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The quantitative assessment of domino effect caused by overpressure
Part II. Case studies
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Abstract

A quantitative assessment of the contribution to industrial risk of domino effect due to overpressure was undertaken by using the damage
probability models developed in part I. Two case studies derived from the actual lay-out of an oil refinery were analyzed. Individual and
societal risk indexes were estimated both in the absence and in the presence of the domino effects caused by overpressure. An increase of
individual risk up to an order of magnitude was found when considering domino effects.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Damage to equipment caused by blast waves is an im-
portant source of accidents involving domino effects[1–5].
Nevertheless, as discussed in part I[6], almost all the
approaches reported in the literature are based on oversim-
plified methods for the estimation of the propagation prob-
abilities, such as vulnerability tables or threshold values.
Existing models for the assessment of the damage probabil-
ity to the process equipment due to overpressure were re-
vised in the part I, showing that they may lead to completely
unrealistic propagation probability figures, with errors that
not always are on the safe side. Hence, more detailed probit
models were developed on the basis of available literature
data for overpressure damage to the process equipment.

In the present study, a quantitative assessment of the
contribution to industrial risk of domino effect due to over-
pressure was undertaken. Two case studies were defined,
both derived from the actual lay-out of an existing oil refin-
ery. Individual and societal risk indexes were then estimated
in the presence and in the absence of domino effect using
the Aripar-GIS 2.1 software[7]. The approach proposed by
Cozzani and Zanelli[8] was used to assess the contribution
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of domino effect to the risk indexes. The probit models
developed in part I, as well as other literature models were
used to estimate damage probabilities of process equipment.
The values of the risk indexes obtained from the different
approaches were thus compared and analyzed.

2. The case studies

2.1. Definition of case studies and risk assessment not
considering domino effect

The case studies were selected in order to allow the as-
sessment of domino effects caused by overpressure between
pressurized storage vessels, atmospheric process, or storage
units. The choice was addressed by the analysis of historical
records on domino events in the last decades[9,10], which
evidenced that these units were the targets of some of the
more severe domino events experienced. The case studies,
described in detail in the following, were derived from the
actual lay-out of an existing Italian oil refinery.

With respect to the consequence assessment of primary
events (i.e. not considering domino effect) the guidelines
proposed by the well-known “yellow book” and “purple
book” [11,12] were followed for the definition of primary
scenarios, for the selection of the expected frequencies, for
the estimation of ignition probabilities, for the assessment
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Nomenclature

EV expectation value or potential life loss
fD frequency of the domino event
fT frequency of the primary top event
F probability
Fd probability of failure
Fe probability of the secondary scenario, given

the failure of the target unit
Fs probability of the primary scenario
k1 probit coefficient
k2 probit coefficient
N number of events
�P static overpressure (kPa g)
�Pth static overpressure, threshold (kPa g)
rth distance at which a threshold overpressure

corresponding to 25% of probability of
damage is reached (m)

V vulnerabilities (death probabilities)
Y probit

Subscript
◦ peak

of pool fire radiation and in general for the assessment of
the consequences of accidental events. For the estimation
of societal risk, an homogeneous distribution of population
was assumed, with a density of 5× 10−3 workers/m2. This
approximation was necessary in order to obtain more com-
prehensible results, getting rid of discontinuities that may
arise in societal risk results if an inhomogeneous population
distribution is considered.

Table 1
Damage probability models

Model Reference Damage probability (F) Equipment Coefficients

k1 k2

Present study [6] Y = k1 + k2 ln(�P◦) , Y: probit for equipment
failure; �P◦: peak static overpressure (Pa)

Atmospheric 18.96 2.44
Pressurized 42.44 4.33
Elongated 28.07 3.16
Small −17.79 2.18

Bagster and Pitblado [14] Fd =
(

1 − r

rth

)2

, r: distance from explosion

center (m);rth: distance from explosion center
at which static overpressure equals�Pth

All ∆Pth = 36 kPa

Eisenberg et al. [15] Y = k1+k2 ln(�P◦)Y , Y: probit for equipment
failure; �P◦: peak static overoverpressure (Pa)

All −23.8 2.92

Khan and Abbasi [16] if �P◦ < 70 kPa : Fd = 0
if �P◦ ≥ 70 kPa : Y = k1 + k2 ln(�P◦)Y :
probit for equipment failure;�P◦: sum of
static and dynamic overpressure (kPa)

All −23.8 2.92

Gledhill and Lines [17] if �P◦ < �Pth : Fd = 0 Atmospheric �Pth = 7 kPa
if �P◦ ≥ �Pth : Fd = 1 Pressurized �Pth = 38 kPa

Fd: failure probability;Y: probit value corresponding to failure probability.

