

Simplified models have been developed for quick evaluation of the Peak Water
Heights and Run-ups. The model denoted cMD (coupled Magnitude-Distance) has
proved to be efficient in predicting the Peak Ground Acceleration for various soil
conditions (Mebarki 2009c¢):

A e—ﬁ.D;,

=TT (15.74)

Where: A [in m/s?] = Peak Ground Acceleration, g [in m/s?] = gravity acceler-
ation, Dy, [in km] = hypocentral central, M,, = moment magnitude of the earth-
quake, and two fitting constants (f and a threshold magnitude My). The error model
associated to the PGA is assumed to follow a Gamma distribution; a Log-Normal
distribution is also acceptable.

This form of the model and the distribution of the error model are adopted to
derive the Peak Water Height (PWH) of the tsunamis in the sea zone far from the
shoreline, see Fig. 15.11:

H 67ﬂ~Dh

Ho 1+ Dye bt (17

Where: H [in m] = Peak Water Height, Dy, [in km] = hypocentral central, M, =
moment magnitude of the earthquake, and three fitting constants 3, My = threshold
magnitude and Hy [in m] = equivalent uplift height at the epicentral zone. The error
model associated to the PWH is also assumed to follow a Gamma distribution.
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Fig. 15.12 Run-up and slopes between interface zones and shorelines

The constant H is adopted according to Abe’s proposal (Abe 1993):

log(Hy) = 0.5M,, — 3.3+ C (15.76)

Where: C = constant as fitting parameter depending on the kind of
subduction zone.

Furthermore, the velocity of the tsunami waves is also an important parameter
that governs the impact loads on the structures and facilities. It is derived from the
Peak Water Height as follows:

V=1/g(h+H) (15.77)

Near the shoreline, the seabed may have a regular or disturbed slope from an
interface zone (the seabed is not considered as horizontal) up to the shoreline, see
Fig. 15.12. Of course, these interface zone and average slope until the shoreline
depend on the local topography and bathymetry. For sake of simplification, some-
times one could assume a straight line from the interface until the shoreline. The
Peak Water Height at the shoreline is obtained by energy conservation, when no
attenuation is considered, i.e.:

HY\/Hy = H: A/ (Big + Hiny) (15.78)

Due to the attenuation of energy, the final Peak Water Height at the shoreline
becomes:

e_ﬁ'Dim

T+ Do 00 )

%

Hy = (Hﬁn.\/(him n Him)> (15.79)

Where: Hy [in m] = Peak Water Height at the shoreline, H;,, [in m] = Peak

Water Height at the interface zone, h;,; [in m] = depth of the sea at the interface

zone, Dj, [in km] = Horizontal projection of the distance from the interface zone
towards the shoreline.
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Fig. 15.13 Tsunamis height: Hp,s = observed value; Gyean, G5, Gosg, = Predicted Mean value,
and fractiles 5 % and 95 % respectively.

For illustrative purposes, the model is run for the case of the tsunami and Peak
Water Heights observed during the earthquake Akita Oki, Japan on May25, 1983
with moment magnitude M,, = 7.9 (Abe 1995). According to the bathymetry
collected for the zones under study (GEBCO 2012), the proposed model provides
theoretical values that are in good accordance with the observed heights (Hyy,), see
Fig. 15.13. Furthermore, the theoretical confidence interval [Hsq, up to Hosg,]
contains 95 % of the experimental values, i.e. more than the acceptable ratio of
90 %. A gamma distribution is considered for the error model with a coefficient of
variation C, = 45 %.

15.4.3 Industrial Tanks and Vulnerability
Under Tsunamis Effects

Under the quake and tsunami effects, the industrial tanks and facilities may suffer
serious damages. These latters may reach serious intensities and their effect may
propagate and might give rise to disastrous situation.

