



































































































































































































































































































































































































































Legend:

Probabllity

Figure 8.1: Beta Probability Distribution for Input Variable V1.4

Input Variable V1.4: P(overturn | release) for a truck carrying toxic liquid and involved in an accident

solid lines: posterior beta probability distributions for observations from first data source
dashed lines: posterior beta probability distributions for observations from second data source
heavy line: overall beta probability distribution for input variable V1.4
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A lognormal distribution has the following probability density function:

(8.8)
frimoy= 1L exp(-(ln()-p)?/2c7?)
r2m) %o
where:
r = value of the input variable (rate of releases per Bvkim)
H = mean of the natural logarithm of the sample values

= standard deviation of the natural logarithm of the sample values.
8.3 PARAMETERS FOR BETA PROBABILITY DISTRIBUTIONS

Most of the input variables in the model are probabilities of incident outcomes, p. From
Section 8.2.1, we know that we can express the uncertainty in p as a beta probability
distribution, with parameters a and B. The beta probability distribution for each input
variable is fit to the sample data to provide estimates of the unknown parameters o and B.
The sample data include sample observations of successes and failures from different data
sources and time intervals. The observations provide sample values p;, p>, ..., pi . each of
which themselves have uncertainty. From Section 8.2.2, we know that we can express the
uncertainty in each sample p; as a posterior beta probability distribution. Therefore we fit the
overall beta probability distribution for the input variable not just to single sample values of

Pi. p2, ..., Di , but to a set of i/ posterior beta probability distributions.

We used the Gibbs sampler to solve for the expected values of o and B for the overall beta
probability density function for each input variable. Smith (1991) notes that the Gibbs
sampler is a variant of a Markov chain simulation procedure. It uses an iterative procedure to
find the distribution of a multivariate random variable, given the joint probability density
function. In our case, the iterative procedure produces many samples of the values for « and
B. After many iterations, the average values of the samples of o and B converge to the

expected values.
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The Gibbs sampler uses the joint probability density function for a and B, which is:
(8.9)

P(a, B; o1, P2, - D)

< [C(a+B)] i_ @ip2---p) Y [U-p1)U-p2) ... (1-p;) ] &P
L))"

If we hold B and p; constant, the conditional probability density function for « is proportional
to:

(8.10)

fﬂﬂﬁ).]_i @ip2...pi) ¢V =cdfa
o)

If we hold a and p; constant, the conditional probability density function for  is proportional
to:
(8.11)

[Ca+B)} [(1-p1) (I-p2) ... (1-pi) 1 ® 1 =cdfB
r@)’

Alternative methods of solving for the expected values of values of o and B for the overall
beta probability density functions include analytical methods such as maximum likelihood or
the method of moments. We do not use maximum likelihood estimates because it is not
practical to find the derivative of equation 8.9, where each value of p;, ps, ..., pi comes from
a separate beta distribution. We do not use the method of moments because, as Kendall et al.
(1991) note, fitting a distribution to a sample of a population by the method of moments does
not provide the most efficient estimators of the unknown parameters, unless the distribution
is normal. We are fitting beta rather than normal distributions to the sample data. Therefore

we use Gibbs sampler to solve for the expected values of values of o« and f.
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The steps in the Gibbs sampler procedure that we used to determine o and B for each input

variable are as follows:

A. Assume starting values for a and 3, say a =B = 5.

B. Generate one value p; for each observation of successes and failures, from the posterior

beta distribution given in equation (8.7).

C. Generate the next value of a.
1. Generate 100 values of a random number R from a uniform distribution between 0
and 1 (R, Ry, ... , Ri00)-
2. Evaluate cdfo where oo = R for each value of R (cdfo, cdfag, ... , cdfoeige) while
holding constant the current values of B and each p;.
Calculate Fy = cdfa,, F; = cdfo; + cdfata, ..., Figo = cdfoy + edfoan + ... + cdfoygg.
Calculate FN; = F/Fio0, FN2 =F2/F100, ... , FN190 = F100/F100-

Generate one value V from a uniform distribution between 0 and 1.

(92

Count the number C of FN values smaller than V.

N ok

Chose a = Rc+i. This is now the current value of c.

D. Similarly, generate the next value of p.

1. Generate a new set of 100 values of a random number R from a uniform

distribution between 0 and 1 (R}, R, ... , Ri00).

2. Evaluate cdfpf where § = R for each value of R (cdfB, cdfPs, ... , cdfB1e0) while
holding constant the current values of o and each p;.
Calculate Fy = cdfBy, F2 = cdfB; +cdfB,, ..., Figo =cdfB, +cdfB, + ... + cdfBigo.
Calculate FN; = F/Fio0, FN2=F2/F100, ... , FN100 = Fi00¢/F100.
Generate one value ¥ from a uniform distribution between 0 and 1.
Count the number C of FN values smaller than V.