The Aripar-GIS 2.1 software was used to assess the in-
dividual and societal risk due to the accidental scenarios.
The software as well as the methodology for the assessment
of risk indexes is fully described elsewhere[7,13]. Starting
from the well-knownF–N curves representing the societal
risk, the “expectation value” (EV) or potential life loss was
also calculated[19]:

EV =
∫ N

0
F(N) dN (1)

whereN is the number of events.
The above risk indexes were calculated either not consid-

ering or taking into account of domino effect. In the con-
text of the present study, only the domino effects caused by
overpressure were analysed, whereas the potential domino
hazard due to pool fire and jet fire radiation were not con-
sidered. Damage probabilities of process equipment due to
overpressure were estimated by using both literature mod-
els and probit models developed in part I for the differ-
ent categories of process equipment[6]. Table 1summa-
rizes the damage probability models. Besides the probit ap-
proach developed herein, damage probabilities were also
calculated by using the Bagster and Pitblado model[14],
the probit model proposed by Eisenberg et al.[15], and
the approach proposed by Khan and Abbasi[16]. The lat-
ter consists of a probit model similar to that of Eisenberg
et al.[15] jointly to a 70 kPa damage threshold. For the sake
of comparison, the vulnerability model proposed by Gled-
hill and Lines [17], based on damage threshold values of
7 kPa for atmospheric equipment and of 38 kPa for pressur-
ized vessels, was also considered. Extended discussion of
the different damage probability models was presented in
part I.
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Fig. 1. Lay-out defined for case study 1.

2.2. Case study 1: LPG storage vessels and atmospheric
tank farm

Case study 1 refers to the quantitative risk assessment of
two adjacent storage units: a storage area for atmospheric
fuel tanks and an LPG tank farm.Fig. 1 reports the lay-out
considered in the analysis. The atmospheric tank farm is
composed of 11 atmospheric storage tanks, each storing
8000 t of low volatility fuel oil. The LPG storage was
schematized as composed of three pressurized vessels: a
1000 t butane sphere and two horizontal pressurized storage
tanks containing propane.Table 2reports a complete list of
the equipment and the inventory. Layout data are completed
by Table 3, which reports the distances between the LPG
vessels and the atmospheric tanks.

Table 2
Storage vessels of atmospheric storage unit and of the nearby LPG farm
as considered for case 1

Vessel Type Substance Content,t

D101 Pressurized tank Butane 1000
D111 Pressurized tank Propane 50
D112 Pressurized tank Propane 50
D201 Atmospheric tank Fuel oil 8000
D202 Atmospheric tank Fuel oil 8000
D203 Atmospheric tank Fuel oil 8000
D204 Atmospheric tank Fuel oil 8000
D205 Atmospheric tank Fuel oil 8000
D206 Atmospheric tank Fuel oil 8000
D207 Atmospheric tank Fuel oil 8000
D208 Atmospheric tank Fuel oil 8000
D209 Atmospheric tank Fuel oil 8000
D210 Atmospheric tank Fuel oil 8000
D211 Atmospheric tank Fuel oil 8000

Table 3
Distances between equipment and calculated peak overpressures (�P◦,
kPa) for case study 1

Distance (m) �P◦ (kPa)

D101 D111 D112 D101 D111 D112

D101 – 355 242 – 11 20
D111 355 – 171 38 – 38
D112 242 171 – 69 38 –
D201 326 184 274 42 32 17
D202 282 207 265 54 26 18
D203 244 235 264 72 22 18
D204 209 280 275 92 17 17
D205 300 142 225 47 50 23
D206 264 174 219 62 35 25
D207 211 209 218 91 26 25
D208 174 258 233 100 19 22
D209 133 242 188 100 20 31
D210 282 106 181 53 85 33
D211 232 146 170 75 48 36

The primary scenarios considered for the risk assessment
of this case study are reported inTable 4. It is worth noting
that the primary scenarios considered were limited to pool
fires for the atmospheric tank, since the low volatility of fuel
oil limits the formation of flammable clouds due to pool va-
porization. With respect to the LPG vessels, a reduced set of
primary scenarios has been considered for the sake of sim-
plicity. Fig. 2 shows the calculated peak overpressure with
respect to distance for the UVCEs considered as primary
accidental scenarios.Figs. 3 and 4show the individual and
societal risk calculated for the case study 1, without consid-
ering domino effect. These results will be used in the fol-
lowing to understand the contribution of domino effect to
the risk indexes.

