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Abstract

In any debate about the transport of dangerous goods where the effectiveness of existing
legislative controls is challenged, it is very important that there is a full understanding of the
magnitude of the risks involved and the causes and major contributors so that properly
informed decisions can be made. This paper gives details of the methodology developed for
the analysis of the risks arising from the carriage, in bulk, of toxic and lammable substances
by road and rail as part of a major study into the risks faced by the British population from
the transport of dangerous substances. This paper concentrates on the novel aspects of the
study and in particular consequence and human impact modelling. Models are given for the
interaction of passenger and dangerous goods trains taking into account the ability of
signals and other systems to detect and stop approaching trains. In the case of road
transport, the models allow for the characteristics of different road types and the behaviour
of motorists to be simulated. The relative risks of transporting hazardous materials by road
or rail are explored and it is shown that the inclusion of motorist and rail passenger
populations significantly affects the calculated risk levels. It is concluded that the safe
routing of materials with large hazard ranges may be more easily achieved by road. While,
the natural separation afforded by the rail system may make this mode more suitable for
lower hazard materials. However, it is concluded that in Britain, there appears to be no
evidence to support, on safety grounds, a general transfer of hazardous goods from road to
rail or the reverse.

1. Introduction

In recent years the issue of whether or not the transport of dangerous goods
by road is less safe than by rail or inland waterway has been raised in Europe.
A series of road vehicle accidents in Germany in the late 1980’s prompted that
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country’s government to implement measures aimed at transferring certain
long-haul dangerous good traffic from the road to the railways and inland
waterways. This initiative has also prompted the European Community to
review the road versus rail safety issue and for member states to consider
the need for further legislation dealing with ‘safe routing’, placarding,
driver training and vehicle standards. This legislative activity is, in
some cases, being pursued without the benefit of a rigorous study of the
risks or benefits involved and much research is now starting to be under-
taken in this area. In most cases, methods and models derived for
onshore chemical plant risk analysis are now being deployved but those
who are undertaking this work scon find that there are crucial differ-
ences which need to be respected when the risk from a transport activity
is analysed.

This paper is an attempt to express some of those differences; to show where,
in the author’s opinion, greater care in modelling is necessary and where,
conversely, more precise treatments are not warranted. This understanding is
based on the experience gained during participation in a five-year study into
the transport of dangerous goods in Britain. That study, by a subcommittee of
the UK’s Health and Safety Commission’s Advisory Committee on Dangerous
Substances, considered the risks to the British population from the carriage of
dangerous goods by rail, road and by sea in the light of the present regulatory
and voluntary controls and the need for and possible nature of additional
controls [1].

This was the first occasion when the risk to a nation from the trans-
port of hazardous materials had been measured to such a degree and the
study involved considerable research in order to develop suitable methods
of analysis. Further research was also needed to understand the results
which the analysis produced. While studies looking at the risks from trans-
porting hazardous materials have bheen and are being carried out else-
where (and all these were reviewed), none of these methodologies
were found to be fully appropriate for the UK study. In general this was
because:

e elements of the methodology could be considered ‘obsolete’;

e they had been developed to reflect a transport system or a system of regula-
tory control that was somewhat different to that in the UK;

e they had been developed specifically to investigate one aspect of transporta-
tion, for example, the safe routing through a city area, and did not have
wider applicability.

For these reasons a ‘new’ approach was necessary: specific to the British
situation, which sought to minimise uncertainty while providing ‘transpar-
ency’ of the risk calculation process so that the decision makers could under-
stand and have confidence in the results. It also had to allow for assumptions to
be easily changed so that the models could be used as ‘testbeds’ for the gauging
the effectiveness of changes to the system of control. The approach was
developed by two technical working parties (one for marine, the other for land
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based transport) on which sat members of the Health and Safety Executive, its
contractors, industry, the emergency services and academia.

This paper is concerned with the work of a technical working party for
land-based transport and the modelling associated with the transport of
non-explosive substances in bulk (called ‘the UK Study’ throughout the
rest of this paper). While the techniques of analysis were developed in
the context of the British situation, many of the lessons learnt and insights
gained have much wider application. The paper especially addresses the
question of whether it is safer to convey hazardous substances by road or by
rail.

2. Objectives of the risk analysis

The choice of consequence and impact models and indeed the manner of
conducting a risk analysis depends on the eventual use of the results; who will
use them and for what purpose. Both the needs of the user and the needs and
capabilities of the analyst need to be considered. In the case of the UK Study, it
would not have been useful to expend effort developing complex and indepth
analyses where, for example, there were great uncertainties in frequency data
or the decision making process could not accommodate significant levels of
precision. This i1s one of the most important principles which guided the
development of models and techniques for this work, for while we sought
methods of analysis which optimised accuracy, this was often at the expense of
unnecessary precision.

Similar considerations applied to the types of risk measured and the pre-
sentation of the results. Some transportation studies have concentrated on
individual risk calculations, presenting the results as contours or risk transect
diagrams showing individual risk against distance from the transport route.
While such studies may be useful for routing exercises;, where a new transport
corridor is being selected, unless there is good evidence on the relative distri-
bution of failure events along the route (i.e., ‘high spots’), individual risk
results can add little to the understanding of risk from a transport operation.
The risk numbers produced are normally so small as to be beyond the normal
range of human comprehension. Most importantly, this type of treatment fails
to address the public’s (and the politician’s) major concerns; not the risk to
individuals, but that to society at large: the risk of a disaster. This involves not
only consideration of the potential for transported hazardous substances to
cause multiple fatalities but also the likelihood that these might occur because
a loss of containment accident coincides in time and space with a human
population. Societal risk is therefore not only a more appropriate measure but
1t also seems to yield more useful results. It leads naturally, via the generation
of expectation values (average number of lives lost), to consideration of the
need for, and cost benefit, of risk reduction measures. Societal risk analysis
does involve many generalising assumptions and averaging but these are not
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inconsistent with the ‘smeared out’ nature of the risk associated with transport
along a route.

