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The quantitative assessment of domino effects caused by overpressure
Part I. Probit models
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Abstract

Accidents caused by domino effect are among the more severe that took place in the chemical and process industry. However, a well
established and widely accepted methodology for the quantitative assessment of domino accidents contribution to industrial risk is still missing.
Hence, available data on damage to process equipment caused by blast waves were revised in the framework of quantitative risk analysis,
aiming at the quantitative assessment of domino effects caused by overpressure. Specific probit models were derived for several categories
of process equipment and were compared to other literature approaches for the prediction of probability of damage of equipment loaded by
overpressure. The results evidence the importance of using equipment-specific models for the probability of damage and equipment-specific
damage threshold values, rather than general equipment correlation, which may lead to errors up to 500%.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction cited therein), but only few quantitative approaches to the
problem have been developf&#11]. Moreover, in general
Accidents caused by domino effect are among the more these methods are based on oversimplified or not validated
severe that took place in the chemical and process industryassumptions, in particular with respect to the models for the
[1-5]. Therefore, the risk of domino effects is widely recog- estimation of damage probability to process equipment.
nised in the legislation since the first “Seveso” European On the other hand, several studies have pointed out that
Community Directive (82/501/EEQ¥], which required the  the availability of reliable models to assess damage proba-
assessment of domino effects in the safety analysis of in-bility to secondary targets (i.e. process equipment as tanks,
dustrial sites falling under the obligations of the Directive. reactors, etc.) is the key point for the quantitative assessment
Furthermore, the “Seveso-II” Directive (96/82/E{7)] ex- of risk caused by domino effec}8,11,12]
tended these requirements to the assessment of domino ef- Overpressure is an important cause of domino effect. In a
fects not only within the site under consideration, but also previous study based on the analysis of accident databases,
to nearby plants. Delvosallg2] reported that 16.5% of domino accidents were
Despite of the severe consequences of domino accidentscaused by overpressure. In fact, 66 of the 105 “domino”
a well established and widely accepted methodology for the accidents involving fixed installations were caused by an
identification and the quantitative assessment of accidentsexplosion involving nearby equipment, as reported in the
caused by domino effects is still missing. Indeed, several MHIDAS databasg13].
qualitative criteria have been proposed in the literature to The present study focuses on the assessment and fur-
identify the possibility of domino events, mainly based on ther development of probabilistic models for overpressure
equipment vulnerability tables (e.g. s@8, and references  damage to process equipment in the framework of domino
effect analysis. The modes and the characteristics of over-
mspondmg author. Tels39-081-7621922; pressure gener.ation ca_used .by accident_al evgnts in process
fax: +39-081-7622915. plants were briefly revised, in order to identify the more
E-mail addresssalzano@irc.na.cnr.it (E. Salzano). likely causes of damage to process equipment. Available
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Nomenclature

Patm

Y

Greek symbols

o decay parameter

B expansion factor

AP static overpressure (kPag)

APy drag force (kPag)

APg buckling pressure (kPag)

APq dynamic pressure (kPag)

AP, reflection overpressure (kPag)

y specific heat ratio

n median of the Gaussian distribution
o density (kg/ni)

o variance of the Gaussian distribution
Subscript

b burned mixture

u unburned fuel mixture

e}

constant

drag coefficient

tank diameter (m)

total energy of explosion (MJ)
probability

probability of failure

height of the tank from the liquid level
(void section) (m)

liquid level from ground (m)

positive impulse (kPas)

constant

probit coefficient

probit coefficient

atmospheric pressure (kPa)

distance (m)

distance at which a threshold overpressu
corresponding to 25% of probability of
damage is reached (m)

radius of unburned mixture (m)

flame path (m)

far-field distance, energy-scaled
far-field distance (m)

time (s)

positive duration time (s)

dose (probit), for the analysis of blast
damage= A P° (Pa)

shell thickness (mm)

shell thickness in the upper section of
the tank (mm)

shell thickness in the lower section

of the tank (mm)

probit

peak

re

data for equipment damage as a function of overpressure
were revised and analysed for different categories of pro-
cess equipment. Specific damage probability models were
developed and compared to other literature approaches.

2. Overpressure damage to process equipment
2.1. Effective pressure for equipment damage

An explosion can be defined as the rapid release of en-
ergy into the atmosphere, thus generating a blast wave,
which produces damagé€$4]. Actually, the definition ex-
tents its meaning to several different phenomena which can
be categorised as condensed phase explosions (e.g. explosive
charges), confined explosions (dust and gas explosion within
equipment or buildings), boiling liquid expansion vapour
explosions (BLEVE), runaway reaction explosion, physical
explosion (e.g. the bursting of overfilled vessels), unconfined
and partially confined vapour and gas explosion (VCE).

All these phenomena produce a blast wave whose inter-
action with objects is a very complex process involving re-
flection, refraction, flow separation. However, the observed
damages are mainly related to the incident static overpres-
sure (AP), to the positive impulsel§) and to drag forces on
bodies APy, the explosion wind), which in turn are strongly
depending on body shape and orientation.

If most common industrial explosions are considered, i.e.
excluding detonation of big amount of condensed explosives,
and/or only far-field interactions between the point source
of explosion and the target equipment are analysed, the drag
forces are usually negligible. IndeedPy is related to the
dynamic pressuré\Pq through a drag coefficier@y. The
value of APq grows with the static overpressure. When the
peak static overpressuraP®) is reached, the value &f P
is the maximum and can be calculated through the classical
equation[15]:

5 APOZ
APy = (1)
2yPam+ (y — DAP°

wherey is ratio of specific heats at constant pressure and
volume,Paim is the atmospheric pressure. It is easy to show
that A Py is negligible for low AP° (for AP® = 10kPa,
APg = 0.035AP).

