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Abstract- In the field of risks analysis, the domino effeastbeen documented in technical literature
since 1947. The accidents caused by the dominatedfe the most destructive accidents related to
industrial plants. Fire and explosion are amorg rost frequent primary accidents for a domino
effect due to the units under pressure and thegtoof flammable and dangerous substances. Heat
radiation and overpressure are one of major fade@ding to domino effect on industrial sites and
storage areas. In this paper we present a metingsk assessment of domino effects caused by heat
radiation and overpressure on industrial sitess Tintthodology is based on the probabilistic models
and the physical equations. It allows quantifyihg effect of the escalation vectors (physical efec

in industrial plants, the three areas defined is study may be useful in the choice of safe distan
between industrial equipments. The results havegorahe importance of domino effect assessment
in the framework of risk analysis.

Keywords: Domino effect; Quantitative risk assessment; Explas Fires; Storage areas.

1. Introduction

The accidents caused by the domino effect are thieecause the most catastrophic consequences. The
consequences of these latter are at various lemelsnay affect not only the industrial plants, &lsb people,
environment and economy. The probability of domeftect is increasingly high due to development in
industrial plants, the proximity of such establigmts and their inventories of dangerous substaidess.
potential risk of domino effect is widely recogrizen the legislation since the first "Seveso-I" &itive
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(82/501/EEC), which required the assessment of domifects in the safety analysis of industris@sivhose
activities are subject to this directive. Furthereydhe "Seveso-II" (96/82/EC) extended these requénts to
the assessment of domino effects not only withéngite under consideration, but also to nearbwglds.

An inventory of the past domino accidents [2], mdgehat explosion are the most frequent causewiirth

effect (57%), followed by fires (43%). A study B25 accidents involving domino effects [3], shoWwatt
storage areas are the most probable startersahind effect (35%), followed by process plant (28%s0,

the most frequent accident sequences are expléisgof(®7.6%), fire-explosion (27.5%) and fire-fi{£8%).

To address the problem posed by the assessment amalysis of domino effects in industrial sitesyeral
methods and software tools have been developesi B, 7]. An analytic methodology for the quariiite
assessment of industrial risk due to accidentgdrigd by seismic events has been developed [8F Thi
procedure is based on the use of available dastofitial data) to assess the expected frequencigs a
magnitude of seismic events. A method for assessamgino effects based on Monte Carlo simulation has
been developed by [9]., the authors developed gorithm, which is based on conducting several
hypothetical experiments to simulate the actuablie of a multi-unit system.

Recently, a review of methodologies and softwandstaised in the literature to the study of thecadmg
events [10], shows that, in the last decade, the available odetlbgies for the assessment of domino effects
caused by heat load and overpressure to procegsyas are based on the probit models [11, 12, 13]

The objective of this article is to present a mdtilogy for the quantitative assessment of domirfeces
caused by heat radiation and overpressure to inalshemical plants and storage sites. Next-sulseds
dedicated to a brief definition of the domino effaad its main features, potential sources of donaifiects
and the propagation process. Next, brief analybiprevious works is presented. In the third sectiom
present a methodology for quantitative assessnfetwraino accidents in industrial sites. The fowséttion
uses a case study to illustrate the proposed narakko present typical results. The last sectiarcicmled
this paper.

1.1. Domino effect and escalation

There is no generally accepted definition of whartstitutes domino effects in the context of accisiem the
industrial plants, although various authors hawavidled suggestions [14, 15, 16, 17]. A domino aecidl
event may be considered as an accident in whichnaapy event propagates to nearby equipment (ynits)
triggering one or more secondary events resultmgverall consequences more severe than thoseeof th
primary event [18].

The concept of escalation is a process that pramibie degradation of property (materials, equipsient
systems industrials, ecosystems) and injury to leedpring development of the domino effect (incesas
damages). Thus, in the industrial field, we consitiat any event spreading from equipment andfhustrial
unit to another or from one site to another sit@uth be classified as a domino event.