3. Frequency analysis

For those countries or regions with a history of hazardous goods accidents,
consulting the historical record is normally the first step in any study of risk.
Indeed, if enough incidents have (unfortunately) occurred, the modelling of the
possible conseguences and impact of such events may be of secondary import-
ance. In Britain, however, we have suffered few such incidents. Those that
have occurred have normally involved flammable liquids and no person has vet
died as the consequence of a leak from a damaged tanker (road or rail) holding
liguefied flammable or toxic gases such as LLPG or chlorine. For this reason, the
UK Study adopted a somewhat different approach to obtaining the release
frequencies for hazardous substances in transit.

One approach possible would have been to use an event tree such as that in
Fig. 1. This 1s similar to that developed by Hubert et al. [2] from French data.
This builds on data from all road accidents, and in particular, those involving
other goods vehicles, to synthesise a puncture rate for a hazardous goods
tanker. However, there is no evidence to suggest that the drivers of hazardous
goods vehicles will act in a similar manner to drivers of other vehicles nor that
such vehicles will suffer equipment and other failures at the same rate as other
similar vehicles containing other bulk materials. The value given to the
critical probability associated with ‘escalation’ to puncture is critical yet very
uncertain. Even for countries where good data exist there are always the
uncertainties associated with under-reporting.

An analysis of the available UK data on rail and road incidents involving
tankers containing hazardous materials showed that releases could occur from
two sources, firstly by puncture or rupture following collision, roll-over or
derailment, or secondly, from failure or maloperation of the tanker equipment.
For the rail mode there was sufficient data on ‘thin walled’ wagon accidents to
generate a frequency for punctures and equipment leaks directly. Over six
years, 80 cases of spills due to ‘equipment leaks’ and four incidents involving
substantial spillage following puncture were found. These data suggested
a puncture frequency of 6.3 x 10~ 8 per tank wagon km.

For road transport, 25 incidents were found over a four year period. Analysis
of these data vielded a spill frequency of 1.4 x 10”8 per loaded tanker km for
large spills (> 1500 kg) from collisions etc and 0.7 x 10~ 8 per loaded tanker km
for large spills arising out of equipment failure.

While motor spirit spill frequencies could be obtained directly from this
analysis, there are no incidents recorded in the UK where properly designed
road or rail tankers for pressurised liquefied flammable or toxic gases have
been punctured. For these it is therefore necessary to adopt a synthetic
approach to deriving appropriate spill frequencies; a rate generated by
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[impact Accident? | | Fixed Obstacle? | | Mobile Obstacle? | | ovetum? | |Perforation? | | Fire? |
0.073
0.265
0.683
0.662
Accident
Occurs
0.25
0.219

Fig.1. Incident data analysis after Hubert et al. [2].

statistical technigues from an ‘accident free’ history provides a useful ‘upper
bound’ check. For transport by rail, the technical working group considered
a study by ICI Transport Engineering Division and agreed spill frequencies for
ammonia, chlorine and LPG. This study considered the historical accounts of
puncture of ‘thin walled’ wagons and estimated in each case the conditional
chance of failure if the vessel concerned had been a ‘thick walled’
LPG/ammonia or chlorine containing vessel.

Although data on US rail incidents are easily available, it was felt the
differences between the design standards and operating practices made these
data inapplicable to the British situation. However, for road transport, the
differences were less important and could be identified with some confidence.
Because of this, US road data could be used and, by appropriate modification to
exclude those events which could not or were unlikely to occur in Britain, spill
frequencies were derived. Fault tree analysis was used to develop the possible
causes and events which could lead to equipment leaks. These were then used
to derive appropriate equipment spill frequencies for both rail and road trans-
port of LPG, ammonia and chlorine.

In summary, the spill frequencies and ignition probabilities listed in Tables
1 and 2 were derived for this work.

Table 1 gives base event frequencies. For flammable events, it is also neces-
sary to consider the probability that a spill will then be ignited and whether
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this will take place initially or at some later time once a flammable cloud
has developed. In some cases it was possible estimate ignition probabilities
from accident data, but the under-reporting of spills which have failed
to ignite makes these figures unreliable. In most cases, ignition probabilities
have to be estimated using synthetic techniques or by expert judgement.
This is simplified in transport situations as often the spill-causing event
involves sufficient energy to cause ignition, or other sources (for example other
road vehicles) are nearby. For the UK study we used the values as listed in
Table 2.

TABLE 1

Frequency of spills against cause, substance and transport mode

Substance Road transport Rail transport
Puncture/ Equipment Puncture/ Equipment
rupture leak rupture leak
(%107 '° per (x107'° per (x107'° per (x107'° per
wagon km) wagon journey) wagon km) wagon journey)
Motor spirit? 190 70 630 b
Chlorine 0.8 36 9 310
Ammonia 4.8 70 25 130
LPG 4.8 52 25 83

2 For large spills only.
® Not considered as such small spills are unlikely to affect members of the public.

TABLE 2

Ignition probabilities for lammable substances

Substance Type of Rail Road
ignition
Small Large Small Large
spill spill spill spill
Motor spirit Immediate 0.12 0.22 0.03 0.03
Motor spirit Delayed 0.0 0.1 0.03 0.03
Motor spirit None?® 0.9° 0.7 0.94 0.94
LPG Immediate 0.1 0.2 0.1 0.2
LPG Delayed 0.0 0.5 0.5 0.8
LPG None® 0.9 0.3 0.4 0.0

2 Derived from historical data.
bDerived from: 1 — (Immediate + Delayed).
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4, Consequence analysis

As with all forms of such quantified risk analysis, the selection of a repres-
entative set of failure cases and assignment of the corresponding spill
sizes/rates are the most important steps to producing an accurate characterisa-
tion of risk. An optimum set of cases has to be found which while minimising
computational effort does not unduly compromise accuracy. Fortunately in the
transport situation there are several constraints which act to limit the range of
possible events:

e for multi-compartment tankers, the simultaneous loss of contents from all
compartments is extremely unlikely;

e small releases of flammable material are unlikely to ignite or cause hazard as
they are rapidly dispersed as the tanker moves and even when stationary, the
normal ‘open’ aspect of a transport situation will aid dilution;

e above a certain hole size, either the release of pressurised, liquefied gas will
be so rapid that it can be considered equivalent to an instantaneous release
on vessel rupture, or the hole will be sufficiently large to lead to a propagat-
ing failure of the pressure vessel;

e in the rail environment, ignited jets of LPG are unlikely to create signi-
ficant hazard unless they impinge on other LPG tankers which then BLEVE.
However, the BLEVE frequency used should normally include such a
cause.