NS kW

Chose = Rc+1. This is now the current value of B.
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E. Record the values of a and B. Return to Step B. Continue for 50,000 iterations.

Calculate the mean values of a and P from the 50,00C iterations.

As noted above, after many iterations, the mean values of « and B converge to their expected
values. We used the mean values of oo and B to generate the overall beta probability

distributions for the input variables that are probabilities of incident outcomes.

84  DISTRIBUTIONS FOR INPUT VARIABLES

Appendix C contains graphs showing the resulting probability distributions for each input
variable. For comparison, the graphs also show the data points from each data source for
each input variable. As expected, a wide spread of data points results in a wide probability

distribution, and a narrow spread of data points results in a narrow probability distribution.

Appendix D contains the values of the parameters that define the probability distributions for
each input variable. For the beta distributions, the parameters include the values of a and B.
Appendix D also provides the mean and standard deviation for the beta distributions. For the
lognormal distributions, the parameters include the mean and standard deviation of the

sample data for the input variable.

Table 8.1 compares the means of the beta distributions given in Appendix D with the point
estimates of the input variables given earlier in Chapter 6 for accident and non-accident
scenarios. The point estimates come from the means of the sample data, (total number of
successes)/(total number of trials), for each input variable. It is interesting to note that the
means of the beta distributions differ slightly from the means calculated directly from the
sample data. Both are valid estimates of the expected values of the input variables. The
differences arise from the fitting of the overall beta distribution to the distributions of the
sample values. We prefer to use the beta distributions in describing the input variables
because they take into account all of the information available, including the data and the

assumed shapes of the distributions.
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Table 8.1: Comparison of Means of Distributions to Point Estimates

for Input Variables

Mean of Point

Input Variable Distribution | Estimate
V1.1: P(overturn | release) for toxic PLG .706 757
V1.2: P(overturn | release) for flammable PLG .594 .588
V1.3: P(overturn | release) for flammable liquid .795 .800
VV1.4: P(overturn | release) for toxic liquid .695 667
V2.1: P(toxic PLG | release) .038 .042
V2.2: P(flammable PLG | release) .059 057
V2.3: P(flammable liquid | release) .768 .766
V2.4: P(toxic liquid | release) 133 .135
V3: P(release | accident) .015 .018
V4: P(overturn | accident) .046 .055
V5.1: P(toxic PLG) .051 .050
Accident [V5.2: P(flammable PLG) .059 .058
V5.3: P(flammabile liquid) .629 635
V5.4: P(toxic liquid) .260 .256
V6.1: P(fire | release, no collision) .063 .066
VV6.2: P(fire | release, collision) 171 .165
V7.1: P(fire | no release, no collision) .018 .009
V7.2: P(fire | no release, collision) .075 .027
V8.1: P(spill | release, small load) 773 74
V8.2: P(spill | release, large load) .888 .888
V3.1: P(large release | spill, smali load) 437 449
V9.2: P(large release | spill, large load) .881 .880
V10.1: P(large release | leak, small [oad) .163 .162
V10.2: P(large release | leak, large load) .548 .533
V1.1: Releases per Bvkm for toxic PLG 11.07 11.07
V1.2: Releases per Bvkm for flammable PLG 4.03 4.03
V1.3: Releases per Bvkm for flammable liquid 4.57 4.57
V1.4: Releases per Bvkm for toxic liquid 13.94 13.94
V2.1: P(fire | release, rural road) .058 .066
V2.2: P(fire | release, urban road) .019 .022
Non-Accident |V3: P(spill | release) .516 512
V4.1: P(large release | spill, rural non-tanker) 123 107
V4.2: P(large release | spill, rural tanker) 517 .439
V4 .3: P(large release | spill, urban non-tanker) 018 014
V4.4. P(large release | spill, urban tanker) 175 225
V5.1 P(large release | leak, rural non-tanker) .029 .024
V5.2: P(large release | leak, rural tanker) 237 222
V5.3: P(large release | leak, urban non-tanker) .016 .014
V5.4: P(large release | leak, urban tanker) .102 .100
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CHAPTER 9

UNCERTAINTY IN OUTPUT VALUES

Chapter 9 contains the following sections:

9.1 Monte Carlo Simulations

9.2 Output Probability Distributions

Chapter 9 documents the results of the Monte Carlo simulations to propagate the uncertainty
in the input variables through to the uncertainty in the output variables. Each outcome
probability or incident rate has a distribution, indicating the uncertainty about the output
values. The analysis provides statistics that define each output distribution. The chapter
summarises the mean values of the output probability distributions for the accident outcome

probabilities and non-accident incident rates.
9.1 MONTE CARLO SIMULATIONS

9.1.1 Input to Monte Carlo Simulations

The steps in the Monte Carlo simulation are discussed in Section 3.3. To run, the simulation

requires information from the model as follows:

e input variables. Separate simulations were run for each possible outcome for each
accident and non-accident scenario. Tables 5.4 and 5.5 list the input variables for the
accident and non-accident scenarios respectively. The input variables include, for

example, P(fire | release), P(spill | release), etc.
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e output variables. For the accident model, the output variables are the probabilities of
accident outcomes. Figure 4.3 shows that there are ten possible accident outcomes. For
the accident model, the output variables include P(large spill with fire | accident), P(small
leak no fire | accident), etc. For the non-accident model, the output variables are the
number of incidents per Bvkm. Figure 4.3 shows that there are nine possible non-
accident incident outcomes. The non-accident model includes eight of these outcomes.
As discussed in Section 5.1.1, there are not enough data on the ninth outcome, non-
accident non-release fires, to find significant factors that lead to such incidents. The
incident rate of non-accident non-release fires is approximately .22 incidents per Bvkm.
For the non-accident model, the output variables include the number of non-accident
large spills with fire per Bvkm, the number of non-accident small leaks with fire per

Bvkm, etc.

e equations that relate the input and output variables. The equations are the same as those
used earlier to calculate point estimates of the output. The equations to calculate
P(release | accident) are as discussed in Section 5.1.3. The general model equations to

combine P(release | accident) and the remaining input variables are shown in Figure 4.4.

e probability distributions for each of the input variables. Appendix C shows the

probability distributions fitted to the data for each input variable.

9.1.2 Number of Iterations

The number of iterations in the Monte Carlo simulation affects the output of the model. The
simulation produces frequency histograms of possible values for each output variable. We
can then convert these frequency histograms to probability distributions by setting the scale
so that the total probability is 1. For a low number of iterations, the probability distributions
are ragged and the statistics for the distributions (mean, standard deviation, etc.) fluctuate as
more iterations are completed. For a high number of iterations, the probability distributions

become smooth and the statistics of the distributions stabilise. However, a high number of

135



iterations also consumes more computer time to run the simulation. We want to use enough
iterations in the simulation to produce smooth probability distributions and stable statistics

for the distributions, while minimising computer time.

Figure 9.1 contains probability distributions for a sample output, for simulations with varying
numbers of iterations. The number of iterations ranges from 500 to 100,000. The sample
output is P(large spill with fire | accident) for Accident Scenario 1, where a truck carrying a
large load of toxic PLG is involved in an accident with an overturn and collision. Figure 9.1
shows that the probability distributions are quite ragged for 500 to 5,000 iterations. The

probability distributions are quite smooth for 20,000 iterations or more.

Table 9.1 contains the statistics for the probability distribution for the same sample output
used in Figure 9.1. Table 9.1 shows that the statistics for the mean of the distribution are

stable to two significant digits after about 30,000 iterations.

We decided to run the simulations for the accident and non-accident models for 50,000
iterations, to provide both smooth probability distributions and stable distribution statistics

for each output variable.
9.2 OUTPUT PROBABILITY DISTRIBUTIONS
9.2.1 Shape of Output Probability Distributions

For each output variable in our model, we have a data set of 50,000 values generated by the
Monte Carlo process. We can generate a histogram summarising the 50,000 values and
showing the probabilities of different values of the output variable. Alternatively, we can
empirically assign a continuous probability distribution to the data set. We can then use the
continuous probability distribution to calculate the probabilities of the different values of the
output variable. It would be quite unwieldy to store the actual frequency counts for each

output variable for future use, but quite simple to provide the parameters for the continuous
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Figure 9.1: Output Probability Distributions for Various Numbers of iterations
Accident Scenario 1: accident with overturn and collision, large load of toxic PLG

X-axis Units:  P(large spill with fire | accident)
Y-axis Units:  probability
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Table 9.1: Statistics for Output Probability Distributions

Output Variable:
Trials Mean
500 .03533
1,000 .03632
5,000 .03689
10,000 .03703
20,000 .03749
30,000 .037¢90
40,000 .03803
50,000 .03802
75,000 .03805
100,000 .03805

for Various Numbers of Iterations

P(large spill with fire | accident)
for Accident Scenario 1

(overturn and collision, large load of toxic PLG)

Median
.01915
.01915
.01837
01794
.01819
.01819
.01821
.01810
.01803
.01805

Standard Coeff. of

Deviation Skewness Kurtosis Variation
.05191 3.94 24.46 1.47
.05478 3.91 23.21 1.51
.06470 7.67 107.89 1.75
.06322 6.94 90.48 1.71
.06756 9.35 186.60 1.80
.07040 9.59 183.93 1.86
.07003 9.21 169.10 1.84
07194 9.94 197.17 1.89
.07411 10.72 223.55 1.95
07378 10.73 233.58 1.94

138



probability distribution, making the output much more useful for future QRA analysts.

Therefore we assign a continuous probability distribution to each output variable.