According to the case histories concerning pastigonaccidents, all the accidental sequences where a
relevant domino effect has took place have threencon features [19]:

» A primary accidental scenario, which initiates tloenino accidental sequence;



» The propagation of the primary event, due to amalation vectors, generated by the physical effects
of the primary scenario, that results in the danafgs least one secondary target;

* One or more than one secondary accidental scer@arigents, involving the same or different plant
units causing the propagation of the primary event.

1.2. Potential sources of domino effects

Potential sources of domino effects are of differgature and are also linked to various initiatéwgnts. In
general, they are distinguished by the nature sisrifrom natural or anthropogenic. In the lati@egory,
there are technological and organizational riskingentional) and the risks of malevolence (intemdl),
knowing that the purpose of study of domino effeéatges into account the combination of these twikstilt
is therefore possible to propose the decompositidhe nature of risks as follows:

a) Natural origins (geological origins and/or atpiosric mainly) [18, 20, 21]:
* Climate origin: forest fires, runoff and floodsjalanches, hurricanes and tornadoes, storms;

» Geological origin: landslides and earthquakes, d@mig, volcanic eruptions and other natural
emissions (gas, etc.).

b) Human origins (organizational and malevolen2@) p3, 24J:

» Organizational origin: Humans failures (incorrectran action, lack of human action), defects in
design, procedures and/or organizational;

* Malevolence origin, thefts, sabotage and/or revexugen, damage of any kind attacks. These actions
may touch or affect the material, but also the gesbor sensitive information.

c¢) Technological origin (fire, explosion and toxeteases):
» Fire: pool fire, flash fire, fireball and jet fire;

» Explosion: confined vapor cloud explosions (CVCERiling liquid expanding vapor explosion
(BLEVE), vented explosion, vapor cloud explosiorC), dust explosion and mechanical explosion;

» Toxic chemicals release: from process or storags aind transportation accidents.

These risks can be combined which significantly glicates the analysis. Sometimes, the very differen
nature of risks involves varied propagation proess3his also leads to the exploitation of différamalysis
methods (deterministic, probabilistic and quantiamethods).

1.3. The propagation process

The propagation process is directly related to gbeential source and the initiating event, but &lsats
immediate environment (field of danger). It is dédsed by a physical-chemical process, but also
informational whose evolution conditions are guidsdfeatures such as: physical (atmospheric, géhg



hydrological) and material (buildings, sites, faigb, roads,...), ecological (vegetation, animals)
informational (detections, observations and infdioma systems) and human (individual behavior,
organization and logistics, local demography). Rwre detailed about the propagation of danger from
potential source to a potential target and the eptscof "source” and "target" and systemic appresct is
advisable to refer to references [25, 26].

2. Domino effect analysis

In the framework of domino effect analysis, thé& ié explosion and fire, characterized by the gubsr of

an accident in an industrial site may lead to dameagd serious consequences for the surrounding$soc
equipment, people, goods and environment. Thetss lzdn generate four main events that may affedtoa
cause the failure of the surrounding process eqensyunits [27] :

» Overpressure/blast waves;

* Heat load;

» Projection of fragments (missiles);
* Toxic release.

Table 2. Probability models and threshold valuedtfe heat radiation, Y is the probit function,
ttf is the time to failure (sec), V is the vesselume (r), and | is the amount of heat radiation received
by the target vesset{y /m?) [36]

Equipment category Threshold Correlation
Atmospheric vessels 15kW /m? Y =12.54 — 1.847 X In (ttf)
t > 10 min In(ttf) = —1.128 x In(I) — 2.667 X 107>V
+9.887
Pressurized vessels 50 kW /m? Y =12.54 — 1.847 X In (ttf)
t >10min In(ttf) = —0.947 x In(I) + 8.835 x /%032

Although several studies were dedicated to thesassent of domino effect caused by fires and exphssi
only few models based on very simplistic assumpgtiare available for the assessment of equipmenagam
caused by heat load and overpressure in the frarkeatalomino effect. The more simple approach pssuob

for the assessment of damage to equipment causddelyand explosions. Several authors propose to
consider zero probability of damage to equipmenhéd physical effect is lower than a threshold edior
damage, and to assume a probability value of otieeifphysical effect is higher than a thresholdigdibr
damage [28,29, 30, 31].