For the UK transport study three failure cases were used. These were
vessel rupture, a large hole and a nominal equipment leak. Taking such a
small number of cases does lead to some coarseness and lack of accuracy in the
risk analysis but was justifiable given the limited data available here to
suggest how the overall failure rate could be partitioned between difficult
failure cases. In the absence of any corroborative data, it was assumed that
10% of the releases from pressure vessels were instantaneous and could be
modelled as the entire loss of contents. Sensitivity testing to a 99%/1% split
or a 50% /50% split showed that this assumption was not critical. In the case of
toxic materials the cloud was assumed to contain 100% of the tanker contents,
for LPG twice the adiabatic flash fraction was assumed to enter the vapour
cloud.

Particular care is needed to take into account the physical aspects of the
spill environment when the consequences are modelled. Factors such as the
containment effect of roads and drains can significantly affect the shape and
dimensions of the hazard zone. This is particularly true of spills of flammable
liquids where the hazard zone is only slightly greater than the area of confine-
ment provided by the road or rail corridor. Furthermore, on the road, surface
water drains will limit the size of any liquid pool.

For motor spirit spills we therefore considered two cases: either the tanker
remained on the highway or rail corridor in which case the spill was confined
by kerbs, drains etc, or the tanker left the road or rail line and was modelled as
a circular pool. The pool will (in both cases), if ignited reach a maximum size
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where the regression rate is equal to the spill rate. Spreading pool expressions
such as those given by Shaw and Briscoe [3] can be coupled with a ‘drain model’
and a fire model [4] to estimate the maximum area of road affected. As the
thermal hazard decays rapidly as a receptor moves away from a burning pool,
most people who were exposed outside the pool could escape and the area of the
pool can be taken as the hazard zone. For example, we calculated that
a 25 kg s~ ! continuous release from a leaking rail wagon (32 te) would produce
a pool of radius 24 m. The release would persist for about 20 minutes. If
the vapours ignited during this time, the pool size would regress to 12 m.
Table 3 shows similar results for road tanker spills.

These results for road tankers take into account loss of the motor spirit
into drains and therefore the pool sizes are reduced from their theoretical
maxumnum.

The immediate ignition cases were calculated by assuming that the
release occurred over a finite time and that the pool size was the maximum
possible after regression. In the delayed case, the pool was allowed to
spread to its maximum before ignition took place. These seemed to be realistic
assumptions.

"The possibility of a ‘soft’ BLEVE fireball due to heating of a motor spirit
tanker in a fire has been considered but does not seem likely. Analysis of the
Summit Tunnel Fire incident [5] has shown that even under severe heating
conditions, motor spirit tankers will not rupture if three out of four relief
valves work or will take at least an hour of prolonged heating if only two
operate.

For LPG the type and extent of the hazard depends on the mode of release
and whether and when it is ignited. Figure 2 in an example, for continuous
LPG releases, of the event trees which can be drawn to rationalise this
potential for escalation. Similar trees exist for instantaneous releases of LPG
and for spills of motor spirit.

For LPG, standard consequence modelling approaches can be adopted. How-
ever, when applied to transportation accidents, certain special considerations

apply:

TABLE 3

Motor spirit tanker pool areas

Spill size Pool area (m?)
Immediate ignition Delayed ignition
2% kgs™! 314 908
4000 kg 707 1018
8000 kg 1385 1964

12000 kg 2124 3019
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e for BLEVESs, the resulting fireball will contain a large proportion of the
vessel contents as the vessels are always conveyed full;

e BLEVESs are much less likely on the road as one of the primary causes, jet fire
impingement from one tanker to another, is highly improbable;

e Vapour Cloud Explosions (VCEs) are very unlikely on both road or rail given
the open aspect and limited amount of confinement available. Given the
small contribution they will therefore make to the overall risk, a simple
consequence model (such as TNT equivalence) is appropriate;

e outside the flammable cloud, the probability of death due to the effects of
overpressure from a VCE is low and can be ignored.

The risk from released toxic gases such as ammonia and chlorine is very
dependent on the accuracy of the dispersion modelling. As societal risk is to be
calculated, the crosswind extent of the cloud is as important as the downwind
hazard range. The societal risk estimation involves the calculation of the
numbers of fatalities from the areas of land which experience more than
a critical toxic load. The use of simple Gaussian models which do not allow for
negative buoyancy effects such as cross and up wind spreading will therefore
produce inaccurate (likely to be optimistic) results for both toxic and flam-
mable gas clouds. The release orientation in relation to the wind direction can
be an important consideration and the modelling of the initial momentum
driven jet seem important pre-requisites to the use of an accurate dense gas
dispersion model.

There is also a strong dependency between the crosswind and downwind
extent of the cloud and the level of atmospheric turbulence. This is character-
ised by the use of appropriate parameters to represent different Pasquill
stability categories. For the UK Study, only two categories; D with a wind-
speed of 5ms™! and F at 2ms ™!, were used for reasons of computational
efficiency. This choice may have had a significant effect on accuracy, and more
categories — four or six are usual — are to be preferred for toxic gases. Given
the relatively short range of flammable hazard zones, two categories are
probably adequate in this case.

The above discussion only applies strictly to above ground, open air releases
on a flat, unobstructed terrain. There has been considerable interest recently
about the carriage of hazardous materials through tunnels, and the assessment
of the associated risks needs special consideration. In the confined space of
a tunnel, the spread of the hazardous consequences is very much affected by
the air flow and the channelling effect of the tunnel. For example, the blast
wave from a vapour cloud explosion could be expected to be transmitted
largely undiminished along a tunnel. One of the most serious hazards arises
from the hot, often poiscnous smoke and products of combustion which can
travel significant distances along the roof of the tunnel away from a fire. The
UK Study did not pay particular attention to tunnels as they did not constitute
a large proportion of any of the routes studied and, in general, the only
members of the public who would be affected would be those using the same
road or rail tunnel. Further work is required to refine the current analysis
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methods so that a more accurate estimate can be made of the contribution of
tunnels to an overall route risk. At present, few decisions involving the control
of dangerous goods through tunnels seem to be based on any form of risk
assessment.