We used the Crystal Ball ® software package in choosing the shape of the output probability
distributions. Crystal Ball ® includes a distribution-fitting feature, which uses maximum
likelihood estimators or other parameter estimation techniques to fit probability distributions
to a data set, depending on the type of probability distribution. Alternative continuous
probability distributions include normal, triangular, lognormal, uniform, exponential,
Weibull, beta, gamma, logistic, pareto and extreme value. The software chooses values for
the parameters of the distributions that maximise the probability of producing the data set.
Crystal Ball also provides measures of the goodness-of-fit between each set of data and each

continuous probability curve.

We used two scenarios to illustrate the output variable distributions. The first sample
scenario is Accident Scenario 1, where a truck carrying a large load of toxic PLG is involved
in an accident with an overturn and collision. The second sample scenario is Non-Accident
Scenario 33, for a tanker truck carrying toxic PLG on a rural road. Each accident scenario in
our model has ten output variables, including P(large spill with fire), P(small spill with fire),
etc. Each non-accident scenario in our model has eight output variables, including number of
incidents of large spill with fire per Bvkm, number of incidents of small spill with fire per

Bvkm, etc. For the two samples, there is a total of 18 output variables.

The Chi-Square statistic measures goodness-of-fit, or how closely a set of observed
frequencies corresponds to expected frequencies. In our case, the observed frequencies come
from a 100-cell histogram summarising the 50,000 values generated for each output variable
by the Monte Carlo process. A histogram with 100 cells provides a smooth distribution with
greater than five observations in each cell. Unfortunately, the Chi-Square is too sensitive to
use with a very high number of cells and observations such as we have in this case. Small
deviations between the observed and expected frequencies result in a high Chi-Square.

According to the Chi-Square test, none of the alternative continuous probability distributions
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fit the data well. The Chi-Square test does indicate that a lognormal distribution fits 17 out
of the 18 accident and non-accident variables better (or less poorly) than the alternatives. For
one of the 18 variables, the Chi-Square test indicates that a beta distribution fits better than
the alternatives. For consistency, we assigned a lognormal distribution to every output
variable. Based on the Central Limit Theorem, we would expect the output variables, which
are the product of several random input variables, to have approximately lognormal

distributions.

Figures 9.2 and 9.3 compare the output probability distributions to empirically assigned
lognormal distributions for each output variable, for the sample accident and non-accident
scenarios. The output probability distribution is generated from the 100-cell histogram of the
50,000 values generated for each output variable by the Monte Carlo process. The lognormal
distribution is calculated from the mean and standard deviation of the 50,000 values. Each of
the output variables for Scenarios 1 and 33 is positively skewed, with one exception. The last
output variable for Scenario 1, P(no fire no release), is negatively skewed. We generated the
lognormal distribution for this last variable by transforming the mean to (1 - mean). Based
on a visual inspection of Figures 9.2 and 9.3, there is a close fit between the observed

frequencies and the lognormal distributions.

Appendix E contains the statistics for the probability distributions for each of the output

variables, for each accident and non-accident scenario. The statistics include:

e 2.5 percentile

e 97.5% percentile

® mean

e median

e standard deviation
e skewness

e kurtosis
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Figure 9.2: Comparison of
Output Probability Distributions to Lognormal Distributions

for Sample Accident Scenario
Accident Scenario 1: accident with cverturm and collision, large load of toxic PLG

X-axis Units: probability of accident cutcome Y-axis Units: probability
Legend: solid lines: probability distribution plotted from observed Monte Carlo output
dashed lines: probability distribution plotted from expected lognormal distribution,
using mean and standard deviaticn from Monte Cario output
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Figure 9.3: Comparison of
Output Probability Distributions to Lognormal Distributions

for Sample Non-Accident Scenario
Non-Accident Scenario 33: tanker truck carrying toxic PLG on rural road

X-axis Units: incidents per Bvkm Y-axis Units: probability
Legend: solid lines: prabability distribution plotted from observed Monte Carlo output

dashed lines: probability distribution plotted from expected lognormmal distribution,
using mean and standard deviation from Monte Cario output

large spill with fire large spill no fire

'
i

q Q.1 02 03 04 05 ) 6
small spill with fire
0 0.as a1 0.15 02 025 63 aas a4 0.45 Q9 1 2 3 4 (] 6
large leak with fire large leak no fire
[} 005 a1 Q.15 Q2 025 3
small leak with fire small leak no fire
; ;
6 H
h I
i , :
i i
i 5
! |
07 4] 1 2 3 4 s [ 7 8

142



9.2.2 Range of Output Probability Distributions

Figures 9.4 and 9.5 show the range of the output probability distributions in terms of the 95%
probability intervals, for each of the accident and non-accident scenarios respectively. Figure
9.4 covers three pages and Figure 9.5 covers two pages. The probability intervals are shown
vertically, as high-low bars. Each high-low bar represents a different accident or non-
accident scenario. The high end of the bar represents the 97.5™ percentile for the probability
distribution. The low end of the bar represents the 2.5 percentile. The longer the bar, the

greater is the uncertainty in the output variable.