The shape (or the profile) of the pressure wave near the
epicentre depends on the type of explosion involved. As the
wave moves outwards, however, the influence of the nature
of the explosion declines and the wave establishes a profile,
which is common to all types of explosion. Eventually, the
form of wave is similar and the time history of the overpres-
sure can be evaluated using the modified Friedlander equa-
tion [16]:

AP =AP° (1 — i) exp(—ai> (2)
fd 1d
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wheret is the time,ty the duration time and is the decay  out in practical conditions, whereas deflagration regime is
parameter, which defines the shape of the decay curve in themore likely and sufficient to explain “experimental” obser-
positive phase. For overpressure lower than about 70 kPa thesation of damage in vapour cloud explosifi8]. Hence,
decay parameter is 1[Q6]. only deflagration will be considered in the following. For
The wall facing the explosion epicentre is stressed by the such relatively low Mach flames, the overpressure at the
reflection overpressure\@;) of the wave front propagating flame front represents the maximum overpressure in the

along the surface according to the following equafibn: system[19] and the maximum overpressure produced by

6 A P2 the fuel-air explosion can be evaluated using the maximum

AP =2AP+ ———— 3) effective flame velocity that is observed in the entire phe-
AP + 7Patm

nomenon. As a consequence, the blast wave produced by
According to this formula, the ratiaP;/AP lies within the a vapour cloud explosion will propagate freely in the sur-
limits 2 < AP;/AP < 8. The peak reflected overpressure is rounding atmosphere, starting (conservatively) at the maxi-
dependent on the peak overpressure and the peak dynamienum flame front distance from the ignition point, supposed
overpressure through the equatidh: in the barycentre of the cloud. This length is often defined
o _ o o as the flame pathR;. Thus, the value oR; corresponds to
APr=2AP +(+1) AP @) the far-field threshold distanceg. If an expanding hemi-
The value of AP; approaches a value of twice the peak spherical fuel air mixture is considered, mass conservation
overpressure for weak shocks in which the peak dynamic implies that the final flame radiu is given by:
pressure is negligible. Reflected overpressure should be con- 1/3
sidered if damage to equipment has to be predicted startingr; = R° <@> = R°pY3 (5)
from pressure histories. Pb
whereR is the radius of the initial unburned mixture, and
2.2. The “far-field” hypothesis B is the expansion factor as given by the ratio of the den-
sity p of the unburned (u) over that of the burned (b) fuel

If domino effects within an industrial area are of concern, ajr mixture. Of course, the “far field” threshold distance de-
only the phenomena that can propagate damage at a signifipends also on the total energy of explosEs,. Defining
cant distance from the source point of the explosion have to an energy-scaled “far-field” distand®, as in the Sachs
be considered. This point of view gives way to exclude from method used in the TNT approach, with respect to atmo-
the present analysis several kinds of explosion whose con-spheric pressurBam is then usefu[20,21}
sequences are catastrophic solely in the close surrounding ri
of the source point (e.g. confined explosions, although acci- Rt = W (6)
dent propagation from confined explosions may take place exp/ Fatm
due to missiles), restricting the interest essentially to vapour The scaled distance varies with the combustible gas (or
and gas cloud explosion (VCE), boiling liquid expanding vapour) which forms the cloud and depends on the cloud
vapour explosion (BLEVE), and explosion of great amounts shape. Examples of calculationmfandRi will be given in
of condensed explosives. the following. The calculation of the actual far-field distance

As distance from the boundary of explosion source in- as well as the energy-scaled far-field distance represent an
creases, the influence of the nature of the explosion de-important preliminary check of the far-field assumption, that
clines: thus, a “far-field” distance) is defined as the ef-  will be used in the following to develop damage probability
fective threshold distance over which a freely propagating models for process equipment.
blast wave in the atmosphere is observed (i.e. not influenced
by the actual shape of the energy source), and its total peak2.3. Simplifying assumptions in the framework of
overpressure is low enough to neglect the effect of drag quantitative risk analysis
forces on body.

When BLEVE or, more in general, point-source explosion  Quantitative risk analysis (QRA) is usually performed on
are considered, the air blast behaviour is ideal with the ex- complex plants or even on extended industrial areas. Thus,
ception of the region in the immediate vicinity of the charge a QRA generally requires simplifying assumptions both for
surface, since the source term interests a very limited areathe time evolution of the accidental phenomena and the con-
thus not influencing the blast propagation. The far-field hy- sequence evaluation. An almost universal hypothesis used in
pothesis has a general validity for these events. QRA to model the consequences of explosions is to assume

In the case of UVCEs, the flow field originated by the that all the accidental phenomena previously described pro-
expansion of hot combustion products influences the sourceduce blast waves which can be idealised and compared to
term. Thus, a different approach for the estimation of the ideal blast wave produced by an equivalent charge of one
“far-field” threshold distance is needed. In view of the very or more solid “point” explosions (TNT, Baker—Strehlow and
large ignition energy required to initiate directly the deto- Multi-Energy methods)21-23] By these methods, peak
nation of a fuel-air mixture, detonation regime can be ruled overpressuré\P° and impulsd® can be easily determined.
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As previously observed, this simplification is only accept- e operating conditionpressure does not exceed the allow-
able in the far field, whereas in the near field it often leads able stress value of the material under consideration;

to the overestimation of pressure peaks. With respect to thee firstlimit state only part of the equipment reach the failure
assessment of damage to equipment, in a normal QRA con- yield point;

text, the use of even simple “structural dynamics” codes e second limit statefracture of shell;

and methodologies (SDOF) which analyse the response ofe third limit state disintegration of the structure or total
structures for process equipment in industrial installations collapse.