The UVCEs considered in the consequence analysis were
considered as possible sources of domino effect. On the
basis of the blast curves reported inFig. 2, the resulting
overpressures on the adjacent equipment were evaluated.

Fig. 2. Overpressures as a functions of distance for the primary UVCEs
considered in the two case studies.
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Table 4
Primary scenarios considered for the two case studies

Case study Vessel Top event Frequency, events/year Scenario Probability

1 D101 (LPG sphere) Leak (10 mm) 1× 10−5 Jet fire 0.20
Flash fire 0.50

Instantaneous release (complete content) 1× 10−6 Fire ball 0.70
Flash fire 0.12
UVCE 0.08

D111 and D112 (LPG horizontal storage vessels) Leak (10 mm) 1× 10−5 Jet fire 0.20
Flash fire 0.50

Instantaneous release (complete content) 1× 10−6 Fire ball 0.70
Flash fire 0.12
UVCE 0.08

D201–D211 (atmospheric storages) Leak (10 mm) 1× 10−4 Pool fire 0.10
Instantaneous release 1× 10−5 Pool fire 0.10

2 C615 (distillation column) Leak (10 mm) 1× 10−4 Pool fire 0.10
Flash fire 0.50

Instantaneous release (complete content) 1× 10−5 Pool fire 0.10
Flash fire 0.30
UVCE 0.20

TK80 (LPG horizontal storage vessels) Leak (10 mm) 1× 10−5 Jet fire 0.20
Flash fire 0.50

Instantaneous release (complete content) 1× 10−6 Fire ball 0.70
Flash fire 0.12
UVCE 0.08

D401–408 (atmospheric storages) Leak (10 mm) 1× 10−4 Pool fire 0.10
Instantaneous release (complete content) 1× 10−5 Pool fire 0.10

Flash fire 0.30
UVCE 0.20

Fig. 3. Individual risk in the absence of domino effect for case study 1.
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Fig. 4. Societal risk (F–N curves) calculated for case study 1.

Table 3 shows the results obtained. The explosion center
was assumed at the location of the specific storage vessel
involved in the accidental release of the liquid fuel, also
considered as the center of the vapour cloud.

Table 5 shows the damage probabilities calculated for
each vessel considered in the case study 1 on the basis of
the distance from explosion center and vessel category. As
expected, the high overpressures caused by the severe pri-
mary accidents considered in the simulation (UVCEs fol-
lowing a catastrophic vessel rupture) were found to cause
very high damage probabilities on the atmospheric storage

Table 5
Damage probabilities calculated by using different damage propagation models for case study 1

Present study Bagster and Pitblado[14] Khan and Abbasi[16] Eisenberg et al.[15] Gledhill and Lines[17]

D101 D111 D112 D101 D111 D112 D111 D112 D112 D101 D111 D112 D101 D111 D112

D101 – 0.00 0.00 – 0.00 0.00 – 0.00 0.00 – 0.07 0.55 – 0.00 0.00
D111 0.03 – 0.03 0.00 – 0.00 0.00 – 0.00 0.96 – 0.96 1.00 – 1.00
D112 0.79 0.03 – 0.11 0.00 – 0.00 0.00 – 1.00 0.96 – 1.00 1.00 –
D201 0.97 0.91 0.49 0.01 0.00 0.00 0.00 0.00 0.00 0.99 0.90 0.42 1.00 1.00 1.00
D202 1.00 0.80 0.52 0.05 0.00 0.00 0.00 0.00 0.00 1.00 0.81 0.45 1.00 1.00 1.00
D203 1.00 0.68 0.52 0.11 0.00 0.00 1.00 0.00 0.00 1.00 0.66 0.45 1.00 1.00 1.00
D204 1.00 0.40 0.49 0.18 0.00 0.00 1.00 0.00 0.00 1.00 0.30 0.42 1.00 1.00 1.00
D205 0.99 1.00 0.73 0.03 0.04 0.00 0.00 0.00 0.00 1.00 1.00 0.70 1.00 1.00 1.00
D206 1.00 0.95 0.77 0.07 0.00 0.00 0.00 0.00 0.00 1.00 0.96 0.76 1.00 1.00 1.00
D207 1.00 0.80 0.77 0.17 0.00 0.00 1.00 0.00 0.00 1.00 0.81 0.76 1.00 1.00 1.00
D208 1.00 0.53 0.69 0.27 0.00 0.00 1.00 0.00 0.00 1.00 0.47 0.66 1.00 1.00 1.00
D209 1.00 0.60 0.90 0.40 0.00 0.00 1.00 0.00 0.00 1.00 0.55 0.88 1.00 1.00 1.00
D210 1.00 1.00 0.93 0.05 0.16 0.00 0.00 1.00 0.00 1.00 1.00 0.92 1.00 1.00 1.00
D211 1.00 1.00 0.95 0.13 0.03 0.00 1.00 0.00 0.00 1.00 1.00 0.96 1.00 1.00 1.00

