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Abstract. An assessment of parts of transportation infrastructure in terms of hazards to roadside territory is considered.
It is suggested to assess individual segments of road and railway network by estimating risks posed by potential fires
and explosions on road and rail. Boiling liquid expanding vapour explosion of tanker trucks and tank cars is identified
as the most hazardous and likely high consequence accident in the land transport. It is proposed to express the risk to
built roadside objects by means of an annual damage frequency. This frequency is considered to be a specific physical
characteristic of the road or railway segment under analysis. It is shown that estimating the damage frequency requires
assessing effects of a potential explosion on road or rail and developing a fragility function for the roadside object ana-
lysed as a potential target. An example case study is presented. It considers a potential thermal damage to a reservoir
(stationary tank) built in the vicinity of a highway. The damage can be caused by an explosion of a propane tanker truck.
Results of the risk assessment are expressed in terms of probabilities of specific damage events.
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Introduction

Safe transport of hazardous materials (hazmats) on land is
a significant issue in each national economy. A large part
of hazmats are moved by either trucks or trains. Hazards
inherent in hazmats and previous accidents of hazmat
transportation are cause of concern over a multi-faceted
safety issue (Demir ef al. 2015). The movement of haz-
mats poses risk to population stationed in the vicinity of
roads and railways, environment of the areas near trans-
portation routes and property built close to these routes
(e.g. Qiu et al. 2015).

Most of the work devoted to a transportation risk as-
sessment deals with risk to people and environment (e.g.
Hoj, Kroger 2002; Saat et al. 2014). The risk related to
potential damage to build roadside objects (objects lo-
cated near roads and railways) was considered only epi-
sodically, not in a systematic way. This can be explained
in part by the simple fact that buildings and stationary
equipment of industrial facilities are less vulnerable to
effects of hazmat transportation accidents than people and
natural environment. In addition, many accidents occur
as toxic releases. They do not endanger built property.
Major fires and explosions on road and rail are compara-
tively rare phenomena. However, damage caused by them
can cover vulnerable roadside targets of all kinds: people,
environment and built property. Relatively recent exam-

ples of such events were disasters caused by derailments
of freight trains in the Italian town Viareggio (Toscana,
Italy, 2009, 31 person killed) and Canadian town
Lac-M¢égantic (Quebec, Canada, 2013, 47 persons killed)
(Landucci et al. 2011; Dekker 2014). Damaging phenom-
ena of these accidents were fires and explosions of hy-
drocarbons released from tank cars. Numerous buildings
were damaged or destroyed in these accidents. Both ac-
cidents affected transportation safety policies in European
Union and Canada.

As in the case with the risk to people and environ-
ment, the natural format suitable for estimating the risk
to built roadside objects is a probabilistic risk assessment
(PRA). The prime objective of this study was to highlight
the role and possibilities of structural analysis in the pro-
cess of PRA. In terms of Eurocodes, such an analysis
will serve the purpose of structural design for accidental
design situations (e.g. Vaidogas 2007a, 2007b; Vaidogas,
Linkuté 2012). A new procedure is suggested to relate
individual hazmat moved by truck or train to specific
thermal and/or mechanical damages to a roadside object.
The basic idea of the procedure is to split the process of
PRA into two tasks: predicting actions induced by fires
and explosions and developing fragility functions for in-
dividual damage events. Mathematical models of actions
and fragility functions are then applied in combination
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to an estimation of damage probabilities by means of a
stochastic (Monte Carlo) simulation.

The variety of hazmats, which can be involved in
fires and explosions of trucks and trains, is relatively
large. Some hazmats can cause accidents of different
types. For instance, liquefied flammable gas can trig-
ger off flash fire or vapour cloud explosion or can be
the cause of a catastrophic thermally induced rupture
of a pressurised tanker vessel. The latter accident is
known as a boiling liquid expanding vapour explosion
(BLEVE). In order to keep our discussion within limits
of one article, the further talk will be focussed mainly on
BLEVEs. An example case study presented in the third
section deals with thermal damage due to radiation emit-
ted by a BLEVE fireball. This study is aimed at im-
proving the situation with assessing the existing safety
along transportation routes, providing sufficient separa-
tion distances between transportation routes and vulner-
able roadside objects and designing structures which can
sustain fires and explosions occurring on road and rail.
In a broader sense, findings of the present study can be
applied to planning urban and industrial territories and
ensuring safety of inhabited areas along transportation
routes. The findings can also be used for a safety-relat-
ed decision-making based on formal operation research
methods (e.g. Vaidogas, Sakénaité 2010, 2011).

1. Main transportation hazards to the infrastruc-
ture built in the roadside territory

1.1. Accidents capable to damage roadside property

Releases of toxic liquids or gases and subsequent atmos-
pheric dispersions of toxic clouds can cause damaging
effects to environment and population located working
in the vicinity of roads. Fires and explosions pose the
hazard of thermal and mechanical actions which can se-
verely damage built property in the roadside territory. The
frequency of fires and explosions and so the likelihood
of these events in the future can be assessed by apply-
ing such databases as the Hazardous Materials Incident
Reporting System (HMIRS) run by the US Department
of Transportation (PHMSA 2014; Ronza et al. 2007). The
HMIRS database is public and available online.