would not be acceptable. However, structural analysis for o . )
simple specimen can be still used as an “experimental” For the second limit state, the dynamical analysis
observation, in order to evaluate the destructive effective- Performed gave a threshold pressure of 17kPa for a
ness of ideal blast waves on industrial equipment, in the Vapour cloud explosion and of 29kPa for a point-source
far-field. explosion.

A further simplifying assumption consists of considering A first conclusion that may be drawn from the above anal-
uniform blast load acting on the whole equipment, a con- ysis is that wide discrepancies exist between the data re-
servative approach often used in the design criteria. This as-Ported in the literature for damage to equipment as a function
sumption is certainly acceptable when blast waves such asf overpressure. This may be caused by at least two factors:

scale equipmerj24]. sources define accurately what is meant for equipment dam-

age, and several types of damage are reported without any

distinction (displacement, overturning, buckling, collapse);
3. Available data on damage to equipment caused (i) differences in the resistance of equipment to pressure
by overpressure waves: even equipment of the same category may have a

different resistance to a pressure blast, and full details on

Several studies were found in the literature reporting data structural or geometrical characteristics of the target equip-
on damage to plant equipment caused by explosions. Mostment are not always provided.
of the authors simply relate the peak static overpressure to Building a reliable model for overpressure damage to
the damage, unless structural analysis is considered. equipment requires an accurate revision of the above data,
Many studies report threshold values for damage based on univocal definition of damage, overpressure and
to generic plant equipment, ranging from 7 to 70kPa equipment characteristics. This point will be further dis-
[8,11,25,26] A summary of literature data collected is re- Ccussed in the followings.
ported inTable 1 Among the other authors, here it is worth
noting that Clance){33] considers two kinds of damage:
the displacement of equipment and the mechanical failure 4. Models proposed in the literature for accident
of the container. The threshold values are 20 and 27 kPa,propagation caused by overpressure
respectively. On the contrary, Glasstofie’] proposes a
maximum threshold value for the failure of connection of  As stated above, in the normal framework of QRA, only
7 kPa, hence lower than the value reported by Clafigay simplified models for damage to equipment would be ac-
This pressure value refers to the failure of tubes following ceptable. However, few attempts were made in the literature
the displacement of equipment and does not specify be-to model the probability of equipment failure because of
tween pressure vessels and atmospheric vessels. [Bg]ls  overpressure.
considers different vulnerability for pressure vessels and The more simple approach proposed for the quantitative
atmospheric vessels. The former offers higher resistance toassessment of damage to equipment caused by overpres-
the peak overpressure due to the lower difference of pres-sure is based on threshold values or vulnerability tables.
sure between the blast wave and internal pressure and tdSeveral authors propose to consider zero the probability of
major inertia to displacement, due to the thickness of the damage to equipment (damage not possible) if the value of
walls of pressure vessels. The threshold overpressures reeverpressure is below a given pressure, and to assume a
ported are, respectively, 39 kPa for atmospheric vessel andprobability value of one (damage is sure) if overpressure is
136 kPa for pressure vessels. Gledhill and Lif#28] pro- above the threshold valy®,10,26,38—-4Q]This approach is
posed a threshold of 7 kPa for the damage of atmosphericvery simple, but has important drawbacks: the discontinu-
equipment and of 38 kPa for pressurised vessels. ity of the probability function at the threshold value causes
Schneider[32] has proposed “limit states” for specific a high sensitivity of the model and may lead to severe er-
equipment such as a distillation column (or more generally rors either on the safe side or not. Furthermore, no agree-
vertical cylindrical shell structure or column type equip- ment exists on the threshold values that range from 7 to
ment), for either sharp blast wave (point source explosion) 70 kPa.
or for the typical pressure wave of VCE in the far field. Four ~ Bagster and Pitblad@] proposed an alternative approach,
states can be then defined: defining a damage probability function based on the distance
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Table 1

Data reported in the literature for damage to process equipment caused by peak static overps&S3ure (

AP° (kPa) Damage Reference
1.72 Minor damage, cooling tower [27]
5.17 Minor damage, cone roof tank (100% filled) [27]
5.17 Minor damage, cone roof tank (50% filled) [27]
6.10 1% structural damage of equipment [28]
7.00 Failure of connection [17]
9.90 Failure of equipment [25]

10.00 Failure of atmospheric equipment [29]
10.00 5% damage of process plant [30]
10.00 50% damage of atmospheric tank [30]
14.00 Minor damage of cooling tower [31]
14.00 Minor damage of atmospheric tank [31]
17.00 Minor damage, distillation tower and cylindrical steel vertical [32]
structure. Failure of part of the equipment