5. Impact analysis

While the modelling of consequences and the estimation of frequencies
are important components of the risk analysis approach, of equal importance
is the estimation of the number of people who will be killed or injured
by a particular hazardous event; societal risk places equal emphasis on
both the frequency of occurrence and the number of fatalities. However,
we find that this aspect of analysis has been little developed elsewhere
and it was given particular attention in the UK Study. In particular, it
seemed important to us to include ell the population who may be affected
by a dangerous goods incident. This includes motorists on a road where
an incident occurs, or members of the public travelling as passengers on
trains which become involved in an accident. If only those people who live
near the transport route are considered in the analysis, an incomplete picture
may be presented of the risk and its major contributors. This could lead to
erroneous conclusions about the nature of, and benefits from, risk reduction
strategies.

5.1 Off-route population density measurement

For long transport routes, the population distribution along the route has to
be characterised by a limited number of population categories, each represent-
ing an average situation. For the UK study we chose the four categories shown
in Table 4.

The length of the transport route alongside which each category of popula-
tion exists can be obtained using computerised techniques for handling census
and other demographic information. Much use is now being made of Geo-
graphical Information Systems (GIS) to handle such data, although we found

TABLE 4

Off-route populati~n categorisation scheme

Population category Average density (km™?)
Urban 4210
Sub-urban 1310
Built-up rural 210

Rural 20
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that a manual technique, using maps, provided a level of accuracy that
was acceptable given the many other uncertainties in this work. One refine-
ment of the approach was to note those lengths of track or road alongside
which population of the same class exists on both sides, and those where,
for instance, the rail line or road has formed a natural barrier and there is one
side of urban development while the other is rural. To prevent ‘double count-
ing’, in the ‘one sided’ case, for directional hazards — for example a torch flame
or toxic cloud — the frequency of the event is halved and, for events with
circular hazard ranges such as BLEVE fireballs, the number of fatalities is
halved.

It is also important to take into account the natural separation that
occurs between off-route populations (typically residential) and the road
or rail line. In Britain, there are very few locations where there is a
residential population within 25 m of a rail line and so when the impact
of an event is being calculated, this 25 m ‘swathe’ must be excluded. This
approach also acts to ‘screen out’ small, low consequence events from the
analysis.

5.2 Off-road and motorist population modelling

In the road situation there is a smaller but nevertheless important separ-
ation between the road and the off-road population. The width of the separ-
ation depends essentially on the class of road. It may be only the width of
a pavement on an urban single carriageway road, but it may be much larger for
a motorway. Furthermore, there are large sections of some routes where
‘ribbon development’ in a narrow strip alongside the road produces a very high
population density (for example shopping areas), with open, low population
density land beyond. To accommodate all these situations, and to encompass
the variation in the on-road road user population density, a zoning scheme was
developed. This is shown in Fig. 3 for a dual carriage way road. The zone
structure is described in Table 5.

This scheme also allowed us to model the response and density variations in
the motorist population following an accident involving the release of hazard-
ous material. We find that even at night, on main roads and especially motor-
ways and dual carriageways, traffic rapidly builds and behind an accident
leading to a very high population density on that carriageway. On the opposite
carriageway, the traffic slows down due to the ‘ghoul’ effect; again increasing
the population density. By assuming that 10% of traffic comprises heavy goods
vehicles that occupy 20 m of lane length while other vehicle are 4 m long, an
average vehicle population of 1.5 gives a Zone d population density of
0.056 m 2 for motorways and 0.05 m~ 2 for other roads. Zone d ahead of the
accident is essentially clear. For the other carriageway, we have assumed that
the curiosity of the motorists produces a density of 0.5 that of Zone d, but in
both directions.

This scheme also allowed us to model those events which have directional-
ity, for example a toxic gas release influenced by wind direction and its
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Offroad Population - Zone a
Dense Population - Zone b
Clear - Zone ¢

Motorists Zone d

Other Side Motorists - Zone e
Clear - Zone f

Dense Population - Zone g

Off-road Population - Zone h

Fig.3. Population zoning scheme for dual carriage-way roads.

TABLE 5

Population zoning structure for roads

Zone Name Description

a Off-route population This is similar to that used in the rail study but may be
‘depleted’ if there is ribbon development

b Dense population This allows for a high population density immediately
adjacent to the road

c Clear zone Motorways and Dual Carriageway roads are likely to
have a significant gap between the road edge and the
population

d Motorists, accident Road user population which ‘backs-up’ behind the

side accident

e Motorists, other side Road user population on other side of carriageway

f Clear zone Same as Zone ¢

g Dense population Same as Zone b

h Off-route population Same as Zone a

momentum driven phase. There are, of course, an infinite range of possible
directions, but these can be reduced to the four cases shown in Figs. 4a and 4b.
The cloud is represented as either travelling perpendicular to or along the
carriageway. In the along the carriageway case, the plume can either travel in
the direction of the affected carriageway or opposite to it. For the perpendicu-
lar case, the plume either travels off the road from the accident or across the
other carriageway. There is a further complication with instantaneous re-
leases of dense gas where we would predict some gravity driven movement of
the cloud up-wind.



242 G. Purdy/J. Hazardous Mater. 33 (1993) 229-259

(a)

{i 'LDoo ‘Il
LD50
LD10

(b}
<——Downwind hazard range———>

Fig. 4. Model for motorist fatalities, wind across (a) and along (b) carriageway.

5.3 Human impact measurement — Flammable substances

For flammable and explosive events, we find that consequence models pre-
dict a fairly sharp cut-off between the point where people exposed will suffer
very serious injuries which are likely to be fatal. For flammable events we
therefore adopted an impact model which had two ‘steps’:

e within the LD, hazard range, all die;
e between the LDso and LD, ranges 25% of people die;
e beyond the LDy, range all survive.

