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Fatality Risk Curves for Transporting 
Chlorine and Liquefied Petroleum Gas by 
Truck and Rail 

F. F. SACCOMANNO, JOHN H. SHORTREED, AND R. MEHTA 

When compared to observations from historical data, statistical 
risks often reflect significant discrepancies. The basic problem 
concerns the way objective statistical risks are represented. Risk 
is defined as the product of the probability of an incident and its 
consequent damages, averaged over all possible outcomes. Sta
tistical risk can be expressed more completely as a relationship 
between the frequency of occurrence of an event (F) and the 
number of people affected (N). Because F-N curves represent 
the entire risk spectrum associated with each incident, they can 
also be used to estimate anticipated interval times between con
sequent events for the transport of a given class of dangerous 
commodity. A number of F-N curves for the road and rail trans
port of chlorine and liquefied petroleum gas were established. 
These results were compared with F-N curves reported elsewhere 
in the literature. Discrepancies between statistical fatalities from 
the risk model estimates and observed fatalities from the data 
are explained in terms of the expected interval times between 
designated events for each mode and type of material. 

In its final report, the Toronto Area Rail Transportation of 
Dangerous Goods Task Force (J) suggested that 4.1 fatali
ties per year could be expected to take place in the Greater 
Toronto area as a result of all rail shipments of dangerous 
commodities. Recognizing that this estimate may have been 
conservative, the Task Force revised their estimates down
ward and suggested a rate of 1.4 fatalities per year, a value 
considered to be more reflective of actual risks in the Toronto 
region. A report (2) prepared by the Institute for Risk 
Research (IRR) suggested that average Canada-wide fatal
ity rates were 0.0108/million tonne-km and 0.0035/million 
tonne-km for chlorine shipments by road and rail, respec
tively, on the basis of an average population density of 600 
persons/km 2 • 

When compared with historical data, most statistical esti
mates tend to overpredict the hazards associated with the 
shipment of dangerous commodities by road and rail. In Can
ada there has never been a death attributed directly to the 
tradsport of chlorine, or indeed any dangerous good, for all 
the years that data have been collected. The Railway Progress 
Institute in the United States maintains annual records of loss 
of lading incidents for various dangerous goods. In the 16-
year period from 1965 to 1980, there were only 16 such inci
dents involving rail chlorine shipments for all of North Amer
ica, accounting for a total of 8 fatalities and 169 personal 
injuries. All 8 fatalities were reported in a single chlorine 
accident. The Health and Safety Executive has reported that 
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in more than 60 years of road operations in the United King
dom only three cases of major releases were reported. The 
safety record on rail was equally impressive. Although a num
ber of minor leakages were observed, none of these incidents 
actually resulted in personal injuries or fatalities (J). 

Wide discrepancies between statistical and observed risks 
have created problems of credibility for risk analysis models. 
Shippers have been complaining that they are being forced 
to implement cost! y safety measures on the strength of unsub
stantiated statistical risk estimates. In the interest of credi
bility, any such discrepancy between statistical and observed 
risks must be resolved. 

Risk is generally defined as the product between the prob
ability of an incident and its consequent damage, and is fre
quently expressed as an expectation of damage, taking into 
account all damage classes and their associated probabilities. 
The basic problem with this approach is that the expected 
value of damage reflects only one point on the entire risk 
spectrum, that is, the mean. The expectation of damage is a 
poor indicator of those extreme events along the risk spectrum 
that reflect low-frequency but high-damage potential. Meas
uring risk through expectation gives rise to a situation whereby 
an incident that causes 1,000 deaths once every 100 years has 
the same expected fatality rate as an incident that causes 10 
deaths every year for a 100-year period. The ramifications for 
verifying these risks in the data are important. That the former 
incident is reflected in a data base spanning a period less than 
25 years is unlikely, whereas the latter incident, because it is 
expected to occur at least once each year, can be easily veri
fied by experience. Unfortunately, incidents involving the 
transportation of dangerous commodities such as chlorine are 
essentially representative of very low-frequency and high
consequence events and are difficult to verify in data assembled 
over a limited number of years. 

The following two objectives were accomplished: 

1. Establishing fatality-frequency (F-N) curves for inci
dents involving the transport of chlorine and liquefied petro
leum gas (LPG) by road and rail and comparing these results 
with F-N curves reported elsewhere in the literature and with 
observed fatalities from the historical data base. 