18.70 Minor damage, floating roof tank (50% filled) [27]
18.70 Minor damage, reactor: cracking [27]
18.70 Catastrophic failure, cone roof tank (50% filled) [27]
20.00 Displacement of steel supports [33]
20.00 Tubes deformation [31]
20.00 Deformation of atmospheric tank [31]
20.00 20% damage, process plant [30]
20.00 100% damage, Atmospheric Tank [30]
20.40 50% structural damage of equipment [28]
22.10 Minor damage, pipe supports [27]
2211 Catastrophic failure, cooling tower [27]
24.00 20% of structural damage of steel floating roof petroleum tank [34]
25.00 Atmospheric tank destruction [31]
25.30 Minor damage, reactor chemical [27]
27.00 Failure of steel vessel [33]
29.00 Distillation tower and cylindrical steel vertical structure [32]
30.00 Failure of pressure vessel [29]
34.00 99% structural damage of equipment [28]
35.00 80% damage of process plant [30]
35.00 40% damage, Heavy machinery [30]
35.50 Structural damage of equipment [8]

35.71 Minor damage, fractionation column [27]
37.42 Catastrophic failure, pipe supports [27]
38.00 Deformation of non-pressure equipment [31]
39.00 Structural damage to pressure vessel [35]
39.12 Minor damage, pressure vessel horizontal [27]
42.00 Tubes failure [31]
42.00 Pressure vessel deformation [31]
42.51 Minor damage, floating roof tank (100% filled) [27]
42.51 Catastrophic failure, cone roof tank (100% filled) [27]
42.52 Minor damage, extraction column [27]
45.92 Catastrophic failure, fractionation column [27]
47.00 Failure of non-pressure equipment [27]
49.32 Minor damage, heat exchanger [27]
52.72 Minor damage, tank sphere [27]
53.00 Pressure vessel failure [31]
53.00 Failure of spherical pressure vessel [31]
55.00 20% of structural damage of spherical steel petroleum tank [34]
59.52 Catastrophic failure, reactor chemical [27]
59.52 Catastrophic failure, heat exchanger [27]
61.22 Catastrophic failure, pressure vessel horizontal [27]
69.00 Displacement and failure of heavy equipment [27]
69.73 Catastrophic failure, extraction column [27]
70.00 Structural damage of equipment [36]
70.00 Deformation of steel structures [31]
70.00 100% damage, heavy machinery, process plant [30]
76.53 Catastrophic failure, reactor: cracking [27]
81.63 Minor damage, pressure vessel vertical [27]
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AP° (kPa) Damage Reference
81.63 Minor damage, pump [27]
83.00 20% structural damage of vertical cylindrical steel pressure vessel [34]
88.44 Catastrophic failure, pressure vessel vertical [27]
95.30 99% structural damage of vertical, steel pressure vessel [37]
97.00 99% damage of vertical cylindrical steel pressure vessel [34]

108.84 Catastrophic failure, tank sphere [27]

108.84 Catastrophic failure, pump [27]

108.90 99% structural damage of spherical, pressure steel vessel [37]

110.00 99% damage (destruction) of spherical steel petroleum tank [34]

136.00 Structural damage, low pressure vessel [35]

136.05 Catastrophic failure, floating roof tank (50% filled) [27]

136.05 Catastrophic failure, floating roof tank (100% filled) [27]

136.10 99% structural damage of floating roof tank [37]

137.00 99% damage (destruction) of floating roof petroleum tank [34]

from the center of the explosion:

DIN standards report simple equations for the definition

5 of the maximum value of pressure that a tank can experience
Fy= <1 _ L) (7) without a strong deformation (the “buckling” pressuter)
T'th as a function of the geometry of the equipment. For typical

whereFq is the probability of failurer the distance, andh oil tank this pressure can be computed by the following
the distance at which a threshold value of overpressure is'elationshipg42,43}
reached. A main problem d&q. (7)is that the probability D Wwe
of failure of secondary equipment is assumed to be always & PF = 0.1358 <_> <104 HL
one (damage is sure) in the center of the explosion, and to

decrease with the square of distance. This behaviour is com- (D) (

25
) . Wu>15W° (11)

pletely unrealistic since the probability of damage may be APe=0.135 H
lower than one even at the center of the explosion and the

decrease of probab|||ty with the distance may show impor- whereW s the mean wall thickness between the shell thick-
tant deviations from the square lgid]. However,Eq. (7) ness in the upper section of the tag and the shell thick-

may be modified in order to introduce at least a more real- Ness of the lower sectiow”, D is the tank diametet is
istic behaviour of the damage probab"[m] the helght of the tank Stal’ting from the ||qU|d level (the void

w 2.5
104—> ., Wu<15W° (12)
H,

section) andH, is the liquid level height. The coefficie®

; 1
Fa=1 1 r<3m (8) varies with the ratio of shell thickness in the upper section
) of the tank to the lower shell thickness of the lower sec-
Fy= <§ _ L) if }l’th <, < §”th ©) tion, and in general has a value of about Z#&ble 2reports
2 rn 27 T2 some examples of buckling pressures for atmospheric tanks
3 of different volume. A filling level of 50% was considered,;
Fg=0 if r> St (10) the geometrical characteristics of the tanks are shown in the

same table.

wherery, is the distance from the center of the explosion  The value of buckling pressure may be assumed as a max-
at which the overpressure threshold value corresponding toimum safe value for atmospheric tanks, above which a sig-
25% of the probability of damage is reached. Nevertheless, nificant loss of containment should be expected. Although
the model is still critically dependent on the estimation of a this approach to the estimation of “safe” values of overpres-
threshold value for the overpressure damage to equipmentsure might be applied also in the framework of “domino
As shown previously, wide uncertainties exist in the identi- effect” analysis, it has two important drawbacks: (i) it is
fication of these values. limited to a single type of equipment (vertical cylindrical