Each high-low bar has a tick showing the mean value of the distribution. As we know from
Section 9.2.1, the output probability distributions are generally lognormal in shape and
usually positively skewed. Therefore the mean value within each probability interval tends to

appear closer to the low end of the interval.

In Figure 9.4, the 95% probability intervals are graphed separately for Scenarios 1 to 16
(accidents with overturns) and for Scenarios 17 to 31 (accidents without overturns), because
of the large difference in the scale of the output values for these two groups of scenarios. In
comparing the scales we can see that, for the probability of an accident outcome with a
release, the mean and 97.5™ percentile of the distribution are generally 40 to 70 times larger

with an overturn compared with no overturn.

Similarly in Figure 9.5, the 95% probability intervals are graphed separately for Scenarios 33
to 40 (rural non-accident scenarios) and for Scenarios 41 to 48 (urban non-accident
scenarios), because of the difference in the scale of the output values. In comparing the
scales we can see that, for non-accident incidents, the mean and 97.5% percentile of the
distribution for incident rates of releases with fires are generally three to eight times higher in
rural compared with urban areas. Large spills or leaks without fires are also more frequent in

rural areas.
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Figure 9.4: High-Low Graphs Showing Ranges of
Output Probability Distributions by Accident Scenario
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Figure 9.4: High-Low Graphs Showing Ranges of
Output Probability Distributions by Accident Scenario (continued)

Legend: x-axis:

Accident scenario number

y-axis:  Probability of accident outcome
bar: Range of values from 2.5th to 97.5th percentile
for probability of accident outcome
tick: Mean value for probability of accident outcome
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Figure 9.4: High-Low Graphs Showing Ranges of
Output Probability Distributions by Accident Scenario (continued)

Legend: x-axis: Accident scenarioc number
y-axis:  Probability of accident outcome

bar: Range of values from 2.5th to 97.5th percentile
for probability of accident outcome
tick: Mean value for probability of accident outcome
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Figure 9.5: High-Low Graphs Showing Ranges of
Output Probability Distributions by Non-Accident Scenario
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Figure 9.5: High-Low Graphs Showing Ranges of
Output Probability Distributions by Non-Accident Scenario (continued)

Legend: x-axis: Non-accident scenario number
y-axis:  Incidents per Bvkm
bar: Range of values from 2.5th to 97.5th percentile
for incidents per Bvkm
tick: Mean value for incidents per Bvkm
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Appendix E shows that the coefficient of variation is fairly consistent for each output
variable. For example, depending on the accident scenario, the coefficient of variation ranges
from 1.0 to 2.4 for the probability of a large spill with a fire. As a general result, the higher
the probability of the outcome, the greater is the width of the 95% probability interval. The
width of the 95% probability interval varies dramatically for different scenarios. From Figure
9.4, we can observe that the distributions for the following accident outcomes have higher

mean probabilities and wider 95% probability intervals:

fires and large spills or leaks, for trucks carrying large loads and involved in collisions

(Scenarios 1 to 4 and 17 to 21).

e large spills or leaks but no fire, for trucks carrying large loads (Scenarios 1 to 4, 9 to 12,
17 to 20, and 25 to 28).

e small spills or leaks, with or without fires, for trucks carrying small loads (Scenarios 5 to

8. 13to 16, 21 to 24, and 29 to 32).
e fires but no release, for collisions (Scenarios 1 to 8 and 17 to 24).

For accident outcomes with no fires and no releases. overturns (Scenarios 1 to 16) tend to
have the widest probability intervals while accidents with no overturn and no collision
(Scenarios 25 to 32) have the narrowest probability intervals and the highest means for the

outcome probability.

From Figure 9.5, we can observe that the distributions for the following non-accident

incidents have higher mean incident rates and wider 95% probability intervals:

e large spills or leaks, with or without fires, for tanker trucks carrying pressurised or

unpressurised toxic liquids (Scenarios 33, 36, 41, and 44).
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e small spills or leaks, with or without fires, for trucks carrying pressurised or

unpressurised toxic liquids (Scenarios 33, 36, 37, 40, 41, 44, 45 and 48).
9.2.3 Mean Values of Output Probability Distributions

Table 9.2 summarises the mean values of the outcome probability distributions for accident
scenarios. Table 9.3 summarises the mean values of the probability distributions for the

expected number of incidents per Bvkm for non-accident scenarios.

We can compare the mean values of the distributions in Tables 9.2 and 9.3 with the earlier
point estimates in Tables 6.13 and 6.14. It is interesting that there is a noticeable difference
between the two sets of tables. For example, for a truck carmrying a large load of toxic PLG
and involved in an accident with an overturn and collision, the mean of the probability
distribution for a large spill with fire is approximately .038 compared with the earlier point

estimate of .026.