The tsunami may generate various effects and cause different damages to the
structures and facilities at the coastal zones, under the mechanical loads, (ASCE
2010; ATC 2008, 2011; Batdorf 1974; FEMA; INERIS 2011; Nishi 2012; Goto
2008; Lukkunaprasit et al. 2009; Naito et al. 2012; Palermo and Nistor 2008;
Saatcioglu 2009; Sakakiyama et al. 2009; USGS 2011; Yeh 2008), see Fig. 15.14:

— Hydrodynamic forces
— Hydrostatic pressures
— Buoyancy forces, and
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Fig. 15.14 Mechanical loadings, pressures and impacts on the industrial plants and facilities

— Debris impacts (boulders, cars, ships, etc.).
Various resulting damages may affect the industrial tanks and facilities:

— Excessive stresses under bending, shear and axial effects

Stability, Sliding and overturning

Lateral and longitudinal buckling

— Perforation, loss and release of flammable products (liquid, gas) that may
produce fireballs and explosions.

15.4.4 Fragility Curves and Risk of Failure

Regarding any of the possible damages described above, the safety or failure of the
affected structures depends on the loads, denoted S and its capacity to stand these
loads, denoted R. The loads depend on the quake and tsunami inputs, i.e. PGA and
PWH in the present case. The resistance depends on the geometry, external
supports, the filling ratio of the tank, the thermodynamic conditions of the products
contained by the tank, and the constitutive materials. Therefore, the loads as the
resistances can be described by random variables. The probability of failure of the
tank or facility under study is then defined as:

Pr=(R—S<0) (15.80)

This risk of failure is in general calculated by Monte Carlo simulations or level
2 methods, (Mebarki et al. 2008a). For industrial plants, it is worth to establish
fragility curves that express the probability of exceeding given damage levels
according to the governing input parameters such as PGA or PWH, for instance.
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Various sophisticated or simplified methods can be used to investigate the
response of cylindrical tanks to external pressures (Batford 1974; CCH 2000; CEN
2007; Chen and Rotter 2012; Godoy 2007; INERIS 201 1; Koshimura and Namegaya
2009; Nistor et al. 2010a, 2010b; Suguino and Iwabuchi 2008; USGS 2011).

Figure 15.15 illustrates the fragility curve that corresponds to the case of a
cylindrical tank with a slenderness (Tank height/Tank radius = L/r = 2.7), the
filling ratio being considered as a uniform random variable and the limit state
under study is the lateral buckling of the tank. For the present case, the risk of
buckling is 0.27 for a Peak water height H = 4 m.

Once the fragility curves have been calibrated for given typologies, it becomes
easy to predict the risk of disaster within an entire industrial plant against potential
upcoming hazards. The protective measures can therefore be adopted according to
the level of expected risks and their socio-economic consequences.

15.5 General Conclusions

The domino effect is a cascading sequence of accidents and explosions, propagating
from an initial source to the surrounding tanks in an industrial plant. Under these
successive sequences, the industrial plant and the facilities, constructions and also
human beings are severely threatened and may suffer important and irreversible
losses.

The study of this effect from the initial possible accident until the dissemination
within the plant requires multi-disciplinary approaches. The purpose of the present
study if to provide a theoretical formulation that describes and evaluates the risk of
occurrence of the triggering event, due to external or internal causes, the propaga-
tion effect as it may produce four sub-events, mainly: fragments ejected as
projectiles, blast waves, fire balls as well as loss of confinement.

Probabilistic formulation is developed in order to describe the occurrence of the
first event, as well as the probability of occurrence of the four sub-events. The
interaction between the surrounding vessels and facilities and the mechanical or
thermal effects of these sub-events may cause global or local damage as well as
possible fire ignition and explosion. They may take rise within the affected targets
or their immediate vicinity such as pipelines and power lines, for instance. Mechan-
ical, thermo-mechanical and also chemo-thermo-mechanical analyses are therefore
required in order to quantify the resulting effect on the considered targets (tanks or
power lines impacted, heated, blasted, etc.). In the case of impact by structural
fragments for instance, penetration and perforation as well as interaction projectile-
impacted tank need the use of adequate material and structural behaviours,
performed in general by numerical simulations.

The present study provides the theoretical aspects that should be considered for a
detailed analysis of the domino effect. Relying on these developments, numerical
simulations can be performed and sensitivity analysis as well as critical scenarios
can be studied.
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For instance, for the case considered in this study, it is found that overpressure
waves can produce significant damage at the near field. On the other hand, risk of
projectiles impact is much lower at the near field but projectiles can trigger the
domino effect at much higher distance. Actually, the probability of failure from the
blast wave is 3 —7 times greater than the probability of failure produced by
projectiles. Also, in this model only massive projectiles are considered as the
potential projectiles and small, light projectiles are intentionally neglected.