Table 2

Buckling pressure APg) for cylindrical fixed roof tanks, 50% filled

Volume (n?) D (m) W (mm) W, (mm) W3 (mm) H (m) HL (m) APe (kPa)
500 7.6 5 5 5 5.45 5.45 4.80
750 10 5 5 5 4.05 4.05 18.57
1000 12 6 6 6 4.55 4.55 22.68
5200 24 7 9 11 5.45 5.45 66.71

Three sections with different wall thickne¥g along the tank height are considered.
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atmospheric tanks); (ii) an estimation of the safety margins critically dependent on the definition of damage threshold
between buckling pressure and peak static overpressure corvalues and may be easily modified to take into account spe-
responding to the effective loss of containment of the tank cific categories of process equipment, when sufficient data
is not given. Actually, the overpressure values obtained for are available. Therefore, probit analysis was applied in the
buckling seem extremely conservative, also in comparison present study both to revise existing models and to develop
with data inTable 1 further the probabilistic models for the damage to specific
Eisenberg et a[28] used a simplified model to assess the categories of process equipment.

damage probability of process equipment caused by blast

wave. The authors defined a probability function called “pro-

bit function” (Y) to relate equipment damage to the peak g propit analysis of data for overpressure damage

static overpressuraP°: to equipment
Y =ki+k2In(AP°) (13)

. _ . _ The main issue in the construction of probit functions for
whereY is the probit for equipment damage,P” is ex-  damages caused by overpressure mainly consists of iden-
pressed in Pa andk; are the probit coefficientsi{ = tifying the physical meaning of the independent variable
—238 andkz = 2.92 as reported by Eisenberg et [@8]). (the “dose”), of the “effect” and of the consistency of the

The cited “probit analysis” is a well known method to “gpresentative sample” used to build the statistic function.
evaluate the dose-effect relation for human responses to toxigpdeed, the use of statistical methods implies that analytical
substances, thermal radiation and overpressure, but can be,odels are not able to reproduce the complex behaviour
also considered a useful statistical method to evaluate dam-q¢ phenomena, which in turn can be statistically predicted
ages of equipment subjected to pressure waves in the maingnce a sufficiently large sample test is available. Thus, with
frame of quantitative risk analys[4,5,44] It derives from  gpacific reference to the blast waves characterised by a peak

the cumulative expression for a normal Gaussian probability yajue of pressure, in the present analysis it was assumed that:
distribution function[45]:

1 Yy-5 o far-field interactions between blast waves and equipment
F= / e /2 du (14) allows dynamic pressure to be neglected. Hence, the pro-
o2 o0 bit functions were be based on static peak overpressure,
whereF is the probability (O< F < 1), and the ternu is: assumed as the independent variable;
V—u e the maximum damage is likely observed when incident
w=— (15) overpressure is perpendicular to the main section of equip-
ment. Unless directionality of explosion can be accounted
whereV is the independent variable or the “dosg”ando in the risk analysis, this is a “conservative” approxima-
are the median and the variance of the Gaussian distribution. tion:
In Eq. (14) Y'is the probit unit: e when similar equipment are considered, the similar dam-
Y=k+In@w) =k +k2InV (16) ages (e.g. displacement of connected tube, buckling of
shell, destruction of vessel, etc.) is observed at approxi-
In dose-response analyses, the constarg usually set to mately the same value of peak static pressure, unless con-
five; otherwise)Y is less than zero foF < 0.5 [46]. sistent differences in the design are present (mainly with
The model of Eisenbell@8] was based on “experimental” respect to the design pressure).

evaluation of equipment displacement with the subsequent
deformation and breakage of connections, hence not consid- The last assumption allows a significant reduction of the
ering the direct catastrophic failure of equipment. representative sample if specific classes of equipment are
The probit approach was followed also by Khan and Ab- analysed separately (e.g. horizontal cylindrical steel atmo-
basi [36], who proposed a probit function similar to the spheric vessels at the same fill level).
equation of Eisenberg, but substituting the static overpres- In order to build a probit function, it is necessary to define
sure with the total pressure (the sum of static and dynamic “reference” damage as the “effect” and to correlate all the
pressure). For the typical far field, low pressure blast wave experimental or theoretical observations to a probability of
produced by industrial explosion the dynamic pressure canoccurrence of the specific damage. To this aim, in the main-
be considered as negligible with respect to the static pres-frame of domino hazard analysis, the reference damage of
sure. However, Khan and Abbasi give the same probit coef- the target equipment was considered as a secondary event
ficients of Eisenberg et a28]. resulting in a “dangerous loss of containment” whose conse-
In the framework of the quantitative assessment of domino quences (radiation, overpressure, and toxic concentrations)
hazards due to overpressure, the probit approach is very atare at least comparable with those of the primary accident.
tractive, due to its simplicity and to the limited additional With specific reference to explosions, the probability of
effort which is needed to implement the probit function in damage should be the unitf{ = 1) when a relevant loss
existing QRA algorithm. Moreover, probit models are not of containment is observed, e.g., when the external pressure
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overcomes the allowable stress value of the material undersurised equipment. In addition, the tearing of connections
consideration, or if one of the following events takes place: (e.g. welded or flanged to the shell) may cause a loss of
. . . containment from the main vessel.