The differences between the mean values of the distributions and the point estimates for the
output variables arise for two reasons. First, as discussed in Section 8.4, the mean values of
the probability distributions for the input variables are different from the point estimates of
the input variables. The Monte Carlo process used the probability distributions for the input
variables to generate the output distributions, while the point estimates of the output variables

were calculated using point estimates of the input variables.

Second, there is division in the equations which combine the input variables to calculate the
output variables. This division affects the means of the output variables. For example, the
equations to predict the probability of accident outcomes include the term:

(9.1)

V2 x V3 = P(type of DG load | release) x P(release)
V5 P(type of DG load)
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Table 8.2: Mean Values of Outcome Probability Distributions
by Accident Scenario

Probability of Accident Outcome

3

3

TlO
oleleld]|a release no release |total

=(51e(2|s

clEl28] o

S22 |5|&

N0 |O|A|F

fire no fire fire | no fire
spill leak spill leak
large | small | large | smail | large | small | large | small

1]y|y|y| 1]-03802 .00514 .00301 .00249].18290 .02472 .01447 .01196|.05342 .66386| 1.00
2|y|ylyl 2].04141 00558 .00329 .00271}.19902 .02680 .01576 .01301|.05157 .64085] 1.00
3|y|y|y| 3|-06431 .00868 .00511 .00421].30889 .04166 .02446 .02020|.03885 .48362| 1.00
4lyiy|y] 4]|.02418 .00326 .00192 .00158{.11614 .01566 .00919 .0076C|.06126 .75922( 1.00
S{yly|n| 1].01649 .02117 .00179 .00922|.07931 .10180 .00860 .04434}.05342 .66386| 1.00
6|y|y|n| 2]|.01801 .02299 .00195 .01005}.08648 .11049 .00937 .04826|.05157 .64085| 1.00
7|{yjy|n| 3]|.02794 .03573 .00303 .01561}.13419 .17155 .01456 .07493|.03885 .48362| 1.00
8ly|ly|n!4].01051 .01343 .00114 .00586|.05045 .06450 .00548 .02816|.06126 .75922| 1.00
9|y|n{y1]|.01391 .00188 .00110 .00091|.20702 .02798 .01638 .01355|.01267 .70460| 1.00
10jy|n}y| 2].01512 .00203 .00120 .00099|.22531 .03034 .01786 .01474|.01223 .68018| 1.00
11|y | n| y| 3[.02342 .00315 .00186 .00153].34978 .04719 .02771 .02289|.00922 .51325| 1.00
12 y|n|y]| 4].00882 .00119 .00070 .00058|.13150 .01773 .01041 .00860}.01450 .80598| 1.00
13y | n|n| 1].00602 .00774 .00065 .00337|.08978 .11523 .00974 .05018|.01267 .70460| 1.00
14|y |n|n| 2|.00656 .00839 .00071 .00367(.09792 .12508 .01061 .05463|.01223 .68018] 1.00
15|y | n| n| 3 |.01017 .01300 .00111 .00569].15196 .19428 .01649 .08484|.00922 .51325| 1.00
16| y{n|n]| 4(.00383 .00490 .00042 .00214|.05713 .07303 .00620 .03188|.01450 .80598] 1.00
17| n|y |y | 1[-00051 .00007 .00004 .00003|.00248 .00033 .00020 .00016|.07438 .92180} 1.00
18{n|y|y| 2]|.00092 .00012 .00007 .00006|.00442 .00060 .00035 .00029|.07416 .91902| 1.00
19| n}y|y| 3|.000583 .00007 .00004 .00003}.00256 .00035 .00020 .00017|.07437 .92168| 1.00
20(nfy|y] 4].00034 .00005 .00003 .00002|.00164 .00022 .00013 .00011].07448 .92300| 1.00
21{n|y|n} 1].00022 .00029 .00002 .00012|.00107 .00138 .00012 .00060|.07438 .92180| 1.00
22| n|y | n| 2|.00040 .00051 .00004 .00022]|.00192 .00245 .00021 .00107|.07416 .91902| 1.00
23| n|y | n| 3}.00023 .00029 .00002 .00013|.00111 .00142 .00012 .00062}.07437 .92168| 1.00
24| n|yin]| 4{.00015 .00019 .00002 .00008].00071 .00091 .00008 .00040].07448 .92300| 1.00
25| n|njy| 1].00019 .00003 .00001 .00001|.00280 .00038 .00022 .00018|.01760 .97857| 1.00
26f n|n|y| 2].00033 .00005 .00003 .00002|.00500 .00068 .00039 .00033}.01755 .97563| 1.00
27{n|{n|y| 3]|.00019 .00003 .00002 .00001|.00290 .00039 .00023 .00019]|.01760 .97845{ 1.00
28 n|n|y| 4].00012 .00002 .00001 .00001]|.00185 .00025 .00015 .00012].01763 .97985| 1.00
29 n|n|n| 1/.00008 .00010 .00001 .00005(.00122 .00156 .00013 .00068|.01760 .87857| 1.00
30| njn|n| 2]|.000014 .00019 .00002 .00008}.00217 .00278 .00024 .00121|.01755 .97563| 1.00
3M{n|n|n| 3|.00008 00011 .00001 .00005|.00126 .00161 .00014 .00070|.01760 .97845| 1.00
32| n{n|n| 4].00005 .00007 .00001 .00003{.00080 .00103 .00009 .00045{.01763 .97985| 1.00