A quantitative study, however, of the domino effees been made by [32]. They have described pessibl
approaches for quantifying the consequences of mmmifects resulting from events giving rise torthel
radiation. A first approach evaluating the frequerecidental explosions was proposed by [33]. They
provided a methodology for predicting domino eféeftom pressure equipment fragmentation.

A simplified model proposed by [34].allows to asst#e damage probability of process equipment chloge
blast wave. The model is based on "experimentafuation of equipment displacement with the subseju



deformation and breakage of connections. The awutbfines the "probit function" (Y) relating equipnte
damage to the peak static overpressutpg@follow:

Y =a+bxIn(P% (1)

whereY is probit function for equipment damage, P Oiskpgtatic overpressure (P@and b are the probit
coefficients.

The probit approach has been followed by [35, 8&],authors have been published articles in whiel t
analyzed and reviewed the existing models to dgvalprobabilistic model for damage evaluation afcsiic
categories of industrial equipments.

The damage probability model proposed by the asthakes into account four categories of industrial
equipments (atmospheric vessels, pressurized gesdehgated vessels, and small equipments). Tdatpr
coefficients and thresholds for overpressure dampigbabilities for four equipment categories are
represented in the table 1.

Table 1. Probit coefficients for different equignh categories [36]

Equipment category a b Threshold
Atmospheric vessels  -18.96 +2.44 22 kPa
Pressurized vessels -42.44 +4.33 16 kPa
Elongated equipments -28.07 +3.16 31 kPa
Small equipments -17.79 +2.18 37 kPa

To estimate the time to failutéef of industrial equipments exposed to fire. A walbwn simplified model
proposed by [37] is based on the probit approabk. duthors proposed damage probability modelstakat
into account the categories of industrial equipmeitible 2 presents the thresholds and probit raddel
two equipment categories.

A methodology for domino effect analysis has beewvetbped by [4] and, some applications in [38, 3%
authors have cited that the intensity of heat tamiaof 37 kW/ni is sufficient to cause severe damage to
process equipment in other installations that dpanader atmospheric conditions. Also, a peak aesgure

of 70 kPa is enough to cause severe damage tosgsrecgliipment and may generate new accidents, either
associated to new explosions or new events invglimes.

A systematic procedure for the quantitative assessuf the risk caused by domino effect to indaslants

has been developed by [19]. This methodology aimsaiculate the propagation probability of primary
scenarios, the expected frequencies of domino svend allowed to estimate the contribution of duami
scenarios to individuals as well as societal risk.

On industrial sites/storage areas, the heat loadoarrpressure generated by BLEVE explosions distan

containing gas or highly pressurized liquids areedks to other surrounding equipment and can lead t
successive explosions and fires. Several studie® lheen done on modeling the impact of BLEVE
explosions on industrial installations [40, 41, 42, 44].



Boiling liquid expanding vapor explosions (BLEVE®E among the diverse major accidents which caarocc
in process industries. It is usually associateth Wit explosion of tanks containing flammable ligu{LPG).
Therefore, to the effects of the BLEVE, one must ttiwbse corresponding to the

fireball often occurring immediately after the esgibn. On the whole, then, the physical effectenfithis
type of explosion are usually i) thermal radiatiohoverpressure (blast) and ii) fragments progct The
BLEVEs mechanism, the causes and consequenceseaenied by [45, 46].