e the catastrophic failure (catastrophic damage, total col- Based on these considerations, the data reporfeatite 1
Iapsg, d|S|ntegrat|or), fractu.re) of equipment; ) were analysed in order to obtain failure probabilities of

o the violent oyerturnlng or displacement of road, rail tank different “target” equipment as a function of overpressure
ohr heavy equllpment; h , ¢ . (Tables 3—% Data were divided in four categories: (a) atmo-

° ;E € structuLa Qama:jge ot e_maéln syst?m of containment g, o ic vessels, (b) pressurised vessels, (c) elongated ves-
or atmospheric and pressurised vessels. sels, and (d) small equipment. Equipment not belonging to

On the other side, the probability of loss of containment is these categories was not considered in the analysis whereas
minimum (Fy = 0.01: “minor damage”) when the pressure the data related to the piping failure were included in all
wave is sufficiently intense to produce a “buckling” of the categories. .
equipment. The analysis offables 3—&learly shows that even divid-

Unless specified, values of probability between the two g the equipment behaviour to overpressure by categories,
limits are difficult to define without any arbitrary choice. the data are still rather dispersed or even contradictory. This
In the context of quantitative risk analysis as a comparative 1S confirmed by the analysis of the corresponding probit

tool, two further hypotheses were introduced in the present values, also reported in the tables. Eventually, rather poor
study: results are obtained if a direct correlation of damage data

to overpressure is performed. Hence, in order to select the

e a 10% failure probability was assumed to be correspon- data that seem more reliable with respect to the present
dent to a partial failure, deformation, minor damage of 2PProach, the mean value and the mean square error of
the auxiliary equipment or to minor structural damage of CVerPressure data corresponding to each probit value were
atmospheric equipment; calculated. Data whose differences with respect to the mean

e a 30% failure probability was assumed for the complete value exceeded the mean square error were discarded in

rupture of connections or for minor structural damage of € anilysfls.dBy th|shtechnhf1l;1e,7rel|able probit correlations
pressurised equipment. were obtained, as shown Table 7

The correlation of failure probability with respect to over-
These assumptions were introduced since the failure of pressure is shown ifig. 1 Fig. 2 shows a comparison of
tubes can lead to the loss of containment if they contain the probit values obtained for the different process equip-
hazardous substances, in particular in the case of presiment categories as a function of overpressure. As expected,

Table 3

Probability and probit values assigned to literature data for damage to atmospheric vessels caused by peak ovexprassure (

AP° (kPa) Damage Damage probability (%) Probit
5.17 Minor damage, cone roof tank (100% filled) 1 271
5.17 Minor damage, cone roof tank (50% filled) 1 2.71
6.10 1% structural damage of equipment 1 271
7.00 Failure of connection 1 2.71

10.00 Failure of atmospheric equipment 1 271
14.00 Minor damage of atmospheric tank 1 2.71
18.70 Minor damage, floating roof tank (50% filled) 1 2.71
18.70 Catastrophic failure, cone roof tank (50% filled) 99 7.29
20.00 Displacement of steel supports 10 3.73
20.00 Tubes deformation 10 3.73
20.00 Deformation of atmospheric tank 10 3.73
20.40 50% structural damage of equipment 99 7.29
22.10 Minor damage, pipe supports 10 3.73
24.00 20% of structural damage of steel floating roof petroleum tank 99 7.29
25.00 Atmospheric tank destruction 99 7.29
27.00 Failure of steel vessel 99 7.29
34.00 99% structural damage of equipment 99 7.29
37.42 Catastrophic failure, pipe supports 30 4.48
42.00 Tubes failure 30 4.48