Type of DG Load

1 = toxic PLG

2 = flammable PLG
3 = flammable liquid
4 = toxic liquid
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Table 9.3: Mean Values of Probability Distributions
for Incidents per Bvkm

by Non-Accident Scenario

Incidents per Bvkm

2

AR
° n=: ,'_:-’ 8 fire no fire total

§l=|&|%°

HHHE

@S|k |&

spill leak spill leak
large | small| large | small | large | small] large | small

33)r|y|1].171 160 .074 238 (2.772 2594 1.199 3.851|11.06
34| r |y} 2] .062 .058 .027 .087 [1.010 .945 437 1.402| 4.03
35{r|y| 3].071 .066 .031 .098 |1.147 1.073 .496 1.592| 4.57
6| rlyl| 4] .216 202 093 .299 ]3.492 3.269 1511 4.850}13.93
37| r{n| 1] .041 291 .009 .303| 661 4.705 .148 4.903}11.06
38|r({n| 2] .05 .106 .003 .110] .241 1.714 054 1.785| 4.03
9jr|n| 3] .017 .120 .004 .125| .274 1.946 .061 2.027]| 4.57
40| rin| 4] .052 366 .011 .381| .834 5927 .186 6.175]13.93
41| uly}l 1]1.019 .080 .010 .092 | .977 4612 535 4.725]|11.06
42 u|y| 2] .007 .033 .004 .033|.356 1680 .195 1.720| 4.03
43|ufy| 3|.008 .037 .004 .038| .404 1.908 .221 1.953| 4.57
4|lujy| 4].024 113 .013 .116|1.230 5812 675 5.950|13.93
45/ uln)] 1].002 .107 .002 .101] .101 5488 .086 5.174]|11.06
46| ujn| 2] .000 039 .001 .037| .037 1999 .031 1.884| 4.03
471 u|{n| 3] .001 .044 .001 .042| 042 2270 .036 2.139| 4.57
48{u|n| 4} .002 .134 002 .127 | .127 6914 .109 6.516]13.93

* Type of DG Load

= toxic PLG

2 = flammable PLG
3 = flammable liquid

4 = toxic liquid
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For this term, the variables V2 and V3 are independent. The expected value of V2 x V3 is
equal to the expected value of V2 times the expected value of V3, such that:
(9.2)

E(V2) x E(V3) = E(V2x V3)

However, the expected value of the term V2 x V3 / VS5 is not equal to the expected value of
V2 x V3 divided by the expected value of V5:
(9:3)

E(V2 x V3)/ E(VS) = E(V2x V3/V5)

For example, say the term V2 x V3 has a lognormal distribution with mean .20 and standard
deviation .02, and say the term V35 has a lognormal distribution with mean .50 and standard
deviation .05. Then the mean of the distribution for the term V2 x V3 / VS5 is approximately
40. However, if the standard deviation of the term VS is increased to say .25, then the mean
of the distribution for the term V2 x V3 / VS is approximately .50. The expected value of the

term is affected by the probability distributions of the input variables.

We prefer to use the probability distributions rather than the point estimates in describing the
expected values of the output variables because the distributions take into account all of the
information available, including the data and the assumed shapes of the distributions.
Therefore we discuss the characteristics of accident outcome probabilities and non-accident
incident rates in terms of the means of their probability distributions rather than their point

estimates.
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Figure 9.6 contains a 3-dimensional bar graph of the mean outcome probabilities for all
accident scenarios. Figure 9.6 shows that fortunately, for accident scenarios, the most likely
accident outcome is no release no fire. Depending on the accident category, the mean of the

probability distribution for no release no fire is approximately:

e 48% to 81% with an overturn (Scenarios 1 to 16).
e 92% with collision no overturn (Scenarios 17 to 24).

e 98% with no overturn no collision (Scenarios 25 to 32).

If the accident involves an overturn, the next most likely outcome is generally a large spill
with no fire (approximately 5% to 35%). If there is no overturn, the next most likely
outcome is a fire with no release of the DG load (approximately 7% with and 2% without a

collision). If there is no overturn, the mean of the probability distribution for a release is less

than 1%.