Different formulas are used to quantify the hedtation generated by fire. The radiation from faitor pool
fire on a receptor body located at a distancemftioe center of this latter may be expressed byadl@ving
equation [47]:

TFsD?my He

I(r) = ———— (2)

where I(r) is the heat radiation flokW//m?), F, is the fraction of the generated heat radiatenh frioe flame
surfacem,, is the combustion velocity per unit surface asethe pool [kg/(m?.s)], T, is the atmospheric
transmissivity coefficientti.is a combustion heat (kJ/kg), D is the pool dianet

In experiments with explosives framework, the eglémt mass of TNTnityt) Was used to evaluate the
effects of potential damage of a quantity of fugtdrocarbon) given. The combustion energy availéble
cloud of steam was converted into an equivalensm@d NT (kg).mpnt May be evaluated assuming that an
exploding fuel mass behaves like exploding TNT quoiealent energy basis. Hence, the equivalent rofss
TNT is estimated by using the following equatioB]f4

__ uwmAH (3)

whereyp is the explosion efficiency (0.03 to 0.1), m i tinass of fuel involved in the explosion (KM, is
the energy of explosion of the flammable gas (efiergss) (MJ/KQ)Ernt IS the energy of explosion of TNT
(MJ/KkQ).

In an explosion, the peak overpressure may be at&thusing the following equation:
1616[1+(Z{_’)2]

Je(ae) () ()

where PO(r) is the peak of overpressure (kPa), and is atnewgplpressure (101.3 kPaj), is a scaled

Po(r) =

(4)

1
distance (n/kgz ) which may be estimated using an equivalent mass (myr) as follow:

Ze = _T %)
minT
wherer is distance from the center of the explosion. Nb##, z, can be calculated by setting the threshold
of peak of overpressure for each equipment categjori

=



3. Methodology

An industrial site and storage areas contains nmslasage equipments/units under pressure that may be
subjected to an external and/or internal incidéhie escalation vectors (physical affects) generaftat a

unit rupture (explosion), may affect the surrougdimits, building, personnel and environment. I& th
affected targets are damaged, these latter, mayeafs#ode and generate another threats to otheyuswding
facilities and so on. This accident chain is a dareffect and may lead to catastrophic consequdncas
industrial plant.

3.1 Domino system

We define a domino system as a system which ceratiséast of two subsystenss,(S,), a source subsystem
and a target subsystem (see Fig. 1):

» A source subsystem: its failure may generate aelafphysical effects) that may affect other
surrounding subsystems (heat load, overpressagmints, toxic releases), and

» A target subsystem: it may be affected by the failaf sub-system sources. In addition to these
physical effects, we may include the influencingtéas that can influence or aggravate the target
system damage (malicious acts, human and orgamizhtfactors, intervention system and weather
conditions).

Failure Escalation vectors
Projectiles

Source of S

Danger Heat radiation

Overpressure

Fig.1: Domino system.

In the case of domino effect analysis, the failfra subsystem depends on the dynamic charaateritihe
escalation vectors (input vector), threshold valmed the aforementioned influence factors. Themgitmino
system can be described by the following vectoction [49, 50]:

=N dt) (6)
o X =(xq,% ...,xp)T: is a real vector (input vector) with dimension in a space of physical state at

time t.x; may be divided into two types of parameters, rangbgsical parameters (physical effects)
and influence factors (intervention system and dnuifactor);



e d= (dq1,d; ...,dg)T: is a real vector (input vector) with dimensiond; represents the deterministic
input parameters of the system (physical charatiesiof system like thresholds);

s V=LY, ..,y :is the vector of system output witk dimensions,y; is random variable
depending on input parameters.

3.2 Representation of system states

An industrial system composed of several subsystéms,, ...,S,). In the framework of domino effect
analysis, each unit can be characterized by th@isig three main states [51, 52]:

Statel, run state
S; State2,af fected state
State3, failure state

« State 1: In normal operation, the output values correspuydd the input parameters of the system
are less than the threshold values respectivelthisnstate, the unit may be affected by the etioala
vector(s) generated by a primary event,

+ State 22 While the intensity or the value(s) of escalati@ctor(s) is equal to its corresponding
threshold value, the unit says affected, and

e State 3: While the value of the escalation vector(s) isatgethan its corresponding threshold value.