For a whole industrial plant that may suffer quakes or tsunamis effects, it is
required to describe the input parameters (Peak ground Acceleration for quakes, or
Peak Water Height for tsunamis) by physical models affected by probabilistic
distributions. As many effects and damages may be caused to the concerned
components of the plant (tanks, pipelines, and other facilities), it is necessary to
consider the whole possible limit states in order to describe the state of the
components under study (excessive stresses, stability, sliding, perforation, etc.).
Probabilistic descriptions of the inputs and components responses are helpful in
order to calibrate the fragility curves of each generic category of component. The
risk analysis under potential natural hazards becomes therefore easy to perform for
an entire industrial plant. The protective measures derive from an optimisation
process: theoretically, by balance between possible investments and socio-
economic consequences of disaster occurrence.

Relying on the expected numeric results, one may perform an optimisation of the
generalised utility function (or costs) resulting from initial costs and expected
socio-economic consequences. Adequate investments and protective options can
then be objectively decided by the stakeholders in order to mitigate the potential
disasters and aim a quick recovery as well as resilience.

Acknowledgments The present study has been developed within the framework of the research
projects VULCAIN and INTERNATECH, with the partial financial support by Agence Nationale
de la Recherche (ANR: PGCU 2007, and Flash Japon 2011). The Chinese-French bilateral
cooperation program PHC XU GUANGQI 2012 (Code Project: 27939XK) has also been helpful
for the preparation and final redaction of the present paper.

References

Abbasi T, Abbasi SA (2007) The boiling liquid expanding vapour explosion (BLEVE): mechanism,
consequence assessment, management. J Hazard Mater 141:489-519

Abe K (1993) Estimate of tsunami heights from earthquake magnitudes. In: Proceedings of the
IUGG/IOC international tsunami symposium TSUNAMI’93, Wakayama

Abe K (1995) Modeling of the runup heights of the hokkaido-nansei-Oki tsunami of 12 July 1993.
Pure Appl Geophys 144(3/4):113-124

Ali SY, Li QM (2008) Critical impact energy for the perforation of metallic plates. Nucl Eng Des
238:2521-2528

Antonioni G, Spadoni G, Cozzani V (2009) Application of domino effect quantitative risk
assessment to an extended industrial area. J Loss Prev Process Ind 22:614-624

ARIA base of BARPI, France. www.aria.environnement.gouv.fr


http://www.aria.environnement.gouv.fr/

304 A. Mebarki et al.

ASCE (2010) Minimum design loads for buildings and other structures, ASCE/SEI standard.
American Society of Civil Engineers, Reston, pp 7-10

Askan A, Yucemen MS (2010) Probabilistic methods for the estimation of potential seismic
damage: application to reinforced concrete buildings in Turkey. Struct Saf 32:262-271,
Elsevier

ATC (2008) Guidelines for Design of Structures for Vertical Evacuation from Tsunamis, FEMA
P646. Applied Technology Council. Redwood City, California, For the Federal Emergency
Management Agency, FEMA and the National Oceanic and Atmospheric Administration,
NOAA.: 158 p

ATC (2011) Coastal Construction Manual, FEMA P-55. Applied Technology Council. Redwood
City, California, For the Federal Emergency Management Agency FEMA. II: 400 p

Batdorf SB (1974) A simplified method of elastic-stability analysis for thin cylindrical shells.
NACA report — 874: 25 p

Beltrami GM, Di Risio M (2011) Algorithms for automatic, real-time tsunami detection in wind-
wave measurements. Part I: implementation strategies and basic tests. Coast Eng 58:1062-1071,
Elsevier

Bgrvik T, Hooperstad OS, Langseth M, Malo KA (2003) Effect of target thickness in blunt
projectile penetration of Weldox 460 E steel plates. Int J Impact Eng 28:413-464

Burwell D, Tolkova E, Chawla A (2007) Diffusion and dispersion characterization of a numerical
tsunami model. Ocean Model 19:10-30, Elsevier

CCH (2000) City and county of Honolulu building code. Department of Planning and Permitting
of Honolulu Hawaii, Honolulu

CEN (2007) EN 1993-1-6 eurocode 3: design of steel structures, part 1.6: strength and stability of
shell structures. CEN, Brussels