Table 1 contains counts of hazmat transportation ac-
cidents and incidents in the 10-year period 2003-2012 on
US roads and railways. The numbers of fires and explo-
sions among these events are presented in separate col-
umns. These numbers are relatively small as compared to
the total number of events reported to HMIRS. However,
HMIRS contains a very large number of incidents which
caused little of no damage. Such incidents are mainly
small spills and evaporations. Another obvious conclu-
sion which follows from Table 1 is that hazmat transpor-
tation by rail causes a substantially smaller number of
accidents and incidents than moving such materials by
trucks. This conclusion is confirmed also by other authors
(e.g. Spraggings 2010).
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Table 1. Numbers of fires and explosions in hazmat

transportation accidents on US roads and railways in

the 11-year period 2003 to 2013 (extracted from

the HMIRS database (PHMSA 2014))

Total number of Number of ~ Number of
Year reported accidents fires explosions
Road Rail | Road | Rail | Road | Rail

2003 13 594 802 40 4 26 1
2004 13 068 765 49 3 24 0
2005 13 460 745 29 2 56 1
2006 17 159 703 30 2 49 0
2007 16 932 753 43 6 60 2
2008 14 802 748 48 4 46 0
2009 12 730 642 46 2 24 0
2010 12 652 749 49 3 47 0
2011 13 237 745 32 2 16 2
2012 13 249 662 63 6 13 1
2013 13 728 665 49 2 14 2
Total: 154 611 7979 478 36 375 9

The HMIRS database was searched for hazardous
materials which most often are involved in transporta-
tion accidents. These materials are commercial energetic
hydrocarbons (LNG; LPG; light fractions including petrol
and naphtha, crude oil; kerosene and jet fuel; diesel fuel;
gas oil and No. 1 and 2 fuel oil; No. 4, 5, 6 fuel oils)
(Ronza et al. 2007).

In Lithuania, large amounts of commercial hydro-
carbons are shipped every day by road and rail to ensure
a distribution to end-consumers. These materials are the
main type of hazmats in the Lithuanian transportation
network (Baublys 2003). The increasing consumption of
hydrocarbons in Europe and construction of new gas ter-
minals along the eastern shores of Baltic Sea may drive
up transportation of hydrocarbons by road in the Baltic
States (Kavalov et al. 2007).

Traffic accidents of trucks and trains shipping com-
mercial hydrocarbons pose serious risk to built infrastruc-
ture located in the vicinity of roads and railways (e.g.
Oggero et al. 2006). These accidents can escalate into
fires and explosions which are able to cause thermal and/
or mechanical damage to roadside objects. The main
types of fires and explosions on road and rail are com-
mon to transportation, fuelling, loading and unloading
activities worldwide (e.g. Casal 2008; Quest Consultants
2009): pool fire (fire of a pool of combustible liquid re-
sulting from a leak from a tanker vessel); jet fire (com-
bustion of flammable gas or vapour released at a certain
velocity through a hole in a pressurised tanker vessel);
flash fire (a quick combustion of a cloud formed by a
flash vaporisation of a flammable liquid or by evaporation
of a pool of such liquid); vapour cloud explosion (VCE,
a release of a flammable vapour from a tanker vessel fol-
lowed by formation, ignition and high-speed combustion
of a flammable cloud; such combustion can produce a
significant blast overpressure); and BLEVE.
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Thermal effects of pool fire, jet fires and flash fires
will be limited by a relatively small amount of flammable
liquids and gases which are typically carried by road and
railway tankers. The flash fire due to release of LPG from
a car tank in Viareggio caused substantially smaller dam-
age than the VCE triggered off by a release of caprolacta-
num in a fixed installation of Flixborough factory (UK,
1974). However, the fires mentioned above can cause sec-
ondary, “knock-on” accidents, such as a BLEVE (Hem-
matian et al. 2015; Spoelstra et al. 2015).

VCE:s have a large potential of widespread mechani-
cal damage to roadside property. However, most VCEs
occurred in fixed industrial facilities. Lenoir and Dav-
enport (1993) listed 103 suspected VCE accidents that
produced observable overpressures during the period
1921-1991. Of these events, only 10% were rail car and
road tanker accidents and 7% waterway vessel accidents.
Consequently, one can state that land transportation of
commercial hydrocarbons is not too much prone to VCE
accidents. However, some VCE accidents in transporta-
tion caused major damage to built property. An often cit-
ed example was a VCE cause by a puncture of an LPG
tank car in East St. Louis (USA) on January 22, 1972
(Eichler, Napadentsky 1977).

Another accidental phenomenon which can be ex-
tremely hazardous to roadside territory is BLEVE (Abba-
si, T., Abbasi, S. A. 2007; Eckhoff 2014). The immediate
effects of BLEVE are blast and projectiles. If the com-
modity in a tank vessel sustaining BLEVE is flammable
and is ignited immediately then a fireball is possible with
the associated hazards of fire engulfment and thermal ra-
diation. If the flammable commodity is not ignited im-
mediately, then delayed ignition may lead to widespread
fires or, in some cases, explosions (Birk 1996).
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1.2. Hazardous materials involved in BLEVESs of
road and railway tankers

Short reviews of accidents involving BLEVEs in trans-
portation are presented by T. Abbassi and S. A. Abbas-
si (2007) and Tauseef et al. (2010). Planas-Cuchi et al.
(2004), Bonilla Martinez et al. (2012) and Planas et al.
(2015) described in detail two BLEVESs of road tankers
which occurred in Spain in 2002 and 2011. However, nei-
ther of these publications attempted to systematise infor-
mation on a greater or lesser number of BLEVESs in trans-
portation in terms of, say, types commodities involved in
accidents or damage to roadside property.

A relatively informative source of world-wide data
on BLEVEs in transportation is the “hazardous materi-
als knowledge base” known also as “failure and acci-
dents technical information system” or, in brief, FACTS
(FACTS 2014). It allows identifying hazmats involved
in BLEVE accidents on road and rail. Figure 1 presents
information extracted from FACTS on 43 BLEVE acci-
dents, which occurred on road, and 38 BLEVEs, in which
railway cars were involved. Although these accidents
present only a relatively small fraction of BLEVEs in
transportation, an analysis of them allows making three
conclusions:

1. The hazmat, which was most frequently involved in

BLEVES on road and rail, is LPG;

Most BLEVESs of road and railway tankers occurred

on open roads and railways, that is, not inside or in

the vicinity of build-up and industrialised areas;

. The prevailing locations of BLEVE in the railway
transportation network were railways (21 cases)
and low-speed motion areas (rail yards and railway
stations, 7 cases). The exposure of built objects to
BLEVE effects is higher in the latter areas than in
sparsely built areas along railways.