42.51 Catastrophic failure, cone roof tank (100% filled) 99 7.29

136.00 Structural damage, low pressure vessel 99 7.29

136.05 Catastrophic failure, floating roof tank (50% filled) 99 7.29

136.05 Catastrophic failure, floating roof tank (100% filled) 99 7.29

136.10 99% structural damage of floating roof tank 99 7.29

137.00 99% damage (total destruction) of floating roof petroleum tank 99 7.29
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Table 4
Probability and probit values assigned to literature data for damage to pressure vessels caused by peak ovexprassure (
AP° (kPa) Damage Damage probability (%) Probit
7.00 Failure of connection 1 271
20.00 Displacement of steel supports 10 3.73
20.00 Tubes deformation 10 3.73
22.10 Minor damage, pipe supports 10 3.73
30.00 Failure of pressure vessel 1 2.71
37.42 Catastrophic failure, pipe supports 30 4.48
39.00 Structural damage to pressure vessel 1 2.71
39.12 Minor damage, pressure vessel horizontal 1 271
42.00 Tubes failure 30 4.48
42.00 Pressure vessel deformation 30 4.48
52.72 Minor damage, tank sphere 1 2.71
53.00 Pressure vessel failure 30 4.48
53.00 Failure of spherical pressure vessel 30 4.48
55.00 20% of structural damage of steel spherical steel petroleum tank 99 7.29
61.22 Catastrophic failure, pressure vessel, horizontal 99 7.29
81.63 Minor damage, pressure vessel vertical 1 2.71
83.00 20% structural damage of vertical cylindrical steel pressure vessel 99 7.29
88.44 Catastrophic failure, pressure vessel vertical 99 7.29
95.30 99% structural damage of vertical, steel pressure vessel 99 7.29
97.00 99% damage of vertical cylindrical steel pressure vessel 99 7.29
108.84 Catastrophic failure, tank sphere 99 7.29
108.90 99% structural damage of spherical, pressure steel vessel 99 7.29
110.00 99% damage (total destruction) of spherical steel petroleum tank 99 7.29
Table 5
Probability and probit values assigned to literature data for damage to elongated vessels caused by peak oveyi@ssure (
AP° (kPa) Damage Damage probability (%) Probit
7.00 Failure of connection 1 2.71
17.00 Minor damage, distillation tower and cylindrical steel vertical structure. Failure of part of the equipment 1 271
20.00 Displacement of steel supports 10 3.73
20.00 Tubes deformation 10 3.73
22.10 Minor damage, pipe supports 10 3.73
29.00 Distillation tower and cylindrical steel vertical structure. Failure of part of the equipment. Near field. 10 3.73
35.71 Minor damage, fractionation column 1 2.71
37.42 Catastrophic failure, pipe supports 30 4.48
38.00 Deformation of non-pressure equipment 10 3.73
42.00 Tubes failure 30 4.48
42.52 Minor damage, extraction column 1 2.71
45.92 Catastrophic failure, fractionation column 99 7.29
47.00 Failure of non-pressure equipment 99 7.29
69.73 Catastrophic failure, extraction column 99 7.29
Table 6
Probability and probit values assigned to literature data for damage to small equipment caused by peak overpf€gsure (
AP° (kPa) Damage Damage probability (%) Probit
7.00 Failure of connection 1 2.71
20.00 Displacement of steel supports 10 3.73
20.00 Tubes deformation 10 3.73
22.10 Minor damage, pipe supports 10 3.73
25.30 Minor damage, reactor chemical 1 2.71
37.42 Catastrophic failure, pipe supports 30 4.48
42.00 Tubes failure 30 4.48
49.32 Minor damage, heat exchanger 1 2.71
59.52 Catastrophic failure, heat exchanger 99 7.29
59.52 Catastrophic failure, chemical reactor 99 7.29
76.53 Catastrophic failure, reactor: cracking 99 7.29
81.63 Minor damage, pump 1 2.71
108.84 Catastrophic failure, pump 99 7.29
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Table 7
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Probit coefficients for different equipment categories (dose: peak over-

pressure in Pa)

Equipment k1 ko Regression Mean square
coefficient  error (%)

Atmospheric vessels -18.96 2.44  0.573 55.9

Pressurised vessels —42.44 433  0.852 52.5

Elongated equipment —28.07 3.16  0.690 5.3

Small equipment -17.79 218 0.776 42.8

pressurised vessels showed the lower damage probabilities
with respect to overpressure. Moreover, higher overpressure
values resulted to be necessary to damage elongated ves-
sels (as distillation or absorption columns) than atmospheric

storage vessels.

Table 7 reports the mean relative errors of the probit
correlations. As well as from the analysis of the discor- Fig. 2. Comparison of probit models obtained for the damage to process

dances of data iffables 3-6 it is again clear that the

probit functions calculated in the present study may only
be used as a rough estimate of the actual damage probaexpected. However, much higher errors (up to 500%) are ob-
bility of process equipment with respect to overpressure. tained using a single probit correlation. The use of the other
More reliable “experimental” data would be needed to re- quantitative approaches previously described may lead to
duce the error in the probit correlations. As shown in the probability functions even less reliable, as discussed in the
table, errors as high as 50% on probability values may be followings.

Fig. 1. Damage probability with respect to overpressure for: (a) atmospheric vessels; (b) pressurised vessels;

100 g
80
z z
= 60 =
: :
E £
2 2
@ L k)
) 40 Ed
g g
a =]
20 ® Literature data
— Probit model
Eisenberg et al.
0
1 10 100 1000
(a) Overpressure (kPa) (b)
100
80 [
z &
= 60 =
= 2
x <
= =
=l <3
B 1
g 2
% 40 S
x ]
g . g
= a
20
0 (W }
1 10 100 1000
© Overpressure (kPa) (d)

100

80

60

40

20

100

80

60

40

20

Probit

10

/ —elongated

-~ small
—atmospheric
—- pressurized

10 100
Overpressure (kPa)

equipment caused by overpressure.

10 100 1000
Overpressure (kPa)
[ ]
10 100 1000

Overpressure (kPa)

1000

(c) elongated vessels; (dinemall equ



V. Cozzani, E. Salzano/Journal of Hazardous Materials A107 (2004) 67—-80 77

6. Assessment of equipment damage probability 100 Overpressure (kPa)

. i --- horizontal vessel (50t)
6.1. Probit models 3 — sphere (10006)

80

The probit models obtained from the analysis of avail-
able data for process equipment may be directly used for

60
the assessment of equipment damage probability caused by

blast waves. On the basis of models for blast wave propaga-

tion and of the previously developed probit models, figures 4O r
for equipment damage probability as a function of distance