Chen L, Rotter M (2012) Buckling of anchored cylindrical shells of uniform thickness under wind
load. Eng Struct 41:199-208

Cheung KF, Wei Y, Yamazaki Y, Yim SCS (2011) Modeling of 500-year tsunamis for
probabilistic design of coastal infrastructures in the pacific northwest. Coast Eng 58:970-985,
Elsevier

Constantin A (2009) On the relevance of soliton theory to tsunami modelling. Wave Motion
46:420-426, Elsevier

Corbet GG, Reid SR, Johnson W (1995) Impact loading of plates and shells by free flying
projectiles: a review. J Impact Eng 18:141-230, 0734-743X(95)00023-2

Cozzani V, Salzano E (2004) The quantitative assessment of domino effects caused by overpressure-
Part I: probit models. J Hazard Mater A107:67-80

Demetracopoulos AC, Hadjitheodorou C, Antonopoulos JA (1994) Statistical and numerical
analysis of tsunami wave heights in confined waters. Ocean Eng 21(7):629-643, Pergamon

Eckert S, Jelinek R, Zeug G, Krausmann E (2012) Remote sensing-based assessment of tsunami
vulnerability and risk in Alexandria, Egypt. Appl Geogr 32:714-723, Elsevier

Federal Emergency Management Agency, FEMA, USA. http://www.fema.gov/photolibrary/
photo_details.do?id=42405

Flouri ET, Kalligeris N, Alexandrakis G, Kampanis NA, Synolakis CE (2011) Application of a
finite difference computational model to the simulation of earthquake generated tsunamis.
Appl Numer Math 67:111-125. doi:10.1016/j.apnum.2011.06.003, Elsevier

GEBCO (2012) General Bathymetric Chart of the Oceans. Retrieved 15 June 2012, from www.
gebco.net

Godoy LA (2007) Performance of storage tanks in oil facilities damaged by Hurricanes Katrina
and Rita. J Perform Constructed Facil 21(6):441-449

Goto Y (2008) Tsunami damage to oil storage tanks. In: The 14 World Conference on Earthquake
Engineering, Beijing

Goto K, Chagué-Goff C, Fujino S, Goff J, Jaffe B, Nishimura Y, Richmond B, Sugawara D,
Szczucinski W, Tappin DR, Witter RC, Yulianto E (2011) New insights of tsunami hazard
from the 2011 Tohoku-oki event. Mar Geol 290:46-50, Elsevier


http://www.fema.gov/photolibrary/photo_details.do?id=42405
http://www.fema.gov/photolibrary/photo_details.do?id=42405
http://www.fema.gov/photolibrary/photo_details.do?id=42405
http://dx.doi.org/10.1016/j.apnum.2011.06.003
http://www.gebco.net/
http://www.gebco.net/

15 Domino Effects and Industrial Risks: Integrated Probabilistic Framework. . . 305

Grasso VF, Singh A (2008) Global environmental alert service (GEAS). Adv Space Res
41:1836-1852, Elsevier

Haugen KB, Lovholt F, Harbitz CB (2005) Fundamental mechanisms for tsunami generation by
submarine mass flows in idealised geometries. Mar Metroleum Geol 22:209-217, Elsevier

Heidarzadeh M, Pirooz MD, Zaker NH (2009) Modeling of the near-field effects of the worst-case
tsunami in the Makran subduction zone. Ocean Eng 36:368-376, Elsevier

Helal MA, Mehanna MS (2008) Tsunamis from nature to physics. Chaos Solitons Fractals
36:787-796, Elsevier

Holden PL (1988) Assessment of missile hazards: review of incident experience relevant to major
hazard plant. Safety and reliability directorate, Health & Safety Directorate

INERIS (2011) (in French) Note de caractérisation du comportement des équipements industriels
a I’inondation. Rapport d’étude DRA-. Adrien Willot et Agneés Vallée, Institut National de
I’Environnement Industriel et des Risques

Jin D, Lin J (2011) Managing tsunamis through early warning systems: a multidisciplinary
approach. Ocean Coast Manag 54:189-199, Elsevier