vessels. Damage probabilities close to one (damage is cer-
tain) are obtained for almost all the atmospheric vessels ei-
ther using the probit model, developed in the present study,
or the model by Eisenberg et al.[15]. On the other hand, the
70 kPa threshold value used in the approach of Khan and
Abbasi [16] is seldom exceeded, and a zero damage prob-
ability results in this approach for most of the atmospheric
vessels. It must be also remarked that, when the 70 kPa
threshold is reached, the probit model given by Khan and
Abbasi yields a damage probability near to one (damage is
certain).
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The Bagster and Pitblado[14] model, based on a damage
threshold of 36 kPa, yields a damage threshold distancerth of
364 m for the UVCE caused by the butane sphere D101, and
a damage threshold distance of 175 m for the propane vessels
D111 and D112. Thus, damage probabilities caused by the
primary UVCEs originated from vessels D111 and D112, if
present, result very low, while those caused by the UVCE
originated from vessel D101 are consistent. The analysis of
Tables 3 and 5also shows that the Bagster and Pitblado[14]
model, particularly in the vicinity of the explosion center,
always yields lower values of the damage probabilities with
respect to the probit models. Furthermore, it is clear from
Table 5that the use of vulnerability tables based on very low
overpressure threshold values, as suggested by some other
authors[17,18], may lead to extremely conservative results.

Even more important differences are present in the results
reported inTable 5for the pressure storage vessels (D101,
D111, and D112). The probit model by Eisenberg et al.[15]
is shown to yield the higher damage probabilities, above 0.5
in all but one case. Also the vulnerability model of Gledhill
and Lines[17] yields high damage probabilities, although
the overpressures on the D101 vessel are below the threshold
of 38 kPa. On the other hand, the damage threshold of 70 kPa
is never exceeded: no damage is expected on pressurized
vessels using the approach of Khan and Abbasi. The probit
model developed in the present study for pressure vessels
yields low damage probabilities in all cases but one. Finally,
the Bagster and Pitblado approach also yields low damage
probabilities. In the following section it will be shown that
these considerations will lead to important differences for
the calculated risk indexes.

2.3. Case study 2: atmospheric tank farm and process
vessels

Case study 2 again involves possible domino effects be-
tween atmospheric and pressurized storage vessels. How-
ever, important differences were present with respect to
case 1: (i) the atmospheric tanks in this case contain fuels
with higher volatility, thus requiring to take into account
the UVCEs caused by pool vaporization as a consequence
of accidental releases from the tanks; and (ii) a distillation

Table 7
Distances (m) between storage and process vessels considered in case study 2

C615 TK80 D401 D402 D403 D404 D405 D406 D407 D408

C615 – 253 85 130 179 124 163 200 165 190
TK80 253 – 188 137 85 203 158 115 223 182
D401 85 188 – 50 100 50 71 112 100 112
D402 130 137 50 – 50 71 50 71 112 100
D403 179 85 100 50 – 112 71 50 142 112
D404 124 203 50 71 112 – 50 100 50 71
D405 163 158 71 50 71 50 – 50 71 50
D406 200 115 112 71 50 100 50 – 112 71
D407 165 223 100 112 142 50 71 112 – 50
D408 190 182 112 100 112 71 50 71 50 –

Table 6
Process and storage vessels considered in case study 2

Vessel Type Substance Content,t

C615 Distillation column N-hexane 5
TK80 Pressurized tank Propane 50
D401 Atmospheric tank Gasoline 2000
D402 Atmospheric tank Gasoline 2000
D403 Atmospheric tank Gasoline 2000
D404 Atmospheric tank Gasoline 2000
D405 Atmospheric tank Gasoline 2000
D406 Atmospheric tank Gasoline 2000
D407 Atmospheric tank Gasoline 2000
D408 Atmospheric tank Gasoline 2000

column is present quite near the atmospheric storages, thus
possible domino effects involving process vessels should be
taken into account. A detailed list of the equipment and the
distances between the equipment items considered in this
analysis are shown inTables 6 and 7. Fig. 5shows the lay-out
considered for the case study. Again, a simplified QRA of
the case study was necessary to estimate the individual and
societal risk indexes caused by primary accidental scenar-
ios, not taking into account domino effect.Table 4shows
the primary scenarios used in the risk assessment.Figs. 6
and 7show the individual and societal risk calculated in the
absence of domino effect.