Where the LD, and LDy, are very close together, this can be simplified to
a single step where everyone inside the LDs, hazard range dies. This is
particularly true for motor spirit where only those within the pool fire are
assumed to die.

This approach is only true for the impact of overpressure events and thermal
events on people out-of-doors. For non-continuous thermal events such as
flash-fires, people indoors are assumed to survive; even if their homes catch on
fire,

For motorists, it can be assumed that vehicles provide very little protection
against fires and explosions. Those in cars are effectively trapped, and escape
from the road is not easy in congested traffic.

5.4 Human impact measurement — Toxic gases
To allow for the accurate representation of the variation in human suscepti-
bility, and to enable the implementation of the zoning schemes for on and
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off-route populations, it was necessary to use a graduated approach to
dose—-effect modelling for toxic gases. The normal manner of doing this is to use
‘probit’ equations which seek to represent that variation in the percentage of
a population that will die against a received ‘toxic load’ assuming a log-normal
relationship. These have the general form:

Pr=a+bln(C") (1

We used three levels of impact, LLDyy, LLDsy and LD,, for this study, and
assumed that the proportion of the population that will die in the area between
LDy and LDy will be (X+ Y)/2%.

It has been shown [6] that going, or being, indoors provides considerable
mitigation against the effects of toxic gases. The impact on people indoors can
be calculated by using a simple gas infiltration model which allows for the
exponential build up of concentration indoors (C(I)) while the gas cloud is
present outside:

C(I) = C(O)[1 —exp(—i2)] (2)

where C(O} is the outside concentration, A is the ventilation rate and ¢ the
duration of exposure. This is followed by a decay phase once the cloud has
passed but people still remain indoors:

C(H=CM)(—4it) (3

where C(M) is the maximum indoor concentration reached. The integration of

these expressions with respect to time with the concentration raised to a power

n (taken from the probit equation) vields a toxic load (jC" dt). This can be

compared with the probit relationship to give an expected percentage fatali-

ties.

Figure 5 shows some of the potential options available to a person who is
affected by a toxic gas. For people out-of-doors this can be rationalised into
a simple model:

o at or above a concentration (C,) a person will be unable to take any action
and is likely to die;

e below this concentration, down to C,, there is a chance that he or she can
escape indoors. C, can be set so that this chance is (say) 0.2;

e below that concentration there is a higher probability of escape, but of those
who remain outside the proportion who die is given by (X+ Y)/2 where the
area falls between the LDy and LDy hazard ranges.

This model is shown in Fig. 6. Therefore, for hazardous event E in weather j,
the number of people out-of-doors likely to be killed is:

NO, E,j:DqPO,j[Acl +A’1 (1 _Pe])+(1 —Pez)(0.95A‘2 +0.7A,3 +0.3A,4)] (4)

where Pg ;is the proportion of the people who might be out of doors in weather
J, P, 1s the chance of escape within concentration C,, P,, is the chance of
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Fig.5. Range of options available to individual affected by toxic gas.
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LDose non»falil] LDies rupidlyJ

escape within concentration Cs, area A is Ac; — Acy, A% 18 Aca, 00— Acp, A5 18
Acs so—Aca. 00, A4 is Acs, 10— Acs.so, and D, is the population denstity.

In reality, this expression is more complex as for some releases, Aca, 90 < Acs
or even Aci g0 < Acy and Acsz so < Aca-

Once people have escaped indoors, they may still be subj ected to a fatal toxic
load of gas. The number of fatalities indoors therefore comprises those who are
already indoors and perish together with the proportion of the ‘escapees’ who
also die. It is given by:

N[, E.j™— Dq(l —- PO,J‘) + D’Cl (095AD g0 + 07A,5 + O.BA%) (5)

where Ap oo is the area covered by the indoor LDy, isopleth, A5 1is
Ap, s0—Ap, oo, and Ag is Ap 10— Ap, so-
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Fig.6. Model for toxic gas impact.

The proportion of those who escape indoors who subsequently die will
depend on whether they escape from > C; concentration, i.e. P, go indoors,
or = C; concentration, i.e. P,; go indoors. D), is the average population
density of escapees.

For motorists, the protection afforded by their vehicles is very limited. Work
by Cook [7] shows that the ‘Ram’ effect of the car, even without a fan switched
on, provides a very high level of ventilation. Therefore we have assumed that
these people are effectively out-of-doors and the expression given above, with-
out the terms for escape, can be used:

Ny, g, j=Du[0.95400 +0.T(As0— Agp) +0.3(A;0— As0)] ()

where D) is the motorist population density, and A, is the area of carriageway
(one side) which will experience toxic load LD, or more. This area is given by:

Area A,=hazard range to LD, x carriageway width (7

5.5 Rail users (passengers) interactions

In Britain, the rail network is used for both goods and passenger transport.
This raises the possibility that one or more passenger trains may interact with
a hazardous goods incident causing fatalities on the passenger train. Most
other studies have failed to consider this ‘extra’ population but our work shows
that they can make a significant contribution to the risk and that steps to
prevent and minimise such interactions need to be considered.
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On British Rail, the signalling system is principally concerned with preven-
ting collisions between trains running on the same track. Signalling failure
was the cause of one of the UK’s most serious transport incidents involving
a hazardous substance. This occurred at Eceles, near Manchester, in December
1984 when a passenger train ran into the back of a 14-wagon goods train
hauling ‘gas o1l’. Three tanks ruptured forming pool fires and a ‘fireball’ which
caused three fatalities and 76 injuries.

Despite this incident, we would expect such collisions to be rare events and,
in the case of flammable liquids, to cause, at worst, only a few fatalities. Events
involving LLPG and liquefied toxic gases have the potential to cause many more
fatalities and our analysis has mainly considered the interaction of passenger
trains with incidents involving rail tanks containing these materials. These
materials have long range effects which could affect a passenger train properly
stopped by the signalling system, the so called ‘obedient’ train. Moreover,
there 1s a possibility, although more remote, that the passenger train might
collide with the hazardous goods train and cause the release, or might collide
with a previously derailed train, or might, as this is specifically not prevented
by the signalling system, be affected as it attempted to pass by the scene of
a hazardous goods incident on an adjacent line.