Kharif C, Pelinovsky E (2005) Asteroids impact tsunamis. Physique 6:361-366

Koshimura S, Namegaya Y et al (2009) Tsunami fragility — a New measure to identify tsunami
damage. J Disaster Res 4(6):479—490

Lees FP (2005) Loss prevention in the process industries, 3rd edn. Butterwort Heinemann, Oxford

Leone F, Lavigne F, Paris R, Denain JC, Vinet F (2011) A spatial analysis of the December 26th,
2004 tsunami-induced damages: lessons learned for a better risk assessment integrating
buildings vulnerability. Appl Geogr 31:363-375, Elsevier

Liu PLF, Wang X, Salisbury AJ (2009) Tsunami hazard and early warning system in South China
Sea. J Asian Earth Sci 36:2—12, Elsevier

Lovholt F, Glimsdal S, Harbitz CB, Zamora N, Nadim F, Peduzzi P, Dao H, Smebye H (2011)
Tsunami hazard and exposure on the global scale. Earth-Sci Rev, Elsevier. doi:10.1016/j.
earscirev.2011.10.002

Lukkunaprasit P, Thanasisathit N et al (2009) Experimental verification of FEMA P646 tsunami
loading. J Disaster Res 4(6):410-418

Madsen PA (2010) On the evolution and run-up of tsunamis. J Hydrodyn 22:1-6. doi:10.1016/
S1001-6058(09)60160-8, Elsevier

Marhavilas PK, Koulouriotis D, Gemeni V (2011) Risk analysis and assessment methodologies in
the work sites : on a review, classification and comparative study of the scientific literature of
the period 2000-2009. J Loss Prev Process Industries 24(5):477-523

Mebarki A, Mercier F, Nguyen QB, Ami Saada R, Meftah F, Reimeringer M (2007) A probabilistic
model for the vulnerability of metal plates under the impact of cylindrical projectiles. J Loss Prev
Process Industries 20:128-134

Mebarki A, Genatios C, Lafuente M (2008a) Risques Naturels et Technologiques : Aléas,
Vulnérabilité et Fiabilité des Constructions — vers une formulation probabiliste intégrée.
Presses Ponts et Chaussées, Paris, ISBN 978-2-85978-436-2

Mebarki A, Mercier F, Nguyen QB, Ami Saada R, Meftah F, Reimeringer M (2008b) Reliability
analysis of metallic targets under metallic rods impact: towards a simplified probabilistic
approach. J Loss Prev Process Industries 21:518-527

Mebarki A, Mercier F, Nguyen QB, Ami Saada R (2009a) Structural fragments and explosions in
industrial facilities. Part I: probabilistic description of the source terms. J Loss Prev Process
Industries 22(4):408-416. doi:10.1016/j.j1p.2009.02.006

Mebarki A, Mercier F, Nguyen QB, Ami Saada R (2009b) Structural fragments and explosions in
industrial facilities. Part II: projectile trajectory and probability of impact. J Loss Prev Process
Industries 22(4):417-425, 10.1016/j.jlp.2009.02.005

Mebarki A (2009) A comparative study of different PGA attenuation and error models: case of
1999 Chi-Chi earthquake. Tectonophysics 466:300-306

Mingguang Z, Juncheng J (2008) An improved probit method for assessment of domino effect to
chemical process equipment caused by overpressure. J] Hazard Mater 158:280-286


http://10.1016/j.earscirev.2011.10.002
http://10.1016/j.earscirev.2011.10.002
http://dx.doi.org/10.1016/S1001-6058(09)60160-8
http://dx.doi.org/10.1016/S1001-6058(09)60160-8
http://dx.doi.org/10.1016/j.jlp.2009.02.006

306 A. Mebarki et al.

Naito C, Cox D et al (2012) Fuel storage container performance during the 2011 Tohoku japan
tsunami. J Perform Constr Fac, 10.1061/(ASCE)CF.1943-5509.0000339

Nandasena NAK, Paris R, Tanaka N (2011) Reassessment of hydrodynamic equations: minimum
flow velocity to initiate boulder transport by high energy events (storms, tsunamis). Mar Geol
281:70-84, Elsevier

Neilson AJ (1985) Empirical equations for the perforation of mild steel plates. J Impact Eng
3:137-142

Nishi H (2012) Damage on Hazardous Materials Facilities. In: international symposium on
engineering lessons learned from the 2011 Great East Japan Earthquake, Tokyo