Fig. 2 shows the overpressure curves with respect to the
distance for the primary UVCEs that were considered as
possible causes of domino effect.Table 8reports the over-
pressures caused by the primary UVCEs on the equipment
items considered in this case study.

Table 9shows the damage probabilities calculated for the
process and storage vessels considered in the analysis using
three different approaches: (i) the probit models developed
in part I [6]; (ii) the Bagster and Pitblado model[14]; and
(iii) the vulnerability model proposed by Gledhill and Lines
[17], based on a threshold value of 7 kPa for fixed roof tanks
and of 38 kPa for pressurized tanks.

The limited inventory involved in the loss of containment
from the distillation column C615 causes extremely low
probabilities of triggering domino events by overpressure.
On the other hand,Table 9confirms the damage potential
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Fig. 5. Lay-out defined for case study 2.

Fig. 6. Individual risk in the absence of domino effect for case study 2.
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Fig. 7. Societal risk (F–N curves) calculated for case study 2.

of the severe UVCE considered for the TK80 pressure ves-
sel. However, the main evidence that comes from this case
study is that domino effects inside the tank farm originated
from UVCEs, caused by the loss of containment of atmo-
spheric vessels, are unlikely. Damage probabilities close to
zero were found using the probit models developed, as well
as the Bagster and Pitblado model. No damage (Fd = 0) is
expected to be caused to nearby equipment by the UVCEs
of atmospheric storage vessels (D401-D408) also in the ap-
proach proposed by Khan and Abbasi[16], since the 70 kPa
threshold is never exceeded, as shown byTable 8. The dam-
age probabilities obtained by the approach of Khan and Ab-
basi were very similar to those obtained with the Bagster
and Pitblado approach, thus, were not reported inTable 9
for the sake of clarity.

Table 8
Peak overpressure (kPa) caused by primary UVCEs on process and storage vessels considered in case study 2

C615 TK80 D401 D402 D403 D404 D405 D406 D407 D408

C615 – 19 5 2 1 3 1 0 1 0
TK80 0 – 0 2 5 0 1 3 0 0
D401 0 30 – 10 4 10 8 4 4 4
D402 0 55 10 – 10 8 10 8 4 4
D403 0 100 4 10 – 4 8 10 2 4
D404 0 28 10 8 4 – 10 4 10 8
D405 0 45 8 10 8 10 – 10 8 10
D406 0 81 4 8 10 4 10 – 4 8
D407 0 23 4 4 2 10 8 4 – 10
D408 0 29 4 4 4 8 10 8 10 –

As a matter of fact, the primary UVCEs considered for the
atmospheric tanks resulted in very low overpressure (lower
than 10 kPa) and consequently low effects on the nearby
equipment. Although this result depends on the primary
scenario and on the lay-out considered, it is well known
that UVCEs having a high damage potential in the far field
are not likely to be originated by the loss of containment
of flammable liquids at ambient temperature. Nevertheless,
completely different results could be obtained for the case
study if a vulnerability threshold of 7 kPa, as suggested by
some authors for fixed roof atmospheric storage tanks[17],
was used.Table 9shows the damage probabilities obtained
by this approach.

The results obtained confirm that the selection of damage
probability models is a key point in the quantitative assess-
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Table 9
Damage probabilities calculated using different damage propagation models for case study 2

C615 TK80 D401 D402 D403 D404 D405 D406 D407 D408

Present study
C615 – 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TK80 0.00 – 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D401 0.00 0.88 – 0.07 0.00 0.07 0.03 0.00 0.00 0.00
D402 0.00 1.00 0.07 – 0.07 0.03 0.07 0.03 0.00 0.00
D403 0.00 1.00 0.00 0.07 – 0.00 0.03 0.07 0.00 0.00
D404 0.00 0.84 0.07 0.03 0.00 – 0.07 0.00 0.07 0.03
D405 0.00 0.99 0.03 0.07 0.03 0.07 – 0.07 0.03 0.07
D406 0.00 1.00 0.00 0.03 0.07 0.00 0.07 – 0.00 0.03
D407 0.00 0.73 0.00 0.00 0.00 0.07 0.03 0.00 – 0.07
D408 0.00 0.85 0.00 0.00 0.00 0.03 0.07 0.03 0.07 –

