
� Corresponding author. Tel.:

71-50.

E-mail address: eulalia.planas

0950-4230/$ - see front matter#

doi:10.1016/j.jlp.2004.05.005
+34-93-401-17-36; fax: +34-93-401-

@upc.es (E. Planas-Cuchi).

2004 Elsevier Ltd. All rights reserved.
Journal of Loss Prevention in the Process Industries 17 (2004) 315–321

www.elsevier.com/locate/jlp
Explosion of a road tanker containing liquified natural gas
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Abstract

The explosion of a road tanker transporting LNG (one person killed, two injured) is studied. The analysis shows that the
explosion, which followed a two-step mode as for the failure of the vessel, could have been a boiling liquid expanding vapor
explosion (BLEVE). The overpressure and thermal radiation have been estimated and related to the effects observed. Only a rela-
tively small part of the energy released in the explosion was manifested in the pressure wave. The large fragments (the three pieces
into which the tank was broken) and the truck motor were ejected at various distances along the tank’s main axis.
# 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Large amounts of hazardous materials (chemicals,
hydrocarbons) are transported every day by a variety
of methods (rail, road, ship, etc.). Often, these materi-
als are transported through inhabited areas, with a var-
iety of population densities, thus, increasing the
potential risk in case of an accident.
In fact, of all accidents involving hazardous sub-

stances, a significant amount occur during transpor-
tation. An exhaustive survey carried out using the
MHIDAS database (MHIDAS, 2004, updated April
2004, containing 12,179 accidents occurred up to July
2003), showed that 43% had occurred in transpor-
tation. This information, together with the occurrence
of several severe accidents, has motivated efforts over
the last few decades to improve safety in transport,
especially in developed countries.
Nevertheless, accidents in transportation continue to

happen, since avoiding them completely is practically
impossible. This is one of the reasons for conducting
studies on the accidents which do occur, since they are
practically the only source of experimental data on a
full scale. In this paper, the explosion of a road tanker
transporting liquified natural gas is analyzed, in an
attempt to clarify exactly how and why it occurred.
2. Accidents in the transportation of LNG

The aforementioned historical analysis showed that,
of the 12,179 accidents contained in the database, 8.6%
had occurred during road transport. Only nine involved
LNG (around 1%). Of these nine, four corresponded to
road accidents with neither LNG release nor fire. In the
other three, there was a LNG release which could be
controlled thus avoiding the fire. In another, the tyres
and the fuel of the truck ignited, but the LNG was not
affected. Only in one case was the LNG load involved in
the fire, and the driver killed. Among the 60 boiling
liquid expanding vapor explosion (BLEVE) accidents
contained in the database, no one was found involving
LNG; however, as commented in Section 5, this can be
due to the lack of agreement existing actually in the
proper definition of BLEVE.
3. The accident

The accident took place on 22 June 2002, at 13:30
p.m., on the C-44 road near Tivissa, Catalonia (Spain).
A tanker containing natural gas lost the control on a
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downhill section of the road, probably due to speeding.
It turned over, tipping onto its left side and finally
coming to a halt beside a sandy slope. Immediately,
flames appeared between the cabin and the trailer,
initially with practically no smoke. One witness who
was located initially at a distance of 70 m said that the
initial flames were blue and very high (this was not
confirmed by the other two witnesses). Moments later,
the tyres started to burn, producing small explosions
and black smoke. According to the witnesses, the
flames then increased in size, becoming very large (see
Fig. 1, taken approximately 2 min after the road acci-
dent). The flames could be fed by the diesel oil from
the truck tank or by the LNG (a broken pipe connect-
ing the tank to the safety valve?) or, more probably, by
both; the photographs (Fig. 1) show the existence of
white smoke, which could be vapor originated from a
liquid release from the safety valve. Approximately 20
min after the road accident, the tank exploded. There
was a small explosion, then a strong hiss and then the
large explosion. Immediately after the explosion, the
fire disappeared and a white cloud appeared. This
ignited immediately giving rise to a fireball.
The driver died, and two persons located at approxi-