2.

(b)
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Fig. 1. Hazardous materials transported by road and railway tankers and involved in BLEVE accidents: (a) data on 43 accidents
on road; (b) data on 38 BLEVE accidents on rail (extracted from the FACTS database (FACTS 2014))



Journal of Civil Engineering and Management, 2016, 22(3): 442—455

1.3. VCE and BLEVE on road and rail:
a comparison of hazards

VCEs in transportation are less frequent than BLEVEs.
A formation of a vapour cloud with flammable concen-
tration and movement of this cloud towards a potential
target in the roadside territory requires an existence of
specific meteorological conditions (e.g. CCPS 1994). In
addition, the cloud must meet an ignition source. Such
source will not necessarily be present and the cloud can
simply disperse in the air. A supersonic propagation of the
flame in the cloud (a detonation) will be possible if the
concentration of the cloud will be fairly uniform through-
out its volume. Otherwise, the flame will propagate at
subsonic speed (VCE will occur as a deflagration) and
overpressure will be modest as compared to devastating
overpressures generated by the detonation. Finally, the
combustion of the cloud can occur as a flash fire with
negligible overpressure. Consequently, the chance that a
flammable spill from a road or railway tanker will esca-
late into a VCE, which occurs as a detonation, is rela-
tively small (Ronza et al. 2007; Chang, Tsai 2015).

A “hot” BLEVE of a road or railway tanker can be
induced by external heating of a tanker vessel followed
by catastrophic failure of the tank and explosive release
of boiling liquid and expanding vapour. A “cold” BLEVE
can occur without external fire, namely, due to an instan-
taneous rupture of the tank with immediate release of its
contents. BLEVESs of this type are caused by impact in a
collision or derailment or material defects. In road trans-
port, 50% of the cases are “cold” BLEVEs and 50% of
the cases are “hot” BLEVEs. As regards the rail transport,
roughly 70-80% of BLEVE:s are “hot” ones (TNO 2005).
We think that the number of possibilities for BLEVE to
occur on road or rail is larger than the number of pos-
sibilities of a detonation of a vapour cloud formed by a
flammable release from a tanker.

Any comprehensive study which compares in detail
the risks posed by VCEs and BLEVEs on road or rail
is not known to us. We were able to find only a rela-
tively small number of transportation-related publica-
tions which consider occurrences of VCEs and BLEVEs
independently of one another. However, we feel intui-
tively that the land transportation network is more prone
to BLEVEs than to VCEs occurring as detonations. In
addition, the effects of BLEVEs are ternary (a relatively
moderate blast, thermal radiation and projectile impact),
whereas VCEs will generate only blast which is more
likely to occur as a deflagration than as a detonation. In
order to limit the amount of our study, we decided to deal
with the BLEVEs only.

2. Formal expression of risk to a roadside object
stemming form a potential accident on road or rail

2.1. Likelihood of damage events

In terms of PRA, such an explosion as BLEVE belongs
to a sequence of adverse events which make up one of
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possible accident scenarios. This sequence usually starts
with a traffic accident in which a road or railway tanker
prone to sustain BLEVE is involved. In the worst case,
the traffic accident will escalate into an explosion of the
tanker. Effects of this explosion (thermal radiation from
a BLEVE fireball, blast and fragments of a tanker vessel)
will go far outside the road or railway and may be capa-
ble to damage objects built in the vicinity of them. Frag-
ments are the furthest reaching effect of BLEVE (e.g.
Birk 1996). An individual vulnerable roadside object (a
reservoir, say) can sustain several damages of different
type. An occurrence of these damages given a BLEVE is
uncertain and therefore they can be represented by a set
of random events D, (d = 1, 2, ..., n,), where n, is the
number of identifiable damages. Examples of D, can be
loss of containment of a reservoir due to local or global
failure, initiation of fire, rupture of a pipeline or other
energy line. An occurrence of at least one of D, given a
BLEVE event B, can be expressed by the union:

ngq
D=Dy,, M
d=1
where D denotes the random event representing any dam-
age or combination of damages resulting from a BLEVE.
In the simple case where the events D, are mutually ex-
clusive, the risk posed by a BLEVE to a roadside object
can be defined as:

Risk = {(L(D,), Sy ). d=1,2, ...n;}, (2

where L(D,) is the likelihood of D, expressed usually
as an annual damage frequency and §, is the vector con-
taining measures of magnitude (severity) of the events D,
(e.g. Kumamoto 2007). The magnitude of D, will depend
on whether D, represents a stand-alone event or alterna-
tively an event which triggers off a domino sequence. If
some of the events D, are not mutually exclusive, the set
defined by Eqn (2) should be supplemented by members
expressing likelihoods and magnitudes of intersections
of those events D, which can occur simultaneously. For
instance, a structural roadside object can be ignited by a
thermal radiation from a BLEVE fireball and at the same
time it can sustain local or global mechanical damage due
to a fragment impact.