Bagster and Pitblado[14]
C615 – 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TK80 0.00 – 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D401 0.00 0.00 – 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D402 0.00 0.05 0.00 – 0.00 0.00 0.00 0.00 0.00 0.00
D403 0.00 0.26 0.00 0.00 – 0.00 0.00 0.00 0.00 0.00
D404 0.00 0.00 0.00 0.00 0.00 – 0.00 0.00 0.00 0.00
D405 0.00 0.01 0.00 0.00 0.00 0.00 – 0.00 0.00 0.00
D406 0.00 0.12 0.00 0.00 0.00 0.00 0.00 – 0.00 0.00
D407 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 – 0.00
D408 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 –

Gledhill and Lines[17]
C615 – 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TK80 0.00 – 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
D401 0.00 1.00 – 1.00 0.00 1.00 1.00 0.00 0.00 0.00
D402 0.00 1.00 1.00 – 1.00 1.00 1.00 1.00 0.00 0.00
D403 0.00 1.00 0.00 1.00 – 0.00 1.00 1.00 0.00 0.00
D404 0.00 1.00 1.00 1.00 0.00 – 1.00 0.00 1.00 1.00
D405 0.00 1.00 1.00 1.00 1.00 1.00 – 1.00 1.00 1.00
D406 0.00 1.00 0.00 1.00 1.00 0.00 1.00 – 0.00 1.00
D407 0.00 1.00 0.00 0.00 0.00 1.00 1.00 0.00 – 1.00
D408 0.00 1.00 0.00 0.00 0.00 1.00 1.00 1.00 1.00 –

ment of domino effect due to overpressure. In the following
section, it will be shown that the use of very conservative
approaches to damage probability may have an important
effect also on the values of individual and societal risk.

3. The contribution of domino effect caused by
overpressure to individual and societal risk

3.1. Individual and societal risk estimation in the presence
of domino effect

The quantitative assessment of risk due to domino effect
caused by overpressure required the definition of the sec-
ondary scenarios triggered by the loss of containment of sec-
ondary targets. Simplifying assumptions were necessary to
afford calculations, and a limited number of representative
secondary scenarios were defined.

In the case of atmospheric vessels, the more realis-
tic hypothesis for the secondary scenario was considered
a pool fire involving the entire vessel inventory. Indeed,
the ignition can be considered as certain when explosion

takes place, and extended damages are caused by the blast
wave.

With respect to secondary events involving the LPG stor-
age vessels, a wider number of scenarios are possible fol-
lowing the damage caused by overpressure. In particular, jet
fires are expected if low intensity damages arise from the
interaction with blast waves, while Fire balls are the most
credible scenario following an extended damage of the ves-
sels. Thus, two secondary scenarios were considered: a Fire
ball, with a probability of 0.5, and a jet fire, with a probabil-
ity of 0.5. Consequence evaluation of the secondary events
was performed following the assumptions discussed for the
primary events.

The methodology described in a previous study[8] was
followed for the calculation of individual and societal risk
due to the accidental scenarios caused by domino effects. In
particular, the expected frequency of the secondary scenario
was calculated by means of the following equation:

fD = fTFsFdFe (2)

where fD is the resulting frequency of the domino event,
fT the expected frequency of the primary top event,Fs the
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probability of the scenario causing the propagation,Fd the
equipment damage probability, andFe the probability of the
secondary scenario given the failure of the target unit. The
expected consequences were calculated from the vulnerabil-
ity maps of the interacting scenarios:

VD(x, y) = V1(x, y) ∪ V2(x, y) (3)

whereV1 andV2 are the vulnerabilities (death probabilities)
obtained from the probit functions for the primary and sec-
ondary scenarios at a generic location of co-ordinates (x, y)
[13]. The approach proposed by Cozzani and Zanelli[8] was
followed to define the probability combination inEq. (2)
and to calculate the vulnerability of domino events.