2. Applying simulation techniques to F-N curves for spe
cific dangerous commodities, obtaining time intervals between 
designated incidents on road and rail for chlorine and LPG , 
and comparing these intervals with time frames reflected in 
the available data bases. 
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ESTIMATING OBJECTIVES RISKS FOR 
CHLORINE AND LPG 

Risk is generally defined as the potential realization of unde
sirable hazards, in this case the transport of certain dangerous 
commodities by road and rail. In estimating risk, two con
stituent components need to be obtained-the probability of 
occurrence of a given incident and the magnitude of the unde
sirable hazard (e.g., fatalities, personal injuries, and prop
erties damaged). The probability of a dangerous good incident 
on road and raii wiii be expressed in terms of occurrences of 
accidental release per carload of chlorine and LPG trans
ported over a given distance. Factors that affect the proba
bility of release for different tanker components include tanker 
design features, speed of operation, and nature of the release 
mode (the type of containment system fault). The release 
mode affects both the rate and volume of material released 
in each incident. Control factors for the consequent damages 
(in this case the number of fatalities) include the spill envi
ronment and the distribution of population in the vicinity of 
each incident. Because in this analysis the basic concern is 
with verifying statistical risk in the accident data base, risk is 
defined assuming the prior occurrence of an accident on a 
given mode for each shipment of chlorine and LPG. The risk 
measures discussed have been estimated by applying a com
prehensive risk model to road and rail shipments of chlorine 
and LPG in Canada. A detailed description of this approach 
is provided by IRR (2) and Saccomanno et al. (4). 

Release Profiles for Dangerous Goods in an Accidi:nl 
Situation 

Aggregate release probabilities were estimated for each road 
and rail incident using a fault tree analysis of the tanker con
tainment system (5). Fault trees are based on a mechanistic 
analysis of containment system faults in an accident situation. 
For both chlorine and LPG bulk tankers, two containment 
system faults were considered-releases from tank shells 
(including tank wall, tank head, and manway cover failures) 
and releases from valves (including pressure relief valves, 
liquid valves, outlet valves, etc.). Table 1 presents release 
probabilities estimated from fault trees as applied to road and 
rail shipments of chlorine and LPG, respeclively. 

The release probabilities in Table 1 suggest that for chlorine 
rail shipments approximately 11.8 percent of all railcar acci
dents, most of which occur through minor venting of the 
pressure relief valve in an accident situation, result in loss of 
lading. This can be compared to a release occurrence of 1.6 
percent for similar shipments of chlorine by road. For LPG 
shipments, the aggregate release probabilities in an accident 
situation were estimated as 3.2 percent for rail and 3.7 percent 
for road. 

Among other factors, the hazard area associated with each 
incident involving road and rail shipments of chlorine and 
LPG is affected by the type and volume of material released 
in each incident. In this study, two types of release have been 
considered for both materials-instantaneous and continuous 
releases. Instantaneous releases refer to a situation where the 
bulk of material is released immediately following an accident. 
Continuous releases, on the other hand, take place over an 
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extended period of time, in some cases up to several hours. 
Under certain conditions, some releases can be both instan
taneous and continuous. For LPG, only instantaneous releases 
have been considered, as the hazard area associated with 
continuous releases was found to have a negligible effect on 
total risks. For each type of release and material, three 
volume-rate classes are considered: 

Instantaneous Releases Continuous Releases 

Tanker 
Class Volume(%) (;/a.s.< R!lte (kglsN) 

Chlorine 

High 100 High 14.5 
Medium 69 Medium 3.9 
Low 39 Low 0.1 

LPG 

High 100 Not modeled 
Medium 90 Not modeled 
Low 69 Not modeled 

Before obtaining estimates of release frequencies for dif
ferent volumes and rates of material involved, to establish a 
relationship between the containment system failure mode 
(from the fault tree analysis) and the volume and rate of 
material released was necessary. 

In order to determine the conditional probabilities of release 
for different failure modes, all incidents involving compressed 
gases (Class 2 incidents) as reported in the CANUTEC data 
file were analyzed for the 1986-1987 period (2). A total of 
38 releases were observed in the data base, of which 6 took 
place on rail and 32 on road. These releases were grouped 
according to the type and size of release and by the primary 
containment system failure mode (i.e., shell or valve). All 
major spills were assumed to be instantaneous in nature, 
whereas minor leaks were assumed to be continuous. In addi
tion, all valve releases were assumed to be continuous. Some 
releases reported in the CANUTEC data base could not be 
used in this analysis, because they were not identified as being 
either shell or valve initiated. 

Given the lack of observations in the CANUTEC data base, 
a significant degree of intuitive adjustment and smoothing 
was applied to the resultant contingency table of releases to 
reduce the number of empty cells. Table 2 presents the pro
portion of releases associated with different failure modes 
(shell and valves) for different release profiles (instantaneous 
and continuous). These proportionalities were estimated for 
road and rail shipments of all dangerous commodities, and 
are applied here both to chlorine and LPG shipments. 

Combining the release probabilities from Table 1 with the 
proportionate values from Table 2 yields the release proba
bilities for different types of release and release rates both 
for chlorine and LPG shipments. These values are presented 
in Table 3 for road and rail. 