In a broader context of PRA applied to industrial fa-
cilities, a road tanker BLEVE should be considered as an
external or internal initiating event depending on where it
can occur (e.g. IAEA 2003). The expression of risk will
reflect all identifiable scenarios of accidents which can be
triggered off by this BLEVE. However, the present study
will be focussed to an assessment of damage to a specific
roadside object. Therefore the subsequent analysis will
be based on the structurally-oriented, “narrow” definition
of risk given by Eqn (2). The attention will be cantered
on an estimation of the likelihoods L(D,). They can be
decomposed as follows:

L(Dy) = F(M)P(A| M)P(B| A)P(Dy | B), (3)
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where F(M) is the frequency of mission (random event
M) of moving hazardous cargo along a potential road-
side target; P(A|M) is the conditional probability of a
traffic accident (random event A ) given M ; P(B|.A)
is the conditional probability that the traffic accident
will escalate into a BLEVE (random event ) and
P(D, | B) is the conditional probability of the damage
event D, given B.

2.2. Probabilities of damage from a BLEVE

An estimation of the conditional damage probabilities
P(D,|B) will require assessing an exposed roadside
object for three effects of BLEVE: blast, impact by
tanker vessel fragments (projectiles) and thermal radia-
tion from a BLEVE fireball. The possibilities to estimate
P(D,|B) will depend on physical nature of these ef-
fects and availability of mathematical models allowing
predicting their intensity and interaction with the exposed
object.

The literature on blast from BLEVEs states in gen-
eral that blast overpressure is localised and not significant
at larger distances (e.g. Birk 1996). The blast does not
reach as far as thermal radiation and fragment effects. In
addition, the production of the overpressure is still not
well understood and so accurate models aimed at an as-
sessment of the overpressure are under development until
now (Laboureur et al. 2015).

If the event D, represents damage due to a fragment
impact, the probability P(D, | B) can be decomposed as
follows:

P(D, |B)=P(H|B) P(D, | 'H), “4)

where P(H | B) is the probability that a fragment gener-
ated by a BLEVE will collide with the exposed object (the
random collision event ‘H will occur) and P(D, | 'H) is
the probability that the fragment will cause the damage
D, given H. The probability P(H|B) is estimated with
relative ease by applying a stochastic simulation of ves-
sel fragmentation and flights of fragments (Mébarki et al.
2009, 2012; Pula et al. 2007; Lisi et al. 2015; Sun et al.
2015).

The situation is different with an estimation of the
probability P(D, | ’H) . There is a substantial body of lit-
erature on experimental studies and mathematical mod-
elling of low-speed and high-speed projectile impact.
However, most studies deal with model development for
impact effects of “hard” projectiles (e.g. Morinicre et al.
2014; Anderson, Riegel 2015; Coffield, Adeli 2014). The
deformability of such projectiles is small in comparison
to the target deformability. In addition, these projectiles
are usually small with respect to buildings and most of
open-air industrial equipment. Projectiles ejected by a
BLEVE of a tanker vessel will be large and relatively
deformable vessel fragments, mainly end-caps and ob-
long end-caps of the vessel (Planas-Cuchi et al. 2004;
Planas ef al. 2015). They can be classified as “soft” ones
and may collide with the target at different angles of in-
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cidence and different spatial orientation with respect to
the target. Experimental investigations and modelling the
effects of such “soft” impact are still in progress (e.g.
Xu et al. 2015). To the best of our knowledge, accurate
mathematical models of “soft” impact effects and inter-
action of large “soft” projectiles with targets of different
mechanical nature are still to be developed. This makes a
more or less realistic estimation of the conditional prob-
abilities P(D, | H) problematic, particularly when pro-
jectile-target interaction and/or mechanical nature of the
da mage event D, are complicated. At present, a practi-
cable approach to assessing risk of a potential fragment
impact is to replace the likelihoods L(D,) by the likeli-
hood L(H) o« P(H | B) and control this risk on the basis
of latter value.

The thermal radiation can ignite combustible parts
of the exposed object and so the damage will be caused
by a subsequent, secondary fire. Many combustible ma-
terials ignite at 10 second exposure to 50 kW/m? radia-
tion (Prugh 1994). The duration of a fireball generated
by a BLEVE of a typical road or railway tank is up to 20
seconds. Blast and projectiles will reach the target object
within first two or three seconds after the explosion and
act a very short time. Thermal radiation from a fireball
will act on the object a longer time. If the events of me-
chanical and thermal damage are modelled by the respec-
tive random events D,,= D, and Dy = D,, the event D,
will occur first and Dy will follow D,,.

An occurrence of the mechanical damage event D,
can lead to two conditions of the target object with respect
to the vulnerability of this object to thermal radiation:

1. An occurrence of D,, does not change the vulner-
ability to fire damage (e.g. a local damage to a ma-
sonry wall of an industrial building hit by a projec-
tile from a tanker vessel fragmentation will not affect
the vulnerability of its roof to thermal radiation, Fig-
ure 2(a)). The events D,, and Dy can be considered
independent and so the probability P(D; | B) esti-
mated independently from P(D,, | B);

2. An occurrence of D,, increases abruptly the vulner-
ability to fire damage (e.g. loss of containment by
a reservoir used to store flammable liquid due to a
projectile impact and so spill and exposure of this
liquid to the direct action of thermal radiation will
increase the chance of fire, Figure 2(b)). The events
D, and Dy can not be considered to be independent
and so P(D; |D,,NB) > P(D;|B).