3.2. The contribution of domino caused by overpressure in
case study 1

In order to understand the effect of domino events caused
by overpressure, the individual and societal risk curves were
calculated using the different damage probability models
which were previously described. The results obtained us-
ing the probability models developed in the present study,
reported inFig. 8. Fig. 9, shows the individual risk curves
obtained if the domino contribution is calculated using the
probit model given by Eisenberg et al.[15]. Fig. 4reports the
calculatedF–N societal risk curves. The figure also reports,
for the sake of comparison, theF–N curves obtained using

Fig. 8. Individual risk in case study 1 taking into account domino effect due to overpressure using the probit models developed in the present study.

the Bagster and Pitblado model[14], and the vulnerability
model based on the threshold values proposed by Gledhill
and Lines[17]. TheF–N curve obtained with the approach
proposed by Khan and Abbasi[16] resulted in a curve com-
pletely overlapped to theF–N curve obtained in the absence
of domino effect and was not reported in the figure.

In order to assess the maximum uncertainty that may be
introduced by the use of different damage probability models
in the present approach, individual and societal risk were
also calculated considering the damage probability always
equal to 1 for all the units. The results obtained for individual
risk are reported inFig. 10, and those for societal risk are
shown inFig. 4.

The comparison ofFigs. 3 and 8–10shows that both the
10−7 and the 10−6 per year isorisk curves cover wider areas
as domino effect is introduced. As expected, the area inside
the 10−7 per year isorisk curve progressively extends as the
domino probabilities are calculated with the probit models
developed in the present study and with the probit developed
by Eisenberg et al.[15]. An even wider area is obviously
obtained if the damage probability is assumed equal to one
(damage is sure), as shown inFig. 10.

Coming to the results obtained for societal risk,Fig. 4
shows that limited differences are present in theF–N curves
for fatalities lower than 100. This region of theF–N curve
is mainly influenced by the consequences of primary Pool
fires of atmospheric storage tanks D401–D411. Even if wide
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Fig. 9. Individual risk in case study 1 taking into account domino effect due to overpressure using the probit model proposed by Eisenberg et al.[15].

Fig. 10. Individual risk in case study 1 taking into account domino effect due to overpressure, considering a unit value of damage probability for all the
process equipment.
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damages are expected in the atmospheric storage park, low
effects result on societal risk, since the primary accident
frequencies considered for these vessels are about an order
of magnitude higher than frequencies of domino events, as
shown inTable 3.

The maximum number of fatalities in theF–N curves is al-
most the same in the presence and in the absence of domino
effect. This result is specific for this case study, since the
increase in the number of fatalities caused by secondary
UVCEs is limited in the presence of low population densi-
ties. On the other hand,Fig. 4 shows that the influence of
domino effects on theF–N curve is mainly in the 100–1000
fatalities region. In this zone, the wide differences between
the approaches depend on the different damage probability
values obtained for the pressurized vessels D101, D111 and
D112. In the same region of the curve, as expected, assuming
damage probability always equal to one (Fd = 1, damage
is certain) results in the maximum societal risk value, cor-
responding to an increase of about one order of magnitude.
The Eisenberg probit model[15] results in lower values of
societal risk. However, this model yields the highest soci-
etal risk values with respect to all the other damage prob-
ability models considered in this case study. The vulnera-
bility approach proposed by Gledhill and Lines[17] leads
to slightly lower frequency values. The approach developed
in the present study yields risk values that are intermediate
between those obtained in the absence of domino effect and
those obtained from the use of the probit model by Eisem-
berg et al.[15]. On the other hand, the approaches of Bag-
ster and Pitblado[14] and of Khan and Abbasi[16] lead to
results that are almost coincident with those obtained in the
absence of domino effect. These results are confirmed if the
“expectation value” (EV) or potential life loss is calculated
from theF–N curves. The results are reported inTable 10.
The table shows that, in case study 1, only a limited increase
of the EV is present (about 50% in the worst case), even if a
unit propagation probability is considered (Fd = 1). The re-
sults also confirm that the use of the Khan and Abbasi model
and the Bagster and Pitblado model leads to the estimation
of a very low contribution of domino effect caused by over-
pressure to societal risk. On the other hand, the comparison
of the results obtained with the Eisenberg approach and with
the probit functions developed in the present study shows

Table 10
Expectation values resulting for the two case studies using different damage probability models

Damage probability model Case 1 Case 2

EV, fatalities per year Increase (%) EV, fatalities per year Increase (%)

No domino 7.88× 10−3 – 1.86× 10−3 –
Fd = 1 11.90× 10−3 51.1 n.a. n.a.
Gledhill and Lines[17] 10.64× 10−3 35.0 4.40× 10−3 137.0
Eisenberg et al.[15] 9.80× 10−3 24.4 n.a. n.a.
Present study 8.68× 10−3 10.2 2.02× 10−3 8.7
Khan and Abbasi[16] 8.34× 10−3 5.8 1.86× 10−3 0.4
Bagster and Pitblado[14] 7.97× 10−3 1.2 1.91× 10−3 3.0

that the introduction of equipment specific probit functions
causes 10% decrease in EV, although the increase of risk
due to domino effect is still appreciable (about 10% with
respect to the absence of domino effect). Therefore, the re-
sults obtained confirm that the use of specific damage prob-
ability models for different equipment categories is crucial
in the quantitative assessment of domino effect due to over-
pressure.