Estimation of Hazard Areas and Lethality 

For different types of dangerous commodities, the corre
sponding hazard area is affected by four factors-release rates 
and volumes, material properties, extent of damage being 
considered, and environment. Given the spill size, various 
damage propagation models were used to establish the cor-



TABLE 1 ACCIDENT-INDUCED RELEASE PROBABILITIES FOR DIFFERENT 
TANKER FAULTS (PER 100 TANKCAR ACCIDENTS)-OUTPUT FROM FAULT 
TREE ANALYSIS 

Rail 

Chlorine LPG 

Tank Shell 1.097 2.900 

Tank Head 0.067 

Tank Wall 0.995 

Manway Cover 0.035 

Tank Valves 0.906# 0.290 

Gas Valve 0.165 

Relief Valve 0.453# 

Liquid Valve 0.165 

Outlet Valve 0.123 

Road 

Tank Shell 1.460 2.300 

Tank Valves 0.165 1.400 

# excludes "normal" releases which 
are estimated as 9.747 

TABLE2 MATERIAL RELEASED BY TYPE AND CONTAINMENT FAULT [BASED ON 
CANUTEC DATA (J)] 

Release Proportionalities (%) 

Instantaneous Continuous 

High Medium Low High Medium Low ____ _ ...... 
- ... - ........ - -. -....... -... -------

Fault Type 

Rail 

Tank Shell 20.0 40.0 35.0 5.0 

Valves 25.0 35.0 40.0 

Road 

Tank Shell 20 . 0 25.0 35.0 10.0 5.0 5.0 

Valves 30 . 0 30.0 40.0 
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TABLE 3 TANKER RELEASE PROBABILITIES ( x 10- 3
) IN AN ACCIDENT 

SITUATION 

Rail 

Chlorine 

High Medium Low 
- - -- - - - -- ----- -- -- ---- --- ·· 

Instantaneous 2.19 4.39 3 . 84 

Continuous 27 . 18* 37.29* 42 . 61* 

(1.68) ( 1. 59) (1. 81) 

LPG 

Instantaneous 5 . 80 11. 60 10.15 

Continuous 2.18 1. 20 1.16 

Chlorine 

High Medium Low 
-- --- --- ------··· .... -- -- -... 

Insr11nr:inp011s ? 9 ? 3 .65 5 .11 

Continuous 1. 96 1. 23 1. 39 

Instantaneous 4.60 5 . 75 8.05 

Continuous 6.50 5.3 5 6.75 

* Includes normal pressure valve venting 
() Excludes pressure valve venting 

responding hazard area for different classes of damage. The 
damage propagation relationships used in this analysis are 
discussed in-depth in IRR (2) . The IRR model uses a Gaus
sian expression to estimate the area affected by the dispersal 
of a heavier-than-air toxic plume for materials such as chlo
rine. Critical concentration isolines for chlorine were estab
lished for different classes of damage and varying environ
mental conditions. Hazard areas for flammable and explosive 
substances, such as LPG, were determined on the basis of 
empirical relationships reported in the literature . Critical 
damage isolines were established as a function of the pro
portion of hydrocarbons and TNT equivalents in the material 
involved. Critical distances from each incident depend on the 
assumed level of damage associated with each release . In this 
analysis, two classes of fatality impact have been considered : 

50 and 1 percent fatalities . The percentages in these criteria 
refer to the proportion of people killed within a given critical 
distance of each incident . 

The payload capacity of rail bulk tankers carrying chlorine 
and LP;.O was assumed to be 90 and 63.5 tonnes, respectively. 
Truck tankers are smaller than rail, and were assumed to have 
a payload capacity of 27 tonnes for chlorine and 18 tonnes 
for LPG. The actual damages associated with in-transit inci
dents involving chlorine and LPG depend on the distribution 
of people and properties in proximity to each incident. To 
standardize the derivation of F- N curves , the population den
sity for the Toronto-Sarnia road and rail corridors in southern 
Ontario was selected as being representative of general Cana
dian conditions. Both these corridors were assumed to have 
a weighted average population density of 600 persons/km2 . 
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The hazard areas associated with the 50 and 1 percent fatal
ity damage isolines are presented in Tables 4 and 5 for road 
and rail shipments, respectively. These hazard areas have 
been estimated both for chlorine and LPG releases. A weighted 
average fatality rate (deaths per capita of exposed population 
in the hazard area) was estimated for each hazard area using 
the following expression: 

+ HA so% * KR8()% * SF (1) 

where 

HA 1%, HA50% = hazard areas for 1 and 50 percent lethal
ity, respective! y; 

KR30%, KR80% = average 30 and 80 percent kill rates, 
respectively; 

SF = shield factor for people who are indoors 
at the time of the incident. 
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The shield factor in Equation 1 is based on air infiltration 
rates for typical Canadian houses assuming that 90 percent of 
the population are indoors at the time of the incident . An in
depth discussion of shielding factor adjustments for dangerous 
goods incidents is available in Wilson (6) for Canadian con
ditions and in Purdy (7) for the United Kingdom. In this 
analysis, an SF value of 0.10 was applied both to road and 
rail incidents involving chlorine and LPG . This factor assumes 
that only 10 percent of expected fatalities from the damage 
propagation models would actually occur, because most peo
ple would be indoors during the incident , and hence be shielded 
from the full impact of the hazard. 