mately 200 m were injured (burned).
The tanker, built 28 months earlier (AISI-304 stain-

less steel), was cylindrical, with a diameter of 2.33 m
and an approximate length of 13.5 m. It was made of
stainless steel (4 mm thick at the wall and 6 mm thick
at the ends). It had internal baffles (one each 7.5 m3)
that were 3 mm thick. It was protected with an expan-
ded polyurethane external insulation (130 mm thick,
self-extinguishing, and covered by a 2 mm aluminium
plate). It was designed for a working pressure of 7 bar,
the hydraulic test being performed at 9.1 bar. With a
volume of 56 m3, 85% of it was filled with liquid (this
implies approximately 47.6 m3 of liquid and 8.4 m3 of
gas). The temperature of the LNG was slightly below
�160 v

C and the pressure slightly below 1 bar. There
were five safety valves: two 1 in. valves set to 7 bar and
one 3/4 in. valve set to 9 bar, located at the top of the
vessel (in the vapor zone); and two 1/2 in. valves set to
10 bar located on the unloading pipes (under the ves-
sel); all these valves were connected to a discharge pipe
located at the top of the vessel. There was no manhole.
The truck had a 0.5 m3 aluminium diesel oil tank.
The existence of a first explosion, then a strong hiss

and afterwards the large explosion, seems to confirm
the two-step mode for the failure of the vessel (Venart,
2000): the formation of an initiating crack by thermal
stress at a very hot location of the wall, arrested in a
cooler and stronger zone (in the vapor zone, metal wall
temperatures are extremely variable under the action of
fire), followed by a discharge (probably two-phase
flow); then, the restart of the crack due to further ther-
mal stress at the crack tip originated by the cooling
effect of the two-phase release through the crack, lead-
ing to the catastrophical failure of the vessel.
4. Effects of the explosion

The effects of the road tanker explosion were over-
pressure, thermal radiation and missile ejection.

4.1. Estimation of the overpressure

The explosion was very violent, breaking the tank
and the truck into several pieces, distorting some of
them considerably, ejecting them over considerable dis-
tances and causing a pressure wave.
To calculate the energy released in the explosion

(which is needed to estimate the pressure wave), the
pressure inside the tank at the moment of the explosion
is required. However, in this case it is impossible, as
the temperature of the tank contents at the time is not
known. The impact against the fence and the ground
had resulted in the loss of part of the thermal insu-
lation lining. This meant part of its external surface
was in direct contact with the flames. Furthermore, the
remains of the tank indicated that flame impingement
probably took place in the upper part of the tank, in
an area that was not in contact with the liquid, thus
heating the steel wall considerably and originating a
week zone that was thus prone to producing a crack.
Another way to determine the pressure wave would

be to deduce it from the effects observed, but not
enough data were available when performing this study
to do this. However, we do know that there was a
house at a distance of 125 m, and that the glass
windows remained intact. Therefore, to obtain a value
Fig. 1. The road tanker 2 min after the road accident and approxi-

mately 18 min before the explosion. The car was left by one of the

witnesses who fled.
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of the maximum possible overpressure, this distance
will be accepted as the maximum distance for the
breaking of glass.
This corresponds to a pressure wave of approxi-

mately 0.03 bar (Casal, Montiel, Planas, & Vı́lchez,
2001). By using the classical plot of overpressure versus
scaled distance, a scaled distance of 40 m kg�1/3 is
found. For the overpressure, this implies an equivalent
mass of 30 kg of TNT. Assuming that the rupture of
the tank was a ductile one, then the energy released by
the explosion would have corresponded to an equiva-
lent mass 75 kg of TNT. From this value, the pressure
inside the tank just before the explosion can be
obtained (Planas, Salla, & Casal, submitted for publi-
cation). By a trial and error process, a pressure of 8
bar is finally found.
4.2. Dispersion of projectiles