This is a complex study which requires that the signalling and emergency
systems on British Rail be understood and adequately represented. Using
a combination of fault and event trees, the passTrRaM model was developed to
allow the frequency and consequences of such interactions to be calculated for
a route that involves sections along which different passenger train types, of
different frequencies and passenger numbers, travel at different times of the
day. This model is fully described in the Appendix to this paper.

6. Case study — A comparison of transporting chlorine
by road and by rail

To demonstrate the use of the models described in this paper and to bring out
many of the points made above, we have carried out calculations of the societal
risks associated with the transport of the same annual tonnage of chlorine
between two locations by road or by rail. At present, this trade is conducted by
road between these two sites, approximately 100 km apart. However, a change
of mode is a realistic possibility.

The route, in the northwest of England, is at present served by road tankers
several times a day. This one route constitutes a significant proportion of the
national annual tonnage of chlorine transported by road in Britain. The
journey 1s 103 km long, of which 80 km is motorway, and the rest is mostly
single carriageway. The route travels past, but not through, three large towns,
and only about 1 km of the route has ‘urban’ population on at least one side
with 19 km with suburban population on one or both sides. Most of the rest is
rural. The exact breakdown is shown in Table 6.
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TABLE 6

Population distribution along study road route

Road Population Density No. of Length
type type (km~?2) sides (km)
Motorway Urban 4210 2 0.0
1 1.0
Sub-urban 1310 2 1.0
1 13.0
Built-up rural 210 2 2.0
1 17.5
Rural 20 2 45.5
1 31.5
Single carriageway Urban 4210 2 0.0
1 0.0
Sub-urban 1310 2 4.0
1 1.0
Built-up rural 210 2 4.0
1 0.5
Rural 20 2 13.5
1 1.5

The road tankers which travel this route make 1,743 journeys a year carry-
ing 17.5 te each time.

The alternative delivery by rail would require 1,052 29-te tankers a year.
The rail route is about 97 km long but passes through 3 major towns
with populations of 176,000, 81,700 and 126,000, respectively. The route in-
cludes 6 km of urban and 20 km of sub-urban population. Most of the route
is also used extensively by passengers trains; part is the West Coast main
line between London and Scotland. The passenger train traffic is shown in
Table 7.

Using the techniques described above, we have calculated the following
levels of societal risk for the different modes in Tables 8 and 9.

TABLE 7

Passenger train traffic on study route

Section Intercity Provincial
Day Night Day Night
Warrington 47 18 32 3

Kirkham 10 1 125 11
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TABLE 8

Societal risk results — Transport by rail

Group at risk Frequency of N or more fatalities (x107°% v~ 1)

1 10 30 100 300 1000
Passengers 39.5 39.5 39.5 10.6 0.0 0.0
Off-rail population 105.0 47.8 27.8 26.8 11.9 5.2
Total 107.3 68.0 56.8 41.5 13.6 5.7
TABLE 9

Societal risk results — Transport by road

Group at risk Frequency of N or more fatalities (x107¢ y 1)

1 10 30 100 300 1000
Motorists 16.7 10.5 8.8 4.8 1.7 G.0
Off-road population 155 5.9 2.9 14 0.9 0.0
Total 19.0 13.6 10.3 6.2 2.6 0.1

These results are also shown in Fig. 7 as FN curves.

It can be seen that:
¢ the risk by rail is approximately five times that by road;
the risk to rail users is about double that to motorists;

e the risk to off-rail population is approximately 8 times higher than that to
the off-road population;
e the road risk is dominated by that due to motorist involvement.

These results are due to a common factor in British transport systems; most
of our rail system was built over 100 years ago and was intended to go from
town to town while most of our major roads have been built over the last 20
vears and have been specifically routed to take traffic away from centres of
population.

It would be possible to construct a route which would be more favourable to
rail, but in reality the historical legacy of our transport systems will always
tend to produce lower risks for the transport by road of materials with long
hazard ranges. The risks from the transport of these substances will be lower if
the route followed avoids centres of population and this is more easily achieved
in Britain by road rather than rail. Substances with a shorter range effect such
as motor spirit, should normally be more safely transported by rail since there
is already a very worthwhile separation between the rail line and people who
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live nearby, and passenger train involvement is likely to be restricted to direct
collisions when, at worst, only a few passengers may be affected.

It is clear that in Britain it is not possible to say that transport of hazardous
substances by rail is safer than by road or, indeed, vice versa. However, there
seems to be no case on grounds of safety alone for the British Authorities to
enforce modal transfer. This contrasts with the situation in other countries such
as Germany, where legislation now requires transfer to rail for longer journeys.

7. Conclusions

Throughout Europe, concern is being voiced about the transport of danger-
ous goods and the risks posed to members of the public. Legislators are
widening their attention from the problems of fixed major hazard installations
to identify the most appropriate means to control the risk from hazardous
materials in transit.
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It is very important that there is a full understanding of the magnitude of the
risks involved, and the causes and major contributors, so that properly in-
formed decisions can be made. In this paper we have described the methodology
that was developed as part of a major study into the risks faced by the British
population from the transport of dangerous substances.

We have concentrated on the novel aspects of the study and in particular
consequence and human impact modelling. In the case of consequence models,
we have suggested that the choice of model and the depth of the analysis must
be driven by an understanding of the overall uncertainties of the risk analysis,
and the contribution each element makes to that uncertainty. Where it mat-
ters, the most accurate models are appropriate; for less sensitive elements,
a more simple and less rigorous approach may be justifiable. The final arbiter
of the degrees of complexity and precision necessary is the end user; in this
case a decision making body. The analysis methodology must be sufficiently
transparent so that the results can be understood and used with confidence.

The modelling of human impact has been a feature of this paper reflecting
the need perceived by those conducting the UK Study to be more rigorous in
the treatment of this aspect of hazardous goods transportation risk analysis.
Other workers have not dealt with this in such detail before but our work has
shown that the inclusion of motorist and rail passenger populations can
significantly affect the calculated risk levels, and can therefore have
a profound effect on any conclusions which are drawn on the need for further
legislative controls and the nature of those controls,

In support of these points, and to demonstrate the use of the models that were
built, the relative risks of transporting chlorine by road or rail have been
explored in a realistic case study. From this it can be concluded that the safe
routing of materials with large hazard ranges may be more easily achieved by
road. For materials with a smaller hazard range, the natural separation af-
forded by the rail system may make this mode more suitable. However, in
Britain, there appears to be no evidence to support, on safety grounds, a gen-
eral transfer of hazardous goods from road to rail or the reverse.