The probabilities P(D; |B) and P(D;, | D, NB)
represent two different accident scenarios. An estimation
of the conditional thermal damage probability P(D; | B)
is similar to that of P(Dy | D,,N B), with the difference
that the first probability must be estimated for a mechani-
cally undamaged target object and the second one for an
object in a damaged state and so more vulnerable to a
thermal impact. Due to this similarity and for the sake
of brevity, the symbol P(D; |B) in what follows will
represent both probabilities.
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(b) BLEVE fireball
Thermal radiation

Ignition of outflowing liquid (D7)

/\

BLEVE on road or rail Reservoir
I

Ignition of liquid pool (D7) Fragment impact

Fig. 2. An illustration of the thermal damage event D7: (a) the case of an independent occurrence of Dz with respect to
the mechanical damage by a projectile (event D,,); (b) the case where D (ignition of flammable liquid) is dependent
on an occurrence of mechanical damage (event D,, occurring as a perforation of a reservoir wall by a projectile and

subsequent leak of liquid)

2.3. Vulnerability of roadside object to thermal
damage

The thermal damage probability P(D; |B) can be ex-
pressed as follows (e.g. Vaidogas 2007a, 2007b):

P(DB)=[ | P(DrIy)f(y)dy =

Jallx P(Drly(x)) f(x)dx,

)

where y = (v, ¥,) is a two-component vector, the first
component of which, y;, expresses a thermal radiation
intensity (heat flux) and the second, y,, the duration of
exposure to this radiation (fireball duration); P(D|y)
is the fragility function relating the probability of Dy
to y; x is the vector of characteristics of BLEVE acci-
dent resulting in the impact expressed by y; w(x) is the
vector-function which relates x to y (i.e., y =w(x)); and
f(x) and f(p) are the joint probability density func-
tions (p.d.f.s) of x and y, respectively.

A development of the fragility function P(Dy|y) is
a highly case-specific task of probabilistic structural anal-
ysis. Fragility functions are widely applied to seismic risk
assessment and extreme-wind risk assessment. However,
any attempts to develop a fragility function for thermal
actions of external fires are not known to us. We can only
mention an attempt made by Vaidogas and Juocevicius
(2008) to develop a fragility function for a timber struc-
ture exposed to an enclosure (internal) fire.

Recipes allowing relating the thermal radiation y,
and fireball duration y, to a specific thermal damage are
very sparse and deterministic in nature. It is stated in the
books CCPS (1994) and CPD (2005) that the radiation
of 37.5 kW/m? is sufficient to cause damage to process
equipment and 12.5 kW/m? is the minimum energy re-
quired for ignition of wood and melting of plastic tubing.

Most sources interpret the thermal damage simply as
an ignition of materials exposed to thermal radiation and
distinguish between ignition and non-ignition by speci-
fying a pair of fixed threshold values (v} ip> Y2 min) (€-8-
Tewarson 2002; Babrauskas 2003). Unfortunately, such
values are insufficient to easily develop a fragility func-
tion P(Dyly,,»,), especially for short-term exposures

(values of y, ranging roughly between 5 and 20 seconds).
It is highly probable that at present the analyst will have
to rely on a simplified, deterministic fragility function il-
lustrated in Figure 3(a). With the values (v in> Y2 min)>
the deterministic fragility function is expressed as:

Lif vy 2 py iy and yy 2 3y 0,

0 otherwise -6

P(Drly1yy) = {

In a general way, the fragility function P(Dy|y;,,)
should be expressed by a bivariate distribution function
F(y,,y,) illustrated by a graph of a univariate function
in Figure 3(b). A specification of F(y,,y,) will face at
least two problems:

1. The thermal radiation expressed by the demand vari-
able y; of P(Dr|y;,y,) is generally not constant
over the time interval (0, y,);

2. The probabilities P(Dy|y;,»,) can be uncertain for
given pairs ();,»,) . In terms of PRA, uncertainty
of this type is called the epistemic uncertainty (e.g.
Sankararaman, Mahadevan 2013). The presence of
epistemic uncertainty in values of the fragility func-
tion will add complexity to the estimation of the
damage probability P(D; | B).

The first problem is usually sidestepped by stating
that the thermal radiation from a BLEVE fireball is maxi-
mal and constant over the last two thirds of fireball du-
ration (e.g. Casal 2008; Dhurandher ef al. 2015). In the
first third, the radiation is not constant and increases from
zero to a maximum value. A simple assumption that the
maximum radiation will be emitted over the entire time
of fireball life will yield a conservatively large estimate
of the damage probability P(D; | B).

The presence of the second problem will complicate
the estimation of P(D; | B). In principle, the epistemic
uncertainty in the fragility function P(D;|y,,»,) should
be transformed into one related to the damage probabil-
ity P(D; | B). This transformation is usually done by a
Monte Carlo simulation and it yields a random damage
probability, say P(D; | B). Then the final result of an
estimation of P(Dy | B) can be a conservative percen-
tile of P(D; |B) (Vaidogas, Juocevic¢ius 2007, 2009;
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P(Dy|y) 4
1

k—D7 will not occur certainly— Dr is a certain event

0 Ymin y
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(b) z A

z2=F(y)=P(Dyly)

Fig. 3. A schematic, two-dimensional illustration of the fragility function P(D;|y): (a) deterministic representation
expressed by a single threshold value y,,;,; (b) probabilistic representation by a cumulative distribution function F(y)

Vaidogas 2009; Linkuté et al. 2013). Such an estima-
tion results in one single and conservative value of the
damage probability P(D |B). A single value is con-
venient for decision-making and preferable to an interval
or information expressed by a density function. Further
recipes for dealing with epistemic uncertainties related to
fragility functions were proposed by other authors (Celik,
Ellingwood 2010; Mandal et al. 2015). However, a uni-
fied and commonly recognised approach to handling epis-
temic uncertainties in structural fragilities has not been
developed to date.

Fitting a well-known bivariate density f(y) to the
direct data on BLEVE effects can be problematic. BLEVE
accidents on road are unique, short-lasting and unexpect-
ed events. The post mortem data on them is too sparse
for fitting f(y). However, the density f(y) and so the
probability P(D; | B) can be estimated by propagating
uncertainties expressed by the lower-level density f(x)
through the model y(x) (e.g. Vaidogas 2007a, 2007b).
The function y(x) can be composed of a relatively large
number of models available currently for the prediction
of individual effects of BLEVE. These models are strictly
deterministic, some are in competition for modelling in-
dividual characteristics of BLEVE fireballs (Abbassi, T.,
Abbassi, S. A. 2007; Eckhoff 2014). Table 2 contains an
example of w(x) composed of two sub-models /,(x)
and w,(x) developed for a prediction of fireball radia-
tion y; and duration y,, respectively.