The actual numbers of people killed given an incident 
involving chlorine and LPG can be obtained directly by mul
tiplying each of the fatality rates in Tables 4 and 5 by the 
corresponding population densities in the vicinity of each spill. 
Assuming a population density of unity (1 person/km2

), the 
total number of fatalities were estimated for each release 
type and rate. These values are presented in Tables 4 and 5 
on the basis of population density exposed. To obtain the 

TABLE 4 HAZARD AREAS AND FATALITIES FOR DIFFERENT RELEASE PROFILES ON 
ROAD 

Material Type of Hazard Area (Km2 ) Fatalities ** 
Release 50% Fatality 1% Fatality per 

(800 PPM) (300 PPM) density exposed 

Chlorine Instantaneous 

High 1. 072 1.112 0 . 0870 

Medium 0.855 1.059 0.0745 

Low 0.804 0.832 0.0652 

Continuous 

High 0.650 1.160 0.0673 

Medium 0.043 0 . 078 0 . 0045 

Low 0.001 0.002 0.0001 

LPG Instantaneous 

High 0.07 0.13 0.0021 

Medium 0.07 0 . 12 0.0021 

Low 0.05 0.09 0 . 0015 

** Populat ion density of 1 pers. per sq. km. 

Assumed wind speed 5 KM/H. 

Atmospheric stability condition D. 
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TABLE 5 HAZARD AREAS AND FATALITIES FOR DIFFERENT RELEASE PROFILES ON 
RAIL 

Material Type of Hazard Area (Km2) Fatal ities** 

Release 50% Fatality 1% Fatality per 

(800 PPM) (300 PPM) density exposed 

Chlorine Instantaneous 

High 1.282 1. 360 0.1049 

Medium 1.202 1.264 0.0980 

Low 1 . 107 1.158 0 . 0901 

Continuous 

High 0 . 650 1.160 0 . 0673 

Medium 0 . 043 0.078 0 . 0045 

Low 0.001 0.0017 0 . 0001 

'LPG Instantaneous 

lligh 0.23 0 . 41 0.0070 

Medium 0. 21 0.37 0.0063 

Low 0 . 16 0 . 29 0 . 0049 

** Fatality rates based on a 1 person per sq. km . density 

within the hazard area. 

Assumed wind speed 5Km/H. 

Atmospheric stability condition D. 

total number of fatalities , these rates are multiplied by the 
corresponding population density along a given corridor. 

F-N CURVES FOR ROAD AND RAIL 
TRANSPORT OF CHLORINE AND LPG 

Release probabilities for different release rates given in Table 
3 can be compared with the corresponding fatality rates in 
Tables 4 and 5 with an assumed population density of 600 
persons/km2 to yield cumulative F-N plots for each mode and 
type of material. For this analysis, average accident rates were 
estimated for typical road and rail corridors in Southern Ontario 
(2). These rates are 0.036 accidents per million tonne-km for 
trucks and 0.0052 accidents per million tonne-km for rail, on 

the basis of assumed car payloads of 27 tonnes for trucks and 
90 tonnes for railcars. 

F-N curves can be shifted vertically to reflect changes in 
the volume of material being shipped and distance covered, 
or scaled horizontally to reflect changes in population den
sities and 'classes of damage. In this analysis, the frequency 
values on the F-N curves have been adjusted to reflect 10,000 
rail carloads of chlorine and LPG shipments over a distance 
of approximately 250 km, or 180 million tonne-km both for 
rail and road transport . 

Discussion of Results 

The resultant F-N curves for chlorine and LPG (Figures 1 
and 2, respectively) are downward sloping. As the number of 
fatalities (N) increases, the cumulative frequency of release 
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FIGURE 1 Predicted and observed risks of transporting 
180 million tonne-km of chlorine on a typical corridor. 

(F) required to sustain this damage decreases correspond
ingly. As expected, given its more confined hazard area for 
fatalities, the reduction in cumulative frequencies is specially 
pronounced for LPG both for road and rail transport options. 
LPG incidents reflect much lower maximum consequence events 
for the same volume of 180 million tonne-km shipped. LPG 
incidents reflect a maximum fatality rate of 95 fatalities per 
incident compared to 3,500 fatalities per incident for chlorine. 
At the lower range of damages (fewer than 10 fatalities per 
incident), the frequencies of LPG fatalities are lower than for 
chlorine incidents, although the difference in these frequen
cies between the two materials is not as pronounced as at the 
higher level of damage. This shift in the F-N curve to lower 
levels is specially significant for the rail mode, for which LPG 
incidents reflect fatality levels that are on average 2.5 orders 
of magnitude lower than for chlorine. 

A comparison of F-N curves between road and rail yields 
some interesting results. Incidents involving chlorine reflect 
lower frequencies than LPG incidents at the lower fatality 
range of damage, that is, fewer than 10 fatalities per incident. 
For higher levels of fatalities, chlorine frequencies are sig
nificantly higher than LPG frequencies. This relationship holds 
true for both modes, but is specially significant for rail given 
the higher volume shipped on a carload basis. 