To study the domino accidental sequence, one dandsa starting point, the failure of at least oné as
initiating event. Based on the assumption, theed isast one failed subsystem. Figure 2 preshatpdssible
transitions states in the case of two subsysterits/un

3.3 Failure probability

In normal operation, the output valugscorresponding to the input parameters of the syste less than the
threshold valueg,; respectively. While the value of any outputof system for an entry point is greater than
its corresponding threshold valyg, the system says failed. Then, the failure fumctimat describes the state
of the system may define as follows:

G(X) =Yo—y (7)

Wherey, is the threshold criterion (defined for each sygtandy is the output of target system. If it exists
for which G;(x,t) < 0, then the system says failed.



Primary Unit Secondary Unit

3 Escalation vectors 3

Fig. 2. Transition between states

After calculating the failure function, the failupgobability Py, for each escalatiomector may be calculated
by the following equation:

Pfi = P[Gi(x, t) < O] (8)

The total failure probabilit)PF]. for all the escalation vectors that affects thg@eatisubsystemsf) may be
calculated with the following equation:

Pr, = P[UE{Gi(X) < 0}] )

3.4 Domino effect probability/affected zones

While failure probabilityPFj is known for each subsystem, the probability ahdw effect and the damage

radii (affected zones) may be evaluated for thelgvegstem. Domino effect consists in interactiotween a
minimum of two zones. The damage radii and the otazhzones are presented in the figure 3. The damag
level is increased in involved areas, but alsoarhempacted zone.

Failure
Probability

Zoneof Zone of
Certaindestruction | possible destruction

0,75

Safety
zone

0,50

0,25

Rimax R (m)

Fig.3. The affected zones



According to the figure 3, we can define three naffected zones i) zone of certain destructionpedicess
equipment located in this area are failed wililufe probabilityPr = 1, i) zone of possible destruction; in
this zone the failure probability is between<®; < 1, and iii) safety zone; the failure probabilitf the
process equipmen®; = 0.

The probability of each domino scenario (domincidental sequence) may be calculated as follows:

PDOi = H?:l PF]' (10)

where n is the number of the failed sub-systems involvingthe domino sequencéy,, is the joint
probability that each unit from sequendails.

4. The case-study

The above defined methodology was used in the stash-in order to assess domino effect in the cdise
storage area. Figure 4 shows the lay-out considerthils case study. The type of equipments/Lamts their
inventory are shown in the table 3 bellow.

TK-3 W .fﬂ!d\
\ TK5 ol
T

TK-4 ’1

"hL’I u-*ﬁd 30 m/,fl’{’u-‘ﬁ,ﬂ

TKT7

Fig.4. Lay-out used for the case study

Table 3. Equipment considered in the case-study

Failure
Tank Type Substance Content (t) frequency
TK1 Pressurized tank LPG 150 9x 107

TK2-7 Atmospheric tank Ethanol 315 107¢
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4.1 Effects on surrounding equipments

We assume that a primary scenario has caused phe@reucatastrophic failure) of one tank. The latan
generate three escalation vectors; i) heat radigiipoverpressure wave and iii) fragments, thlesier may
affect the surrounding equipments.

Some simplifications are used in the present stadly the effects of heat radiation and overpressuave
has been considered. The influence parametersugaid case are tabulated in the table 4.

Table 4 The influence parameters used in the case afrhdation and overpressure waves, R is sphe

tank rayon.