The uncertainties related to components of the input
vector x call for an introduction of a random vector X de-
scribed by the p.d.f. f(x). With the random input vector

X, the output of the model y(X) = (y,(X), v,(X)) will
be random and can be modelled by two random variables:
random thermal radiation ¥} = y(X) and random fireball
duration Y, =, (X). The probability distributions of Y;
and Y, can be estim ated by applying a simulation-based
propagation of uncertainties through the model w(-).
Values of the random input vector, x;, can be sampled
from probability distributions of the random components
of X and the corresponding output values y; =y/(x;)
and y,; =y,(x;) calculated by means of y/(-) . A repeti-
tion of this process a large number of times, say, N will
yield a Monte Carlo estimate of the damage probability
P(D; | B), namely:

P 1B =N"Y B(Drlyyvs),  (7a)
where 13(DT | B) is the estimate of P(D;|B) and
P(DT| Y1j» Yo;) 18 an estimate of the fragility function
value P(Dr|yy;,y,;) . The value P(DT | B) is an es-
timate of a mean of the fragility function with random
arguments, namely, P(D|Y;.Y,) = P(Dply; (X), (X))
(e.g. Vaidogas 2007a, 2007b). The probabilities
P(Dr|yyj, y,;) can be estimated in the similar manner,
namely, by computing the average:

~ — M
P(Drlyy;y2) =M~ Y 1w, v55.2). (7b)

where M is the number of Monte Carlo simulations;
1(-) is an indicator function and z; is the vector of
random characteristics of exposed roadside object sam-
pled in the simulation step /. The function 1(-) must

Table 2. Components (sub-models) of the model ¥ (x)=(y,(x) y,(x) developed in by the Dutch organisation TNO
(CPD 2005) (components of the input vector x are explained in Table 3)

Description Expression of the sub-model

v (x)=E(x)F,;,,(x)7,(x) *

view

W (x)=0.852(x x5 )%

Component of y(x)
w1(x)
¥, (x)

Intensity of thermal radiation

Fireball duration

* E(x)=E(x),x,, ... ,X,) Iis the emissive power of the fireball surface; F,, (x)=F,, (X;,%,,...,Xs) is the view factor;

7,(x) =(x, X5, ... ,Xg,%3,X,) is the atmospheric transitivity; see CPD (2005) for a detailed description of the sub-models E(:),

Fv[ew(') and Ta ()
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Component of x Description Units Value**
X Position of the BLEVE centre along the axis {0; x; } (Fig. 4) m Random, see Table 5
X Position of the BLEVE centre along the axis {0; x,} (Fig. 4) m Random, see Table 5
X3 Position of the BLEVE centre along the axis {0; x5} (Fig. 5) m 0.0
Xy Capacity of the tank m? 56.14
X5 Pressure in the vessel just before the explosion* N/m? 20%10°
X Degree of tank filling % Random, see Table 5
Xq Density of LPG (propane) kg/m? 585
xg Combustion heat of LPG at its boiling point J/kg 46.0x10°
Xg Vaporisation heat of LPG at its boiling point J/kg 0.426x10°
X109 Specific heat capacity at constant pressure J/(kg°K) 0.002582
X1 Temperature of the fireball flame °K Random, see Table 5
X2 Partial vapour pressure of carbon dioxide in the atmosphere N/m? 30.39
X3 Ambient temperature °C Random, see Table 5
X14 Relative humidity % Random, see Table 5

* Relief pressure of the safety valve can be assumed as the pressure at the instant of explosion (Casal 2008).
** The values presented in this column will be used in the example case study described in Section 3.

be defined so that for a given triplet (yy;,y,;,%;) the
values 1(yy;,y,;,2,) =1 and 1(yy;, y,;,%) =0 indicate
an occurrence and non-occurrence of Dy, respectively.
Eqns (7) realise a nested loop simulation procedure. The
accuracy of the estimate P(D; | B) will increase with
increasing numbers of simulations, M and N. Eqns (7) are
widely used in the field of structural reliability.

3. Example case study

The potential thermal damage from a road tanker BLEVE
fireball to the 1% of the four reservoirs shown in Figure 4

will be analysed. The reservoirs are located in the Lithu-
anian capitol Vilnius in the vicinity of the Al highway
(Fig. 4(a)).

The thermal radiation will be estimated at the centre
of reservoir roof, where system components sensitive to
thermal radiation are installed (point “II;”), and at the
bottom of the diked area around the reservoirs, were pip-
ing and other system components are attached to the res-
ervoir (point “I1,”) (Fig. 5). Characteristics of the points
“I1,” and “TI,” are given in Table 4. A BLEVE of a typi-
cal road tanker semi-truck carrying 24.7 tons of propane
will be considered.

Fig. 4. An example of external exposure of a potential target to a BLEVE on road: (a) an aerial view of four reservoirs
with flammable materials located in the vicinity of a road with a frequent transportation of liquefied gases; (b) schematic
view with a coordinate system {0; x;, X,} based on road centreline and cylinder axis of one of the reservoirs
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Fig. 5. Exposure of a roadside object (target) to the fireball generated by a BLEVE of a road tanker carrying 24.7
tons of propane (the dimensions of the fireball were estimated by means of the TNO model given in CPD (2005))

The BLEVE can occur on an unsafe road segment
® with the length of 661.3 m (Fig. 2(b)). The area be-
tween the road and the reservoirs is flat; the road segment
® has a negligible gradient. The road has four lanes,
each 3.75 m wide and a 5,5 m wide median which sepa-
rates opposing lanes of traffic (Fig. 6(b)). The LPG is
transported along the road segment @ with relative fre-
quencies 7; = 0.35, 7, = 0.04, 73 = 0.07 and 7, = 0.54
shown in Figure 6(a). These frequencies were obtained
from an observation of traffic in the road segment @ .