For chlorine, differences in the F-N curves for road and 
rail transport are not pronounced. Rail transport generally 
reflects lower levels of risk than road for the F-N curves, but 
the differences are not significant. For LPG shipments, the 
rail option reflects significantly lower risk levels than road 
for all levels of fatality damage. As discussed, this compara
tive analysis of fatality risks between road and rail has been 
adjusted by the volume-distance of shipment and the density 
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FIGURE 2 Predicted and observed risks of transporting 180 
million tonne-km of LPG on a typical corridor. 
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of exposed population to provide for a fair comparison between 
the two modes. Actual field conditions would reflect signifi
cant differences in population densities between typical road 
and rail corridors, e.g., the Sarnia-Toronto road has a large 
population density. 

Literature Comparisons of F-N Curves 

Other F-N curves reported in the literature have been added 
to the results shown in Figures 1 and 2. Data were also avail
able from an intercity corridor risk analysis carried out by the 
Health and Safety Executive in the United Kingdom (7). These 
results have been modified for comparison with Canadian 
conditions, such that: 

Chlorine tanker 
capacity 
(tonnes) 

Route distance (km) 
Average corridor 

population density 
(persons/km2

) 

Assumptions 

90 
274 

600 

Health and Safety 
Executive Inputs 

29 
101 

300 

As shown in Figure 1, the F-N curves associated with the 
analysis of chlorine shipments are in general agreement with 
the results of the Health and Safety Executive (7). For LPG 
shipments, it was only possible to obtain comparative F-N 
curves for rail. Significant differences between North Amer
ican and U .K. transport environments occurred even after 
the adjustments were made. Moreover, the U.K. results are 
based on a more sophisticated model with better data. Never
theless, the comparison suggests that the two independent 
results are similar and representative of the risks involved. 
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The analysis of chlorine and LPG shipments by road and 
rail yielded the following expected fatality rates : 

Substance 

Rail: 
Chlorine 
LPG 
Average rate 

Road: 
Chlorine 
LPG 
Average rate 

Rate per 
million tonne-km 

0.0035 
0.000015 
0.0018 

0.0108 
0.00062 
0.0057 

For a total shipment volume of 180 million tonne-km/year 
on each mode, these rates predict an average of0.68 fatalities 
per year , assuming a mix of chlorine and LPG shipments and 
a 50-50 mode split. 

COMPARISON WITH OBSERVED DATA AND 
TIME INTERVAL ESTIMATION 

This section compares the model predictions as represented 
in the F-N curves from Figures 1 and 2 with observed data 
on dangerous goods incidents and fatalities . F-N curves ide
ally represent the full spectrum of risks involving the trans
port of dangerous commodities , from high-frequency, low
consequence events to low-frequency, high-consequence events. 
Observed risks can be extracted from the available data and 
compared to statistical risks as estimated from the F-N curve 
for each type of dangerous commodity. Furthermore, it is 
possible through the application of Monte Carlo simulation 
techniques to obtain expected interval times between con
sequent events (i.e., fatalities) on the basis of the underlying 
F-N relationship . 

Comparisons with Observed Risks Reported in the 
Literature 

An F-N curve established by Glickman and Rosenfield (8) 
from observed dangerous goods releases in the United States 
was compared to the statistical relationship established in 
this analysis for chlorine. Because the basis of the Glickman 
and Rosenfield F-N curve is observed data for all dangerous 
goods shipments , it fails to reflect values at the high fatality 
range of the risk spectrum. These points would represent rare 
events that would not be included in the current data base. 
Statistical F-N curves, on the other hand, are not subject to 
the same restriction on the range of consequent damages, 
because points can be established for events that have not yet 
taken place. In comparison with the results for chlorine and 
LPG, the F-N curves observed by Glickman and Rosenfield 
(8) for all dangerous commodities tend to overcompensate 
for frequencies in the low number of fatality range and to 
undercompensate for frequencies in the high number of 
fatalities range. 

Ormsby and Lee (9) compiled data on the transportation 
of chlorine and LPG in the United States by all modes of 
transport for the period 1976-1986. For the purpose of com
parison, the Ormsby and Lee values were modified to account 
for the assumed base level of shipment under consideration 
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in this analysis, that 1s , 180 million tonne-km . The results are 
shown in Figures 1 and 2 for chlorine and LPG, respectively . 

For chlorine, only one observed point was available, and 
this value appears to be in close agreement with the model 
estimates and with the values reported by Purdy (7). Because 
this comparison is based on a single observation, it may be 
subject to further adjustment in frequency depending on the 
outcome of future events. For example, if with time no further 
chlorine-related fatalities take place, then the value of the 
frequency corresponding with this observed point would be 
reduced. For LPG, a more representative distribution of 
observed fatalities was available. As shown in Figure 2, the 
predicted F-N curve lies above the observed points for road 
and below the observed points for rail. Both modes, however , 
reflect F-N values that are close to observed values . 