scaled to the total energy from the center of the explosion 20 |

may be easily obtained.
Fig. 3reports a general comparison of the damage prob- o
abilities of pressurised and atmospheric equipment. In the
figure, the blast wave propagation was evaluated by means
of the Baker—Strehlow-Tang blast modél’]. The probit
model obtained in the present study for atmospheric equip- Fig. 4. Overpressure calculated for an UVCE following the catastrophic
ment gives results that are almost coincident with those ob failure of a 50t propane horizontal storage vessel and of a 1000t butane
" sphere.
tained by the probit model reported by Eisenberg €] P
less than 10% differences are present between the damage o
distances predicted by the two probit models. However, the Propane (501) and a sphere containing butane (10001). For
distance at which the same damage probability is expected ishese two gases, the correspondent far-field distance calcu-
three time higher for atmospheric equipment than for pres- latéd following Eq. (16) for spherical explosion at initial
surised vessels. Differences of about a factor two are presen@Mmbient pressure, is about 1.5. This value can be considered
between the different categories of atmospheric equipment,@ Critical value for the spherical explosion of all com-
although very similar damage distances are found for small Mon hydrocarbons, provided that the combustion energy is
and elongated equipment. 3.5MJ/n? for any fuel air mixture and the expansion ratio
Thus, it may be concluded that, at least if a TNT equiv- is approxin_]ately 7._5Fig. 55how§ the damage prob_abilities
alency model is used, important differences are present in@S @ function of distance. Again, the figure confirms that
damage distances for different process equipment categories/€"y Similar results are obtained from the probit model of
To extend the comparison and to better understand theEiSenberg et a[28] and the model developed in the present
importance of the differences of estimated damage dis- Study for atmospheric equipment. On the other hand, these
tances, two specific cases were studiei. 4 reports the examples clearly point out the differences among the esti-
overpressure as a function of distance calculated on themated probabilities of failure for the different categories of
basis of the TNT model for the UVCE following the catas- €duipment. As a matter of fact, distances at which a 20%
trophic rupture of an horizontal storage vessel containing damage probability is expected are up to 500 m lower for
pressurised vessels with respect to atmospheric vessels.

0 300 600 900 1200 1500

Distance (m)

100 -
\\\\ —— atmospheric 6.2. Damage thresholds
P4y — — pressurized
- 80 l “{\ - - —elongated Fig. 6 reports the scaled distance from the explosion
< 11 FO N [ small center at which the different threshold values reported in
g | \ "{-\ -—--— Eisenberg et al. the literature for equipment damage are achieved. The
) 60 Py Baker—Strehlow—-Tang blast curyé7] was used again to
§ { 1 calculate damage probabilities as a function of scaled dis-
g 40 11 k tances. Differences up to a factor of four with respect to
z \ \‘:'\ scaled distance can be observed in the same figure. Using
g N overpressure curves as thoseHiy. 4, differences up to
20 b 500 m are obtained between the distances at which the dam-
b > age thresholds are reached, as showRig 7. Thus, it is
\\ \\ \‘\\._ clear that, if the analysis of a plant layout has to be performed
00 1 : 5 “; 4 in order to identify possible secondary targets of domino
Scaled distance (R/(E/Py™ events caused by overpressure, wide differences are likely to

result from the application of the different threshold values.
Fig. 3. Damage probability calculated using different probit models with ~ The comparison with probit models and with data re-
respect to scaled distance from the explosion center. ported in the literature for overpressure damage to process
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Fig. 5. Comparison of damage probabilities for damage to equipment 0 300 600 9200 1200
following the UVCEs inFig. 4 (a) 50t propane vessel; (b) 1000t butane Distance (m)
sphere.

Fig. 7. Comparison of the position of threshold values for damage to
equipment clearly point out that the 70 kPa overpressure equipment in the case of the UVCEs simulatedrig. 4 (a) 50t propane;

threshold proposed by some authors is not conservative, af?) 1000t butane.
least if atmospheric equipment is considered. On the con-

trary, the overpressure threshold value of 7 kPa proposed b . . .
y P prop yGledh|ll and Lineg26] seems the more conservative to be
100 —— 120 used if a preliminary identification of possible secondary
U —__ overpressure targets of domino effect has to be performed.
‘3 : — _ Threshold 0.70bar _ However, the results obtained strpngly sugggst the use of
5 80 VT | P Threshold 0.38bar || 49 dn‘fgrent threshold values for the different equipment cate-
< ! —— Threshold 0.13bar o gories.
= sol ‘.I —-_ Threshold 0.07bar é Data inFigs. 6 and also show that the use of vulnerabil-
E . g = ity tables based on a single threshold value for the quantita-
g_ | : 160 g tive assessment of domino effects may introduce important
g 4of I i % errors, either on the safe side or not.
AN '
: B | z
. |
=l A 13 6.3. Simplified models
. !
: i B ‘~~»-._.ih____ _____ A comparison of the damage probability values obtained
0 e : SE— 0 from probit models and from the simplified approach pro-

0 1 2 3 4 5

B Pitbl iousl i
Sealed distance (RAEPS™) posed by Bagster and Pitblad8] previously described

is reported inFig. 8 The comparison was possible only
Fig. 6. Scaled distance from explosion center of overpressure threshold for specific cases, due to the features of the simplified
values, for damage to equipment. models. The UVCE scenarios &ig. 4 were used for the
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100

The revision of models proposed for the assessment of
damage to process equipment in the context of QRA sug-
gested the use of probit models for the correlation of damage
data. Of course, approaches that are more complex may be
used for the calculation of damage to equipment related to
an incident blast wave, but these would require a calculation
effort that usually is not acceptable within a conventional
QRA study.

Probit models for damage to equipment caused by blast
waves were obtained and compared to available literature
models. A good correspondence was found between the pro-
bit model obtained for atmospheric equipment and the model
proposed by Eisenberg et [#8]. On the other hand, relevant
discordances were found with respect to other simplified ap-
proaches proposed. Moreover, important differences seem to
be present between the damage probabilities and the damage
threshold of different categories of process equipment. These
results point out the importance of using equipment-specific
models for the probability of damage and equipment-specific
threshold values in the quantitative assessment of domino
effects caused by overpressure.
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