The BLEVE accident is described by the vector X
defined by the equation:

X = (X, X5, X5, x4, X5, Xg, X7, Xg, Xo, X1
Xy, X125 X3, X1g)- (3

Components of X are explained in Table 3. This ta-
ble gives values of the deterministic components of this
vector, Xy, Xs, X7, Xg, X9, X9 and x;,. The probability distri-
bution of the longitudinal rest position of the road tanker
and so the position of a potential BLEVE centre, X;, was

(@) Relative frequency A
s =0.54
0.5
= 0.35
7= 0.04 0.1 =007
| | >
T 0 T >
-10.25 -6.5 =275 0 2.75 6.5 10.25 X2, M
(®) Lane 1 Lane 2 CL zoad Lane 3 Lane 4
}4—3475 m—»e—3.75 m—»L—2475—><—2.75—>L—3.75 m—»1<+—3.75 m—»‘
[ 14 m > 14 m =|

Fig. 6. Simulation of the transverse rest position of road tanker which can sustain a BLEVE: (a) relative frequencies
of transporting liquefied gases through individual lanes; (b) transverse profile of the road (the symbol CL denotes

the road centreline)
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Table 4. Characteristics of two vulnerable points in the reservoir system that can be ignited by a BLEVE fireball

Position in the coordinate system

Criterion of thermal damage

Poi Estimate of damage probability,
oint 0: 2 A
10 X1, x5, X3} Vimin KW/M2) 3 00 (5) B (Dy|B)* (see Eqns (7))
I1, (0 m, 282.3 m, 47.5 m), Fig. 5 25 10 13](DT|B) =1.021x1073
1, (0 m, 215 m, —2.17 m), Fig. 5 30 10 B(D;|B)=0.1814

* Computed with N = 1x10° with k= 1 and k = 2 standing for the points I1; and I1,, respectively.

Table 5. Probability distributions of the random components of the vector X used to describe a road tanker BLEVE accident

Coefficient of variation

Random variable Mean (standard deviation) Probability distribution
X 335" m 0.577 (193.4 m) Uniform over the length of @
X, 2.174 m 5.20 (11.31 m) Mixed distribution with the p.d.f. in Eqn (9)
X 0.85 0.05 (0.0425) Normal
X1 2000 °K 0.11 (220 °K) Lognormal
X3 15 °C 0.20 (3 °C) Normal
X4 70% 0.1 (7%) Normal

*In the accident simulation the mean value of X; was shifted to the zero value of the axis {0; x,}.

assumed to be uniformly distributed over the length of @
(Fig. 4(b), Table 5). This distribution expresses maximum
uncertainty related to a potential BLEVE centre along the
axis {0; x;}. The road segment did not experience tanker
truck accidents in previous years.

The probability distribution of the transverse tank
position after it comes to a complete stop and can ex-
plode, X,, depends on the lane of intended travel. Our
previous analysis of tank car accident data led to the
result that the transverse rest position of the tank cen-
tre with respect to the centreline of intended travel
lane can be modelled by a logistic distribution Logistic
(2.02 m, 3.10 m) (Vaidogas et al. 2012a, 2012b). The

(a) Density, m™!

£(x,1-10.395,3.10)

(3%, 1-6.645,3.10)

0.15 |

positive location parameter of this distribution, 2.02 m,
means that the transverse rest position lays in average
2.02 m outwards the travel lane centreline. The distribu-
tion Logistic (2.02 m, 3.10 m) can be associated with
each of the four lanes of the road under consideration by
adding (subtracting) its location parameter to (from) the
coordinate of the lane centreline along the axis {0; x,}
(Fig. 7(a)). This will allow constructing a mixed p.d.f. of
X,, in which the frequencies 7, to z, will play the role of
probabilistic weights:

P(xy) = 7,f,(x, | -10.4,3.10) + 7, £, (x, | -6.65,3.10) +

73 f3(x,16.65,3.10) + 7, f4(x, [10.4,3.10),  (9)

f3(x,16.645,3.10) f4(x,10.395,3.10)
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Fig. 7. Probabilistic model of the transverse rest position of the tank: (a) densities of the transverse departure from the centrelines
(CLs) of individual lanes and a mixture of these densities, ¢(x,); (b) road profile and adjacent roadside territory
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where ¢(x,) denotes the mixed p.d.f. of X; and f)(x; | -, *)
(I=1,2,3,4) are the logistic p.d.f.s related to the respec-
tive travel lanes. Parameters of the densities f)(x, | -, -) in
Eqn (9) are in meters. The graph of the bimodal density
@(x,) is shown in Figure 7(a). The probability distribu-
tions of the remaining random variables considered in
the present example, X, X, X;3 and X7, were assumed
by following the recommendations given by Papazoglou
and Aneziris (1999) who considered the quantification of
uncertainties related to the BLEVE thermal radiation.
The values x; = (xy;, x,;) of the random input vec-
tor X were sampled by means of a stochastic simulation
from the probability distributions listed in Table 5. Then
the simulated values x; and the model w(-) described in
Table 2 were used to compute values of the thermal radia-
tion and fireball duration, y,; and y,;. The simulation was
repeated 1x10° times (N = 100 000). The simulated val-
ues of the thermal radiation, y,; =y;(x;), were different
in the points “II;” and “Il,”, because the simulated input

vectors x; involved different positions of “II;” and “II,”.