Estimating Interval Times for Fatalities Through 
Simulation 

The basic purpose of this exercise is to estimate interval times 
between fatalities for incidents involving chlorine and LPG. 
The F-N curves in Figures 1 and 2 can be used to obtain a 
simulated number of fatalities for road and rail shipments 
over designated periods of time. This process permits an anal
ysis of risks for incidents whose frequency of occurrence extends 
beyond the feasible time frame reflected in the available data 
bases. 

The spectrum of cumulative risk probabilities for selected 
numbers of fatalities are presented in Tables 6 and 7 for rail 
and road transport of chlorine and LPG, respectively. These 
cumulative values were obtained directly from the F- N rela
tionships in Figures 1 and 2, and are based on an average 
exposure measure of 180 million tonne-km/year carried by 
each mode for each commodity type. 

Cumulative probabilities for the shipment of dangerous 
commodities by road and rail provide a target against which 
randomly sampled probabilities can be mapped. The tech
nique is referred to as Monte Carlo simulation. Random sam
pling can be used to create a pool of events that are linked 
to real-time occurrence. 

Application of Monte Carlo simulation to the cumulative 
F-N curves for chlorine and LPG yielded interval time periods 
in years between any designated fatality level. In Canada, 
total annual shipments of LPG amount to 1,877 million tonne
km by rail and 564 million tonne-km by road (10). The risk 
of fatalities associated with road and rail shipments has been 
adjusted in this analysis to account for actual LPG volumes 
for the base value of 180 million tonne-km (Figure 2) . For 
chlorine, the 180 million tonne-km of bulk shipments per year 
was assigned exclusively to rail. 

The results of this analysis suggest one-fatality intervals of 
150 years for incidents involving chlorine and 250 years for 
incidents involving LPG. For more catastrophic events, for 
example, at-least-SO-fatality events , the estimated interval time 
for chlorine may be as high as 500 years , well beyond the time 
frame of current data bases anywhere in the world. Plots of 
the interval time against different release fatalities are pro
vided in Figures 3-6 for chlorine and LPG transport on rail 
and truck. These estimates of interval times assume a uniform 
population density of 600 persons/km2 • Because much of the 
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TABLE 6 F-N CURVE CUMULATIVE PROBABILITIES FOR RAIL SHIPMENTS OF 
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TABLE 7 F-NCURVE CUMULATIVE PROBABILITIES FOR ROAD SHIPMENTS OF 
CHLORINE AND LPG 
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road and rail network in Canada traverses sparsely populated 
areas where densities are considerably below assumed values, 
the interval times for these areas could be several times greater 
than the values reported here . 

DISCUSSION AND CONCLUSIONS 

The credibility of current risk analysis models has been ques
tioned as a result of wide discrepancies between predicted 
and observed risks for incidents involving the transport of 
dangerous commodities. The two estimates of risk are rep
resentative of the same underlying phenomenon. Rather than 
reflecting a lack of reliability in the risk analysis process, the 
absence of verification in the data actually reflects the low
frequency, high-consequence nature of the risk spectrum as 
applied to the transport of dangerous commodities. 

High-consequence, low-probability risks are best repre
sented in terms of F-N curves for each shipment situation. 
The F-N curves obtained from an application of a risk anal
ysis model to the road and rail transport of chlorine and LPG 
have produced results for actual transportation corridors that 
are in general agreement with risks reported elsewhere in the 
literature. 

A novel way of looking at risks, essentially the expected 
time intervals between designated consequences, is presented . 
These time intervals were obtained by applying Monte Carlo 
simulation techniques to the F-N curves calibrated for each 
shipment situation. This approach appears to have special 
relevance in the communication of statistical risks, because 
problems of data verification are absent. Risk analysis must 
be able to communicate the entire risk spectrum. The simple 
use of expected value, which is common in many risk analy
sis studies, fails to provide a level of understanding of ex
pected risks that is both comprehensive in its application and 
supportable by experience. 
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DISCUSSION 

GRANT PURDY 
Principal Scientist, Technica Ltd., Highbank House, Exchange 
Street, S1ockport, U. K. 

This discussion has been prompted by the use in this paper 
of risk results for the transport of dangerous goods in Britain 
obtained from published papers. It is suggested that the 
manner in which the British results have been adjusted to 
allow them to be compared with those Canadian is invalid . 
Given the great differences between the risk models used by 
the authors and the risk models developed for the British 
studies, conclusions based solely on the risk results are of 
doubtful value. It is concluded that Figures 1 and 2 of the 
report do not adequately represent the predicted risks from 
the transport of chlorine or LPG, respectively , in Britain. 

There is growing concern in Europe about the risks to mem
bers of the public from the transport of dangerous goods. This 
concern is leading to increased scrutiny by government reg
ulatory authorities and calls for further controls. 

In Britain, the risks from static major hazard installations 
have been extensively reviewed by an advisory committee 
who, in their third report (1) recognized the growing concern 
over transportation of hazardous goods and suggested that 
many of the controls the U. K. Health and Safety Commission 
had recommended for fixed installations could be applied to 
transportation. The U .K. Health and Safety Commission 
responded by setting up a subcommittee comprising nomi
nated experts from industry, trade unions, the emergency 
services, and independent academics. The author of this dis
cussion is responsible for much of the hazard and risk analysis 
that will form an important part of the information the com
mittee will use to come to conclusions on the present levels 
of risk and the need for, and possible nature of, any additional 
controls. This work was carried out while the author was 
employed by the Health and Safety Executive (HSE) , and 
later as an independent consultant. 