The tank was broken into several major pieces.
There were one longitudinal and two circular cracks,
which did not overlap totally with the welding or with
its transition zone. All the baffles were pulled up. Two
large pieces (see Figs. 2–5) were the rear section of the
tank and its front part. The rear part of the tank
(together with part of the truck’s mechanical structure),
with an approximate length of 5 m, was ejected to a
distance of 80 m. The front part, with a length of 4 m,
travelled 125 m, where it struck a house. The motor
and cabin covered a distance of 257 m. Many other
smaller fragments (baffles, a thin plate protecting the
insulation) were dispersed through the area. The frame
(mechanical structure) was considerably distorted. The
right side of the tank showed the effects of fire, while
the left side (lying on the ground during the fire)
seemed not to have been in contact with the flames.
As can be observed in Fig. 6, all the major pieces

(both ends of the tank, some parts of the structure, the
central section of the tank and the motor) and
the location of the road tanker at the moment of the
explosion are practically on a straight line. Again, this
is evidence of the fact that, in cylindrical tank explo-
sions, there is often a unidirectional trend concerning
the path of the major missiles.
4.3. Thermal effects

Assuming that all the mass initially contained in the
tank was involved in the fireball, this gives 19,000 kg of
LNG. The corresponding size and duration of the fire-
ball can then be estimated, obtaining the following
values (Casal et al., 2001; CCPS, 1994):

D ¼ 150 m
t ¼ 12 s
H ¼ 113 m

where H is the height of the center of the fireball with
respect to the ground.
Two persons were injured (first and second degree

burns) at a distance of 200 m from the road tanker. In
Fig. 2. Rear piece of the tank.
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order to calculate the thermal radiation at this dis-
tance, the solid flame model can be applied.
Assuming an atmospheric humidity of 50%, the

atmospherical transmissivity is s ¼ 0:68. For the view
factor, the following value is obtained: F ¼ 0:1.
Assuming a radiation coefficient of g ¼ 0:25, the
emissive power of the fireball is calculated as

E ¼ 260 kW=m2.
The maximum radiation reaching a target at a dis-
tance of 200 m would have therefore been:

I ¼ s � F � Ep ¼ 18 kW=m2 ð1Þ

Taking into account that the persons were standing
(vertical surface), the incident radiation would have
been 16 kW/m2. This corresponds to a dose of

4:8� 106 s (W/m2)4/3. Analyzing the data on the vul-
Fig. 3. Front piece of the tank.
Fig. 4. Central part of the tank.
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Fig. 5. Remains of the truck.
Fig. 6. Distribution of fragments.
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nerability of persons, these values correspond to 95%
of the persons exposed (without any protective clothes)
suffering first degree burns and 5% of those suffering
second degree burns. This agrees fairly well with what
really happened: of the two persons located at approxi-
mately 200 m, one suffered first degree burns and the
other one suffered second degree burns (both were
lightly dressed, as it was a sunny and rather hot day).
5. BLEVE or not BLEVE?

Boiling liquid expanding vapor explosions were
defined by Walls (1979), one of those who first pro-
posed the acronym BLEVE, as ‘‘a failure of a major
container into two or more pieces occurring at a
moment when the container is at a temperature above
its boiling point at normal atmospheric pressure’’. Reid
(1976) defined BLEVEs as ‘‘the sudden loss of contain-
ment of a liquid that is at a superheated temperature
for atmospheric conditions’’; this definition has been
widely accepted for years. More recently, less restrictive
definitions have been proposed and are being accepted
by diverse authors; for example, (CCPS, 1994) ‘‘an
explosion resulting from the failure of a vessel contain-
ing a liquid at a temperature significantly above its
boiling point at normal atmospheric pressure’’. Of
course, classifying an accident as a BLEVE or not will
depend on the definition accepted.
In order to analyze whether the explosion was a

BLEVE or not according to Reid criterion, the tangent
to the saturation curve at the critical point was determ-
ined. By taking two points of this curve for methane
(Pc ¼ 46:99 bar, Tc ¼ 190:6 K; P ¼ 1:325 bar, T ¼
115 K), the values of the two constants at the Clausius–
Clapeyron equation were determined: B ¼ 1028:4,
A ¼ 9:22. Therefore, the straight line tangent to the
saturation curve at the critical point has the slope
m ¼ 1:3; and the ordinate at T ¼ 0 K is �201.8.
Finally, the equation of the line tangent to the satu-
ration curve at the critical point is:

P ¼ 1:3T � 201:8 ð2Þ

For P ¼ 1, this relationship gives the limit super-
heating temperature of 156 K. Then, for a BLEVE to
occur, the methane should theoretically have been

heated above 156 K (�117 v
C) from 113 K (�160 v

C),
which is the usual storage temperature. However, in
practice this approach implies a safety margin (Casal
et al., 2001). Taking this into account, the real limit
superheating temperature can be estimated to be 170 K

(�103 v
C).

According to the Clausius–Clapeyron equation for
the methane, at 156 K the pressure inside the tank
would be 13.9 bar, and at 170 K it would be 23.8 bar.
Therefore, for the explosion to be a BLEVE according
to this criterion, the pressure inside the tank should
have been between approximately 14 and 24 bar.
It is possible to estimate the pressure wave for the

lower value of this range of pressures. For a pressure
inside the tank of 14 bar, this calculation indicates that
the explosion would have originated a pressure wave
similar to that of the explosion of 130 kg of TNT. This
implies an overpressure of 0.04 bar at a distance of 125
m, which would have broken the windows (glasses and
frames) of the house. As this did not happen, in prin-
ciple the pressure inside the tank at the moment of the
explosion should have been lower than that required
for a BLEVE according to the criterion of Reid. How-
ever, this conclusion should be considered with cau-
tion, as often, in the explosion of pressurized vessels,
the pressure wave is not equal in all directions but sig-
nificantly directional.
If other criteria are accepted, as for example the defi-

nition of BLEVE proposed by CCPS (1994), then this
accident could be considered to be a BLEVE.
6. Conclusions

The historical survey performed on the accidents
occurred indicates that road accidents with LNG are
very infrequent (less than 1% of road accidents
involved this substance).
The explosion took place because of the heating of

the tank by the fire which started with the road acci-
dent. It is not clear whether the flames (approximately
13 m high) were due to the truck fuel or to a release of
LNG or, more probably, both. The remains indicate
that there was flame impingement on the right side of
the tank, which was not in contact with the LNG. In
any case, after 20 min of the exposure to fire, the tank
exploded. The explosion seems to have followed the
two-step mode: the formation of an initiating crack,
followed by a two-phase discharge and then the restart
of the crack with the catastrophic failure of the vessel.
The calculations made by using the overpressure esti-
mated from the effects observed would indicate a lower
pressure inside the tank, just before the explosion, than
that required to have been a BLEVE according to Reid
(1976) criterion; however, the liability of this result is
limited by the lack of homogeneity of the blast wave,
which in the case of pressurized vessel is significantly
differential with respect to the diverse directions.
According to a less restrictive criterion (CCPS, 1994),
this accident could be considered to have been a
BLEVE.
The mechanical effects were very severe. A significant

part of the energy released in the explosion was mani-
fested in the breakage and distortion of the tank and
the truck structure (that had been previously heated by
the fire) and the ejection of fragments. The energy con-
verted into the pressure wave seems to have been rela-
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tively low. This is confirmed by the final state of a car
located at a few meters of the explosion (Fig. 7). This
reinforces the theory that only a limited part (40–50%)
of the overall energy released in the explosion must be
considered for the calculation of the pressure wave.
As for thermal radiation, the analysis of the effects

and consequences shows that practically the whole con-
tents of the tank could have been involved in the fire-
ball. Finally, concerning the trajectory of the
fragments, this accident again shows that, in the case
of cylindrical tanks, the main fragments usually follow
a unidirectional path along the tank’s main axis.
The insulation used in the tank was polyurethane, a

combustible and self-extinguishing substance. Replac-
ing it with a non-combustible insulation (mineral wool,
for example) and substituting the aluminium lining for
a steel plate would increase the safety.
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