E. R. Vaidogas et al. The risk to structures built near roads and rails used for moving hazardous materials

The symbol y,; (k =1, 2) will be used to signify this

difference, where the values £ = 1 and k = 2 stand for the

points “IT;” and “II,”, respectively. The simulated values
Y1 were used for composing two samples:

j}]kz{)/vksj=1329 aN} (k=192) (108')

The simulated values of the fireball duration,

Yy =¥, (x;), did not depend on the position of exposed

roadside object (location of the points “Il;” and “II,”).
These values were used to compose the sample:

5)2:{)}2/7.]:172) DN} (IOb)

Descriptive measures of the samples ,, and p,
are given in Table 6. Figure 8 shows scatter diagrams
of the pairs (x5, x5;) and (v, ¥2) (¢ = 1, 2, ..., 10 000).

With the pairs (v, ), estimates of the probability of
thermal damage, ﬁk (D | B), were computed for points
“II;” (k= 1, 2) (see Table 4). Descriptive measures given

Table 6. Descriptive measures of the samples p,, and p, composed of 100 000 simulated values of thermal radiation and

fireball duration and estimated in the points “IT,” (k = 1, 2)

Point(s)* Sample** Mean Coeff. of variation (min, max) 95 percentile
“T1,” i 16.61 kW/m? 23.4% (9.09 kW/m?, 27.58 kW/m?)  22.58 kW/m?
“TI,” i 19.51 kW/m? 26.4% (9.57 kW/m?, 32.72 kW/m?)  27.44 kW/m?
“I1,” and “II,” » 12.20 s 1.301% (11.47 s, 12.78s) 1245 s
*See Figure 5.
**The samples are defined by Eqns (10), N = 100 000.
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Fig. 8. Results of the simulation of a BLEVE thermal radiation at point “Il,” shown in Figure 5: (a) simulated positions of
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in Table 6 and values of the estimates ﬁk (D | B) make
it clear that the point “Il,” is much more vulnerable to
thermal radiation than “II;”. Consequently, a thermal in-
sulation (shielding) should be provided in order to protect
this part of the reservoir system against BLEVE.

Conclusions

An assessment of transportation infrastructure in terms
of potential risks has been considered. The attention was
focused on roads and railways used for transportation of
hazardous materials. The prime objective of this study
was to explore the possibility of assessing individual road
and railway segments which can pose risk to roadside ob-
jects in terms of mechanical and thermal damage. Results
of the study led to the following conclusions:

1. The existing configuration of land transport network
is such that objects built in the vicinity of many road
and railway segments can be damaged during acci-
dents occurring occasionally on road and rail. Such
accidents manifest themselves as fires and explo-
sions of vehicles carrying hazardous materials. They
induce thermal and mechanical effects capable to
cause damage in the roadside territory. Materials
most often involved in transportation accidents and
so in fires and explosions are commercial energetic
hydrocarbons.

2. Statistical data on hazardous materials transporta-
tion accidents collected in the previous decade indi-
cates that fires on road and rail are somewhat more
often than explosions. However, the latter have
higher damaging potential than the former. The
main two types of explosions of hydrocarbon cargos
are BLEVE and VCE. BLEVE:s of road and railway
tankers are more likely than VCEs. The damaging
potential of BLEVE is larger than the one of VCE,
because BLEVE can induce both thermal and me-
chanical effects on roadside territory, whereas VCE
poses mainly mechanical effect which in most cases
will be relatively weak. In transportation, BLEVEs
occur as catastrophic failures of vessels of tanker
trucks and tank cars. They are usually preceded by
traffic accidents of trucks and trains.

3. Probabilistic risk analysis is a natural platform suit-
able for assessing an individual road or railway seg-
ment in terms of risk posed by a potential BLEVE
on road or rail to roadside territory. In line with this
analysis, such a risk can be expressed as a frequency
of a specific thermal and/or mechanical damage to a
vulnerable roadside object. Typically this frequency
is an annual one. The damage frequency can serve
as a measure of criticality of a road or railway seg-
ment with the potentiality of a BLEVE accident.
The higher it is the more critical is the segment.

4. An estimation of damage frequency will require as-
sessing the entire configuration of road or railway
segment under analysis and adjacent roadside terri-
tory with vulnerable built objects. In addition, fra-

gility functions will have to be developed for the
objects of interest. The demand variables of these
functions will be effects of BLEVE: thermal radia-
tion, characteristics of fragment impact, overpres-
sure and incidence angle of a blast wave. The fre-
quency estimation will also require predicting these
effects by means of mathematical modelling.

5. Uncertainties related to a BLEVE of a road tanker
should be modelled by means probability distribu-
tions and can be propagated by applying a stochas-
tic simulation (Monte Carlo method). The basis for
such simulation is deterministic models of BLEVE
effects developed among others by the Dutch or-
ganisation TNO. The lowest level uncertainties will
be related to input of these models. Part of the input
are variables specifying the position of explosion
centre with respect to a potential roadside target.
This position will be determined by the geometrical
configuration of the road segment or railway under
analysis. The spread of BLEVE effects may be in-
fluenced by the character of roadside territory and
position of potential target in this territory. These
two points relate analysis of road infrastructure to
an assessment of risk induced by fire and explosion
accidents on road.

The assessment of road segments through estimat-
ing risk posed to roadside territory was illustrated by an
example case study. A possible effect of thermal radia-
tion induced by a BLEVE of a propane tanker truck was
considered. The vulnerable roadside object under analysis
was a reservoir built in the vicinity of a road used for
an intense transportation of hazardous materials. The risk
was assessed by estimating the probabilities of thermal
damage to two vulnerable points of the reservoir.
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