Nistor I, Palermo D et al (2010) Experimental and numerical modeling of tsunami loading on
structures. In: International conference on coastal engineering, ASCE

Nistor I, Palermo D et al (2010b) In: Kim YC (ed) Tsunami-induced forces on structures. Handbook
of coastal and ocean engineering. World Scientific Publishing Co. Pte. Ltd, Singapore,
pp 261-286

Norio O, Ye T, Kajitani Y, Shi P, Tatano H (2011) The 2011 Eastern Japan great earthquake
disaster: overview and comments. Int J Disaster Risk Sci 2(1):34-42

Ohte S, Yoshizawa H, Chiba N, Shida S (1982) Impact strength of steel plates struck by
projectiles. Bull Japan Soc Mech Eng 25:1226-1231

Palermo D, Nistor I (2008) Tsunami-induced loading on structures. Structure Magazine 3:10-13

Pophet N, Kaewbanjak N, Asavanant J, Ioualalen M (2011) High grid resolution and parallelized
tsunami simulation with fully nonlinear Boussinesq equations. Comput Fluids 40:258-268,
Elsevier

Reese S, Bradley BA, Bind J, Smart G, Power W, Sturman J (2011) Empirical building fragilities
from observed damage in the 2009 South Pacific tsunami. Earth Sci Rev 107:156—173, Elsevier

Ruiz C, Salvatorelli-D’Angelo F, Thompson VK (1989) Elastic response of thin-wall cylindrical
vessels to blast loading. Comput Fluids 32(5):1061-1072

Saatgioglu M (2009) Performance of structures during the 2004 Indian Ocean tsunami and tsunami
induced forces for structural design. Earthquake Tsunamis 11:153-178, A. T. Tankut, Springer
Netherlands

Sakakiyama T, Matsuura S et al (2009) Tsunami force acting on oil tanks and buckling analysis for
tsunami pressure. J Disaster Res 4(6):427-435

Seveso Inspection Tool (2009) Réservoirs de stockage aériens atmosphériques, Deuxiéme version
test, CRC/SIT/012-F

Sladen A, Hébert H, Schindelé F, Reymond D (2007) L’aléa tsunami en polynésie francaise :
apports de la simulation numérique. C R Géosci 339:303-316, Elsevier

Suguino H, Iwabuchi Y et al (2008) Development of probabilistic methodology for evaluating
tsunami risk on nuclear power plants. In: The 14th World Conference on Earthquake Engi-
neering, Beijing

Talaslidis DG, Manolis GD, Paraskevopoulos E, Panagiotopoulos C, Pelekasis N (2004) The Sun
website, UK: http://www.thesun.co.uk/sol/homepage/news/3615721/Four-die-in-oil-refinery-
explosion.html

TNO (2005a) Methods for the calculation of possible damage to people and objects resulting from
releases from hazardous materials. The Green Book CPR16E

TNO (2005b) Methods for the calculations of physical effects — due to release of hazardous
materials (liquids and gases). The Yellow Book CPR14E 2005

Todorovska MII, Hayir A, Trifunac MD (2002) A note on tsunami amplitudes above submarine
slides and slumps. Soil Dyn Earthq Eng 22:129-141, Elsevier

Tsamopoulos JA (2004) Risk analysis of industrial structures under extreme transient loads. Soil
Dyn Earthq Eng 24:435-448

Universita degli Studi di Torino. Laboratory of Molecular Electrochemistry, Italy. http://lem.ch.
unito.it/didattica/infochimica/2008_Esplosivi/Explosion.html

USGS (2011) United States Geological Survey. Retrieved 13/03/2012, 2012, from www.usgs.gov


http://www.thesun.co.uk/sol/homepage/news/3615721/Four-die-in-oil-refinery-explosion.html
http://www.thesun.co.uk/sol/homepage/news/3615721/Four-die-in-oil-refinery-explosion.html
http://lem.ch.unito.it/didattica/infochimica/2008_Esplosivi/Explosion.html
http://lem.ch.unito.it/didattica/infochimica/2008_Esplosivi/Explosion.html
http://www.usgs.gov/