The potential hazards from the transport of dangerous substances is a very
emotive issue; the hazards are brought close to where people live, work and
play, and they have no fixed location. This is a case where any risk which is
imposed is truly ‘involuntary’ in that we are unlikely to derive any immediate
benefit from the tanker passing our homes, but we can do little to dissociate
ourselves from the risks it may present. It is therefore essential that any debate
about the level of the risks, their tolerability, and the possible need for risk
reduction, is conducted with the benefit of a full understanding of those risks
based on a rigorous and appropriately accurate analysis. It is also incumbent
on the analyst to consider how best the results of his analysis can be commun-
icated to prevent mis-understanding; this may well influence the manner in
which he conducts the analysis.

To ensure consistency and to stimulate quality in such studies, it would seem
that some form of code of practice is desirable. This was one of primary
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conclusions of a recent International Consensus Conference on the Transpor-
tation of Dangerous Goods held in Toronto whose participants agreed that the
code should consider:
e standards for the definition, measurement and reporting of risk;
e a standard approach to risk analysis for the transport of dangerous goods;
e the need for any results to be compared with observed data to prove realism;
e a standard approach to:
(1) release rate and size estimation;
(i1) loading and unloading risks;
(111) weather modelling;
(iv) inclusion of all affected populations;
(v) the use of standardised incident and other databases;
e an explicit statement about the size and sources of uncertainty in any
analysis;
e the need to match the complexity and precision of any analysis to the needs
and capabilities of the end user;
e criteria for quality review and assurance of the risk analysis process.
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Appendix

PASSTRAM — A model to calculate the frequency and impact of hazardous goods
events on passenger trains

Background

In Britain, the signalling system on the railways has been developed over
many years to prevent accidents due to the collision of trains running on the
same set of tracks. However, in the event of an incident involving a train
conveying hazardous goods, the correct operation of the signalling system may
not, in itself, prevent passenger trains being affected. It is entirely posstble,
although unlikely, for releases of materials with long hazard ranges to affect
trains properly stopped at signals up the line from the hazardous goods
incident.

Normally, a following train would not be allowed into a section of track until
the first train has cleared an average 200 yards ‘overlap’ beyond the next set of
signals. However, events with hazard ranges greater than this could impact on
trains behind which have properly stopped.

In the event of an incident, the train crew’s duty is to protect their train
from approaching trains on their track. Many routes in Britain are equipped
with automatic ‘track circuiting’ that detects the presence of a train and
will prevent other trains entering that section of track by not clearing the
signal protecting that length of track. ‘Clips’ are also carried which can
be applied to nearby tracks to simulate the presence of a train and so provide
further protection. In addition, the train crew can place detonators on the
rail, can wave red flags to slow approaching trains, and can by walking
to the nearest signal post or other means of communication warn. If these
safeguards fail, passing passenger trains on adjacent tracks may still enter
the hazardous area and become affected. Furthermore, the passenger train
(PT) itself may be in collision with a hazardous goods train (HGT) under
normal running conditions or after a derailment and this could itself lead
to a loss of containment with consequential impact on the passenger train
population.

Possible interactions
The range of possible interactions can be rationalised into:

e the collision of a PT and a HGT leading to tank rupture, this includes the
case of a previously derailed PT;

e the PT entering a hazard zone after an earlier puncture incident (a ‘passing’
train or a ‘disobedient’ train which has passed a ‘stop’ signal);

e the PT collides with a previously derailed HGT and causes a puncture;

the PT enters a hazard zone caused by an equipment leak on the HGT; and

e the hazard range from a punctured tanker on the HGT affects a PT properly
stopped at signals (an ‘obedient’ train).

[ )
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This can be further expanded into six impact cases which take into account
directionality:
Case 1 — PT drives into the cloud, the wind is along the track
Case 2 — PT drives into the cloud, the wind is across the track
Case 3 — PT collides with a derailed HGT and punctures a tank
Case 4 — PT collides with HGT and, as a consequence of the collision, a tank is
punctured
Case 5 — PT enters the cloud produced by an equipment leak
Obedient long — The PT is stopped at signals but is affected by a HG release
nearby, the wind is along the tracks
Obedient perp — The PT is stopped at signals but is affected by a HG release
nearby, the wind is across the tracks

The frequency of N or more fatalities — Toxic materials

Cases 1 to 4 above concern the passenger train entering the ‘Affected Section
of Line’ (ASL), the length of track between two sets of sighals where the HG
incident occurs. In Britain, the length of the ASL will vary between 3/4 and 20
miles. For non-track circuited line, there is an average of five miles between
stations or sighal boxes. The likelihood of causing passenger train fatalities in
Cases 1 to 5 is a function of the spill or puncture frequency, the probability of
a particular wind direction, and the probability that given an HGT incident the
PT will enter the ASL and, furthermore, will not stop until it is within the
hazard range. Figures 8, 9 and 10 show event trees that have been used to
derive an interaction frequency for Cases 1 to 5 above. The probability that the
PT will enter the ASL (P2) can be derived from quantifying the fault trees
shown in Fig. 11 (for track circuited) or Fig. 12 (for non-track circuited line).
The value of the top gate probability (G1) is calculated from the probability
that the PT will fail to stop at signals (G2, which is a constant for all similar
lines) and the probability that a PT will be ‘nearby’ when the HG incident
occurs (E5, which is a function of the PT traffic along that line). For this study
we obtained values of G2 of:
e 0.011 for track circuited line;
e 0.22 for non-track circuited line.
Therefore, the frequency of PT fatalities in Cases 1 to 5 are given by:

Fepse1=F P, P,P,P, (8)
Feue2=F P, P>(1— P3)Ps )
Feases=F (1 —P)P,PsP; (10)
Feasea=F1Py (11)

Feases=F P, P3P 12)
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HGT tank
is punctured?