Random parameters Probabilistic distribution

Ernr: EXplosion energy Ernr~N(4.50,0.15)

m: Mass involved in the explosion m~N(0.80,0.04) x m,

u: Explosion efficiency u~N(0.65,0.18)

T: Atmospheric transmissivity 7~U(0.20,0.80)

F,: Fraction of the generated heat F,~N(0.26,0.08)
D: Pool di. t In(2R X D D

ool aiameter D~Log _ N( ( . max)’ 0.26 X In ( ;n};lx))

In the case-study, only primary and secondary evewdre considered. The figure 5 shows the failure
probability in function of the distance resultirrgrh the explosion of the TK1 in case of overpressifects.
We can define three types of zone: i) zone of cedastruction, ii) zone of possible destructiond aii)
safety zone.

=

&
[
A

----  Zone of certain
0g----  destruction

vl
&
=%

T

Failure Prols

Bayon ()

Fig. 5. Failure probability resulting from the tupe of the TK1
in the case of overpressure

We remark that the whole process equipment thainattee area limited by the radius of 18¢have failed
with failure probabilityP- = 9.4 x 107° in the case of overpressure waves, and the rafid80m with
failure probabilityP- = 10™* in the case of heat radiation.
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The failure probabilityP; due to the effects of the two escalation vectbea( radiation and overpressure
waves) are represented in the following table % Tibure 6 presents the affected zones generatetieby
catastrophic failure (rupture) of the tanks in tiase of heat radiatio#; (zone of certain destruction) adgd
(zone of possible destruction) estimated for thierfa probabilityP, = 0.9 x 10~ respectively.

Table 5. Probabilit)Pfj due to the effects of heat radiation and overpiress

Failed tank Escalation Vector Target tank Failuabability
TK1 Heat radiation TK2-6 1.21 x 1071
TK1 Heat radiation TK4 1.32 x 1071
TK1 Overpressure TK2-6 7.51 x 107
TK1 Overpressure TK4 2.2x107*
TK2 Heat radiation TK2-5-6 2.84x 1071
TK2 Heat radiation TK3-7 1.75 x 1071
TK2 Overpressure TK2-5-6 9.46 x 1071
TK2 Overpressure TK3-7 8.91 x 1071

Fig.6: Affected zones Z1 and Z2 in case of heattamh.

1.1. Domino effect scenarios

To estimate the domino effect sequences, we assimbehe two events (heat radiation and overpressur
waves) are independents. The probability of eacmino sequencePp,; for each domino scenario is
tabulated in the table 6.
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Table 6. The probability for each considered donsicenario

Scenarios Domino effect sequence Failure probability Bp,,)
1 TK1-TK4-TK5 1.17 x 107°
> TK4-TK6-TK7 1.08 x 1076
3 TK4-TK6-TK7 8.75 x 1077
4 TK5-TK4-TK1 2.02x 1078

5. Conclusion

A quantitative method for the assessment of doneffiects in industrial sites has been developedis t
paper. It allows quantifying the effect of heatdoand over pressuring waves in industrial plantd/@n
storage areas. Based on this method, we can ezdhaffailure probability for each subsystem (yrafjer
the probability of domino scenario (domino sequg¢may be evaluated for all the system. The threasr
defined in this study (zone of certain destructimame of possible destruction, and safety zone) Ineayseful
in the choice of safe distances between industgalpments.

Domino effect caused by fragments is not studiethia paper. However, the projectiles generatedhty
explosion of a tank (unit) containing gas or higlgsessurized liquids are threats to other surrogndi
equipment and can lead to successive explosions amain of accidents. Hence, domino effect calised
fragments must be considered to evaluate the faitate probability for each equipment resultingrr the
combination of these events (heat load, overpresasnd fragments). Also, heat radiation and ovegue
effects can affect not only the industrial equiptsebut also environment and people. So, a human
vulnerability models to the heat radiation and pvessure effects should be developed to estimae th
individual and societal risk.

The analysis above shows the importance of domifexteassessment in the framework of risk analysis.
Hence, it shows that must much more importancettaehed to the study of this phenomenon. Finally,
domino effects need more scientific investigatigmesticularly in terms of quantitative assessmdntisks
and damage with probabilistic and deterministic eliog).
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