15 Domino Effects and Industrial Risks: Integrated Probabilistic Framework. . . 307

van den Berg AC (1985) The multi-energy method, a framework for vapor cloud explosion blast
prediction. J Hazard Mater 12:1-10

van Zijll de Jong SL, Dominey-Howes D, Roman CE, Calgaro E, Gero A, Veland S, Bird DK,
Muliaina T, Tuiloma-Sua D, Afioga TL (2011) Process, practice and priorities — key lessons
learnt undertaking sensitive social reconnaissance research as part of an (UNESCO-IOC)
International Tsunami Survey Team. Earth-Sci Rev 107:174-192, Elsevier

Ward SN (2011) In: Gupta HK (ed) Tsunamis. Encyclopedia of solid earth geophysics. Springer,
Dordrecht, pp 1473-1492

Wijetunge JJ (2006) Tsunami on 26 December 2004: spatial distribution of tsunami height and the
extent of inundation in Sri Lanka. Sci Tsunami Haz 24(3):225-240

Wilson RI, Dengler LA, Goltz JD, Legg MR, Miller KM, Ritchie A, Whitmore PM (2011)
Emergency response and field observation activities of geoscientists in California (USA)
during the September 29, 2009, Samoa Tsunami. Earth-Sci Rev 107:193-200, Elsevier

Xie M (2007) Thermodynamic and gas dynamic aspects of a BLEVE, Delft University of
Technology, No.: 04-200708

Yeh H (2008) Maximum fluid forces in the tsunami runup zone. J Waterw Port Coast Ocean Eng
132(6):496-501

Zhang DH, Yip TL, Ng CO (2009) Predicting tsunami arrivals: estimates and policy implications.
Mar Policy 33:643-650, Elsevier

Zhao BB, Duan WY, Webster WC (2011) Tsunami simulation with Green-Naghdi theory. Ocean
Eng 3:389-396, Elsevier



	Chapter 15: Domino Effects and Industrial Risks: Integrated Probabilistic Framework - Case of Tsunamis Effects
	15.1 Introduction
	15.2 Integrated Probabilistic Framework for Industrial Explosions and Domino Effects
	15.2.1 General Plant: set of Tanks as Sources of Industrial Accidents and Sequence of Accidents
	15.2.2 First Sequence of Accidents
	15.2.3 Occurrence Probability of the First Accident Within the Plant During a Reference Period, Tref
	15.2.3.1 Hypothesis 1: Case of Homogeneous Sub-populations Within the Whole Population of Tanks
	15.2.3.2 Hypothesis 2: Particular Case of First Sequence of Accidents
	Particular Case: Only One Accident Occurs Once at a Given Time t1
	Number of Accidents that Affect One Tank: During a Reference Period Tref
	Particular Case: k=1
	Synthesis


	15.2.4 Consequences of the First Accident Triggered Within the Plant During a Reference Period, Tref
	15.2.4.1 Subsequent Events and Threats Generated by a Given Accident
	15.2.4.2 Propagation of the First Accident and Threats to the Surrounding Tanks and Facilities
	Propagation of the Accident: Ejected Structural Fragments as Projectiles
	Propagation of the Accident: Fire Ball Generates Thermal Effects
	Propagation of the Accident: Blast Wave
	Propagation of the Accident: Loss of Confinement

	15.2.4.3 Total Energy and Momentum: Conservation Requirements

	15.2.5 General Purpose of the Domino Effect Study and Use of the Occurrence Probability for Decision Making

	15.3 Applications and Sensitivity Analysis
	15.3.1 Risk of Failure
	15.3.2 Structural Fragments: Probability of Impacts and Risk of Failure
	15.3.3 Blast Waves: Effects on Target Tanks and Risk of Failure
	15.3.4 Results and Comments
	15.3.4.1 Comparison Between the Proposed Theoretical Models and the Experimental Results
	15.3.4.2 Sensitivity Analysis and Numerical Simulations


	15.4 Natural Hazards as Triggering Events: Tsunamis Caused by Quakes
	15.4.1 Theoretical Frameworks and Required Steps
	15.4.2 Hazard Modeling: Simplified and Probabilistic Models - Case of Tsunamis
	15.4.3 Industrial Tanks and Vulnerability Under Tsunamis Effects
	15.4.4 Fragility Curves and Risk of Failure

	15.5 General Conclusions
	References