3.3. The contribution of domino caused by overpressure in
case study 2

The lower damage probabilities in case study 2 result in
lower increases of the values of individual and societal risk
due to domino effect.Fig. 11 reports the individual curves
obtained using the probit models developed herein, while
Fig. 12 shows the isorisk curves obtained using damage
probabilities derived from the vulnerability model of Gled-
hill and Lines [17]. The comparison with the results ob-
tained in the absence of domino effects, shown inFig. 6,
evidences that using either of the damage probability mod-
els leads to an increase of the area inside the 10−6 and
10−7 per year isorisk. However, the contribution of domino
events to individual risk is lower than that in case study 1.
Furthermore, the comparison ofFigs. 11 and 12points out
that the Gledhill and Lines[17] vulnerability model yields
to higher risk figures with respect to those obtained using
the equipment-specific probit functions.

Fig. 7 reports theF–N curves obtained from societal risk
calculations for all the damage probability models. In this
case study, the main differences in the societal riskF–N
curve arise in the region between 0 and 60 fatalities. This
region is mainly influenced by the risk related to the atmo-
spheric storage vessels. Indeed,Fig. 2shows that the UVCEs
from the atmospheric storage vessels have a much lower
damage range than UVCEs originated by LPG vessel failure.
However, the higher frequencies that should be attributed to
these events (seeTable 3 [11]) result in domino frequencies
of the same order of magnitude of the primary events. This
causes a moderate increase of the frequency values in the
F–N curve, although the small damage range of secondary
accidents limits the severity of the domino events.Fig. 7
also evidences that the increase in the frequency values of
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Fig. 11. Individual risk in case study 2 taking into account domino effect due to overpressure using the probit models developed in the present study.

Fig. 12. Individual risk in case study 2 taking into account domino effect due to overpressure using the vulnerability model of Gledhill and Lines[17].
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the societal riskF–N curve is always lower than a factor of
two in this case study. As expected, the Gledhill and Lines
[17] approach is very conservative and yields the highest
F–N curve. On the other hand, theF–N curves obtained from
the models of Bagster and Pitblado[14] and Khan and Ab-
basi[16] resulted almost coincidenting with theF–N curve
obtained, if not considering the domino effect, and were
not reported in the figure. These results are confirmed by
the calculated expectation values, reported inTable 10. The
EV is almost coincidenting in the absence of domino effect
or considering domino effect using the damage probability
models of Bagster and Pitblado[14] and Khan and Abbasi
[16]. Again, these approaches lead to very low increases of
the individual and societal risk due to domino effect caused
by overpressure. Thus, also case study 2 confirms the impor-
tance of the models selected for the assessment of damage
probability.

4. Conclusions

Two case studies were performed in order to obtain a
quantitative assessment of the contribution to industrial risk
of domino effect caused by overpressure. Different damage
probability models were applied to estimate domino frequen-
cies. A first important result of the study is that, a straightfor-
ward estimation of the main risk indexes taking into account
of domino effect is possible using the approach proposed.
The results also pointed out that domino effects caused by
overpressure may have important effects on societal and in-
dividual risk. An increase of societal risk up to an order of
magnitude is possible, depending on the damage probability
model used and on the characteristics of the site.

The specific probit models developed in part I for the
assessment of equipment damage probability can be used
for a quantitative assessment of domino hazard contribution
to industrial risk with a limited calculation effort.

The comparison with other proposed approaches showed
that the probit models developed permit to take easily into
account the equipment characteristics, limiting the problems
due to the possibility of over conservative estimates that
may derive from the use of vulnerability tables or thresh-
old values. On the other hand, the probit models resulted
sufficiently sensitive to appreciate the risk increase due to
overpressure domino effect. Hence, the results of the case
studies confirmed that the use of specific damage models

for the different equipment categories is necessary for a re-
liable quantitative assessment of the contribution of domino
effect caused by overpressure to individual and societal risk
indexes.
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