HSE and industry in Britain would wish to have the fullest 
understanding of the nature of the risk , its magnitude, and 
major components before reaching any decision for the need 
for further controls. Great care has been exercised in building 
the risk models to ensure that 

• They realistically represent the consequences and impact 
of a release on a human population taking into account mit
igation and population characteristics; 

• They give reasonable, accurate results, are robust, and 
are not unduly sensitive to simplifying assumptions; 

•They are flexible, allowing a realistic range of conditions 
and circumstances to be represented with easy sensitivity 
testing; and 
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•They are transparent, so that the assumptions made and 
the manner in which the calculations are carried out can be 
seen and understood by the user of the results. 

An important part of the process has been to subject the work 
to close and searching review, principally by an independent 
working party, the members of which have made a major con
tribution to the work. We have also sought external peer re
view by the publication of a limited number of papers (2-4) 
and by direct contact with other workers such as those at 
Waterloo University. The full report of this work is likely to 
be published later this year. 

The authors make many valuable points in their paper with 
which I concur. However, I have a major concern over how 
they have used risk results drawn from my past papers. The 
manner they have used and transformed my results and the 
comparisons they have made do not adequately represent the 
work that has been carried out in the United Kingdom and 
could lead others to draw incorrect conclusions about the level 
of risk from the transportation of dangerous goods in the 
United Kingdom. The representation on their Figures 1 and 
2 is of most concern. 

There are two considerations here-first the manner in 
which they have scaled and shifted the societal risk results for 
transport on the U.K. system, in U.K. tankers and tank wagons, 
to represent 180 million tonne-km of chlorine or LPG trans
ported on Canadian systems in Canadian tankers and tank 
cars. Although the F-N curves can, with care, be adjusted 
vertically to reflect changes in the total mass of material trans
ported, the scaling horizontally to reflect changes in popu-
lation density, popul3tion cl3sses, and size of possible events 
is not easy, if at all possible, without rebuilding the risk models 
used to calculate the original results. For example, a 45.1-
kg/sec continuous release following the puncture of a 29-tonne 
rail car will continue for up to 11 min, whereas that from a 
90-tonne rail car will last for up to 33 min. As this event 
contributes significantly to the overall risk levels, you cannot 
just factor up the results. 

We have estimated that if 180 million tonne-km of chlorine 
or LPG were transported in British rail tank cars on the British 
rail network, we would obtain risk results some half to one 
order of magnitude lower for chlorine and one to one and 
one-half orders of magnitude lower for LPG than the results 
shown as Rail Purdy on Figures 1 and 2, respectively . 

The second and more serious consideration is whether the 
results from two sets of risk models should be compared in 
this way at all. We have strived to be realistic and adopt a 
best estimate approach in building our risk models. We believe 
that the models being used by the authors of this paper are 
simpler and may, overall, underestimate the true levels of 
risk . The difference seems to lie mainly in the areas of con
sequence and impact modeling. For example, it would seem 
that for LPG the authors may not include escalation from 
minor events to a BLEVE (boiling liquid evaporating liquid 
explosion); we have found that this event, although unlikely, 
nevertheless makes a major contribution to the risk. In the 
case of gas cloud dispersion, the Waterloo workers use a 
simple gaussian model to predict the dispersion of the dense 
gases chlorine and LPG , whereas we have used more appro
priate dense gas models. Gaussian models do not predict the 
initial slumping and cross-wind spreading that is found with 
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dense gases and as a consequence, will underestimate the area 
affected and hence the expected number of fatalities . We also 
fed that ~irnµlt: !Jlaukel assumµLiuus uu mitigation , such as 
that all people indoors will survive a chlorine incident , are 
optimistic and will lead to the risks being underestimated. 

All these factors suggest that the comparison of results from 
such dissimilar studies may be of doubtful value and that great 
care is needed when drawing conclusions. Unfortunately, results 
displayed as in Figures 1 and 2 could be taken by others out 
of context; they suggest that the risks in the United Kingdom 
from tht: transport of chlorine and LPG are much higher than 
in Canada or North America. The historical record does not 
bear this out. 
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AUTHORS' CLOSURE 

Purdy's discussion is a welcome addition to the ongoing devel
opment of reliable risk analysis models for the transport of 
hazardous materials. In his commentary, he makes two valid 
points: 

1. Need for great care in building reliable, robust risk models. 
2. Difficulties in carrying out an objective comparative 

analysis of risks using other published' sources. 

Although we agree with his general premise, we also feel it 
is useful and instructive to compare results from various 
studies on the basis of a typical corridor application. 