Passenger train
PS casualties (4)

HGT and
PT collide (F2)

Rail accident
casualties

PF casualties (4) = F2-P8

Fig. 9. Event tree for running collisions.

HGT PT enters PT enters
stops ASL hazard zone
Passenger train
P10 casualties (5)
P2
Safe
P9
HGT has
' — Safe
an equipment
leak (F3))
Safe

PT casualties (5) = F3-P2:P9-P10

Fig. 10. Event tree for PT interaction with equipment leak.

The number of fatalities in each case depends on the proportion of the PT
within the hazard range, the outside concentration, the ventilation rate into
the train carriage, and the duration of exposure. Rail passengers are effectively
‘indoors’ and are provided with a measure of protection against the ingress of
toxic gases. Modern British trains are, however, provided with mechanical
ventilation and the contreols are not accessible to train staff (other than the
driver) or to passengers. The ventilation rate at 13 air changes an hour is
relatively high, and the protection afforded is significantly less than they
would experience in a normal house. Train drivers are provided with an
extremely high air exchange rate and can effectively be considered as ‘out of
doors’.

For Case 1, the fraction of the train affected is given by:

XA=LH/LT (13)
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Fig.12. Fault tree for PT entering ASL without track circuit.

where Ly is the hazard length and Lt the length of the train, and X, < 1.
The number of carriages affected (integer) will be given by:

NCA =INT(NCXA +05) (14)

where N¢ is the number of carriages on the train. Using a uniform density (;)
of passengers per carriage, for a given level of harm x, the number of people
experiencing that level of harm or more will be:

N, =Qp INW(NcXx+0.5)} (15)

Then, if three hazard ranges of LDy, LDso, and LDy, are used, the number of
fatalities for event £ in weather j is given by:

NE,j =0-95NEj. g0+ 0-7(NEj, 50 —NEj, 90)+O-3(NEj, 10— NEj. so) (16)
For Case 2, the proportion of the train affected will be:
Xa=Wu/Ly (7)

where Wy is the width of the hazard zone and the number of passenger
fatalities is given by the expression (16) above.

For Cases 3 and 4, the passenger train is actually involved in the incident
and that incident is severe enocugh to lead to puncture of a tank. We would
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therefore expect the passenger carriages to be very close to or alongside the
release. Given the local effect of the train carriages on the dispersion of dense
gases, these cases can be treated as for Case 1 by ighoring any tendency for the
gas to drift across the rails under the influence of the wind.

The ‘obedient train’ cases, Cases 6 and 7, can be treated as Cases 1 and 2 but
with the 200 yard ‘overlap’ length subtracted from the hazard range or width,
respectively. The frequency of affecting an obedient train with the wind
blowing along the tracks (Case 6) is given by:

5 _FiPiPy(1— G2)E;Ly
oL 2L, +2Ly)

(18)

where L, is the length of the ASL. Similarly, for obedient trains when the wind

blows along the tracks:

FiP,(1—P3)(1—G2)Es(Wy/2)
2(L, +2Ly)

Fop = (19)

The frequency of N or more fatalities — Flammable materials
Because of the very small hazard range, the interaction of passenger trains
with lammable liquid spills and fires is only likely to lead to a small number of
fatalities. This study therefore concentrated on liquefied flammable gases,
notably LPG, which have significantly greater hazard ranges. The treatment
for toxic gases given above can be extended by the exclusion of some events on
the basis of low hazard or low frequency, and by the inclusion of additional
events. Excluded are:
e flash fires caused by equipment leaks;
¢ VCEs in the case of ‘non-obedient’ trains as the interaction probability is
small;
e VCEs in the case of ‘obedient’ trains as the interaction probability is very
low;
e BLEVEs for ‘non-obedient’, ‘passing’ trains as the interaction probability is
very low.
The cases for LPG interactions are:
Case 1 — PT drives into the flammable cloud, the wind is along the track.
Ignition causes a flash fire
Case 2 — PT drives into the flammable cloud, the wind is across the track.
Ignition causes a flash fire
Case 3 — PT collides with a derailed HG train and punctures a tank. Ignition
of the resulting cloud causes a flash fire
Case 3a — PT collides with a derailed HG train and punctures a tank. Ignition
causes a fireball of the tank contents
Case 4 — PT collides with a HG train and, as a consequence of the collision,
a tank is punctured. Ignition of the resulting cloud causes a flash fire
Case 4a — PT collides with a HG train and, as a consequence of the collision,
a tank 1s punctured. Ignition causes a fireball of the tank contents
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TABLE Al

Ignition probabilities used in PASSTRAM

Event Probability
Immediate ignition 0.3
Delayed ignition 0.5
Fireball 0.3
BLEVE after flagh-fire 0.1

Obedient long — The PT is stopped at signals but is affected by a flash fire
caused by a LPG release nearby, the wind is along the tracks

Obedient long, a — The PT is stopped at signals. After being affected by a flash
fire caused by a LPG release nearby, it is subsequently affected by a BLEVE.
The wind is along the tracks

Obedient perp — The PT is stopped at signals but is affected by a flash fire
caused by a LPG release nearby, the wind 1s across the tracks

Obedient perp, a — The PT is stopped at signals. After being affected by a flash
fire caused by a LLPG release nearby, it is subsequently affected by a BLEVE.
The wind is across the tracks.

Domino events, where fires spread between tank cars leading to several flash
firesf BLEVEs, will not extend overall hazard ranges and will only increase
slightly the interaction frequencies. For these reasons, they were not con-
sidered further.

For flammable events, rail passengers can be considered to be ‘indoors’ in
terms of impact and we have adopted the same assumptions as with ‘off-rail’
populations; that is:

e 50% of rail passengers within a flash fire (LFL) or fireball radius will die;
o outside the flammable cloud (LFL), rail passengers survive.

Given the special circumstances of the PT/HGT interaction, the ignition
probabilities used for the main analysis were judged inappropriate. In this case
the ones listed in Table Al were used.

Event frequencies and the corresponding numbers of passenger fatalities can
be calculated in the same manner as for toxic events as described above.