Risk is a complex phenomenon that requires information 
about a number of constituent events: 

• Incident or accident occurrence; 
• Failure probabilities in the physical containment system, 

given a prior incident or accident occurrence; 
• Relating release rates and volumes to corresponding 

failure modes; 
• Dispersal relationships and hazard area development for 

different damage levels; and 
• Relationships that reflect the distribution and exposure 

of targets for various hazard areas (population distribution 
densities, shielding, evacuation, etc.). 

Given the multiplicative nature of risk (probability times con
sequence), it would be difficult indeed to obtain reliable mea-
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sures of risk exposure, when any one of these components 
has not been fully developed. 

The Health and Safety Executive (HSE) in the United 
Kingdom has been instrumental in developing robust conse
quence and hazard area models for incidents involving selected 
hazardous materials. We don't wish to get into a detailed 
technical discussion of the advantages or disadvantages of 
dense gas versus Gaussian relationships for heavier-than-air 
gas dispersal. Both relationships have been used by various 
researchers in the field. The major issue, however, is whether 
robust development of hazard areas produces in itself robust 
estimates of risk. It is our contention that it doesn't make 
much sense to discuss: "How many angels can dance on the 
head of a pin?" when we are unclear as to the size and shape 
of the pin head. Despite their focus on the consequence side 
of risk, we contend that the HSE analysis of risks is based on 
a more cursory accident-incident analysis. For example, the 
use of average accidents and release rates from observed data, 
which fail to account fully for statistical variations in the acci
dent environment, or release probabilities that fail to reflect 
the mechanistic nature of the tanker containment system, 
which result in component failures for a given accident situa
tion. The result is risk estimates with significant uncertainties. 

Purdy seems to suggest that a focussed analysis of risk con
sequences yields more accurate estimates of larger risk expo
sure. Unfortunately, in the absence of a more thorough devel
opment of all the constituent components of risk, this assertion 
may be at best premature. 

At the Institute for Risk Research, we have attempted to 
develop estimates of risk that address these various constit
uent components. Our work on incident-accident analysis has 
involved a thorough statistical analysis of route and traffic 
control factors affecting significant variations in vehicle acci
dent rates (1-3). Our analysis of release failure was based on 
some initial fault tree structures developed by Battelle Lab
oratories in the early 1980s. These fault trees were modified 
and specified for the Canadian experience to yield conditional 
release probabilities for different tanker components in an 
accident situation (3-5). Our dispersal models do not involve 
the level of detail carried out at the HSE. When uncertainties 
in the rest of the risk formulation are considered, our analysis 
does produce estimates of risk that are useful for the purpose 
of comparison. 

Purdy notes that much of the work at the HSE has been 
overseen by a panel of advisors and experts. We feel that 
given the controversial and sometimes subjective nature of 
this type of work, such checking and validation is critical to 
the exercise. Failure to carry out these checks would be irre
sponsible, and this underscores the need to publish results as 
they become available. In our own work, we have frequently 
drawn on results and advice from the HSE as well as others 
working in this field. 

To make the comparison more meaningful from our Cana
dian corridor perspective, the HSE results were adjusted as 
indicated in the paper. We concur with the argument that a 
more detailed modeling exercise would produce different results 
for the United Kingdom. Purdy suggests that the risks for 
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LPG might be 1 Vi orders of magnitude lower and for chlorine 
1 order of magnitude lower than the F-N curves reported in 
our paper. It should be noted, however, that this would not 
invalidate the results of the comparison, mainly that the pre
dicted risks from our analysis are in the correct order of mag
nitude both in relation to observed data and the HSE model 
estimates. 

The basic purpose of our paper was to address the issue of 
risk measurement, F-N curves versus the more common 
measure of expectation. We wanted to demonstrate how a 
more complete representation of risks in terms of F-N curves 
can produce time interval estimates between consequent events 
that are much larger than measures of normal life expectancy. 
The problem is the very low frequency, very high conse
quence, nature of risks associated with the transport of haz
ardous materials. Purdy's results were included to indicate 
the general band of risk estimates from various sources. It 
was not our intention to suggest that our estimates were better 
or worse than Purdy's values, but to show that some discrep
ancies exist, and these discrepancies need to be addressed in 
future work. Given the complex nature of risk estimation, 
however, the differences were not very large. 

We feel one aspect of this debate is important. This aspect 
relates to the need to compare work undertaken by various 
researchers using different sources of data and methodologies. 
Such comparison can be undertaken adjusting for underlying 
assumptions in the original work. We do not share Purdy's 
assertion that one cannot adjust F-N curves horizontally to 
reflect changes in population distributions or densities, as we 
feel that making comparisons between predictions is an essen
tial element in gaining confidence in the results. We agree 
that such comparisons should be undertaken considering the 
full range of prediction errors. Given the level of development 
in recent years on risk modeling for the transport of hazardous 
materials, the time may be opportune to bring these studies 
together in some comparative format. Given the focus of our 
paper, it would be highly premature to suggest that we have 
carried out such a comparative analysis. Accordingly, we don't 
feel that our results should prejudice Purdy's future report in 
any way. 
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