Figure 9.7 contains a 3-dimensional bar graph of the outcome probabilities for accident fire
scenarios only. By focusing on these outcomes only, we can better compare the means of the
probability distributions for the different accident scenarios. Figure 9.7 shows that, for
Scenarios 1 to 16 (which include overturns), the mean probabilities of spills and leaks with

fire are higher than for Scenarios 17 to 33 (which do not include overturns).

The highest bar on the graph in Figure 9.7 is the mean probability for a large spill with a fire
for Accident Scenario 3 collision (approximately 6% large spills with fire). Scenario 3
includes a truck carrying a large load of flammable liquids and involved in an accident with
an overturn and collision. The least likely accident outcomes include a release with a fire if
there is no overturn and no collision (approximately .02% to .04% releases with fires for
Scenarios 25 to 32). The mean probability of a large spill with fire is in the range of 300 to
800 times greater (depending on the type of DG load) for a truck carrying a large load with an
overturn and collision (Scenarios 1 to 4), compared with a truck carrying a small load that

simply runs off the road (Scenarios 29 to 32).
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-D Graph of Mean Outcome Probabilities

for Accident Fire Scenarios
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Figure 9.8 contains a 3-dimensional bar graph of the mean incident rates for all non-accident
scenarios. Figure 9.8 shows that, for non-accident release scenarios, the highest mean
incident rate is for small spills or leaks with no fire. We can expect a mean of between
approximately 1.4 and 6.5 small leaks with no fire per Bvkm, depending on the non-accident

scenario.

For non-accident scenarios, the mean incident rate for large spills with fire is over 80 times
greater for a tanker truck in a rural area (approximately .07 to .22 large spills with fire per
Bvkm for Scenarios 33 to 36), compared with a non-tanker truck in an urban area
(approximately .001 to .002 large spills with fire per Bvkm for Scenarios 45 to 48). These
mean incident rates vary with the type of DG load.

Figure 9.9 contains a 3-dimensional bar graph that focuses on the mean incident rates for
non-accident fire scenarios only. Figure 9.9 shows that, for each non-accident fire scenario,
the mean incident rates for small leaks and spills with fires are higher (approximately .07 to
.75 small releases with fire per Bvkm) than those for large leaks or spills with fires
(approximately .001 to .31 large releases with fire per Bvkm). In addition, the mean fire
incident rate for all types of releases combined tends to be higher for rural roads
(approximately .23 to .81 fires per Bvkm for Scenarios 33 to 40) than urban roads
(approximately .08 to .27 fires per Bvkm for Scenarios 41 to 48). The non-accident scenario
with the highest mean incident rate of large spills with fire is Scenario 36, which includes a
tanker truck carrying toxic liquid on a rural road (approximately .22 large spills with fire per
Bvkm).
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Incidents per Bvkm

Figure 9.8: 3.D Graph of Mean Incident Rates
for All Non-Accident Scenarios
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Figure 9.9: 3-D Graph of Mean Incident Rates
for Non-Accident Fire Scenarios
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CHAPTER 10
SAMPLE APPLICATION OF RESEARCH RESULTS

Chapter 10 contains the following sections:

10.1 Sample Roads
10.2 Point Estimates of Output Values for Sample Application

10.3  Uncertainty in Output Values for Sample Application

Chapter 10 provides an application of the model to two sample roads. The model application
generates both point estimates and probability distributions for the expected rates of accident

and non-accident incidents per Bvkm.

10.1 SAMPLE ROADS

To use our model to predict release and fire incident rates, we need to know the following

information about the vehicle:

» the type of DG load.
& whether the truck is a tanker or non-tanker.

e the load size.

For this sample application of the model, we assume that the vehicle is a tanker truck

carrying a large load of flammable liquid.
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In an actual application of the model to a route, the user would divide the route into segments

that are fairly homogeneous in terms of three factors:

e the proportion of truck accidents with overturns and/or collisions.
e whether the road is urban or rural.

e the truck accident rate.

Table 10.1 contains the proportion of accidents with overturns and/or collisions by Ontario
highway. The ADS database supplies this information for loaded trucks involved in accidents
on Ontario highways from 1988 to 1995. Table 10.1 sorts the highways by proportion of
accidents with overturns. from high to low. The proportion of accidents with overturns varies
widely, from .022 for Highway 5 to .133 for Highway 101. It is likely that the proportion of
accidents with overturns and/or collisions varies widely along a given highway. For all
Ontario truck accidents combined. approximately 2% involve overturns and collisions, 5%
involve overturns with no collision, 82% involve collisions with no overturn, and 11%

involve no overturn and no collision.

A detailed analysis of accidents to determine which factors lead to overturns and/or collisions
is beyond the scope of this thesis. Preliminary analysis of the Ontario ADS using logistic
regression indicates that overturns are more likely for accidents on ramps, compared with
other sections of road. From ADS, approximately 20% of truck accidents on ramps involve
overturns, compared with only 4% on other road sections. Collisions are more likely for
accidents at intersections. Tractors with double trailers are more likely to overturn in an
accident than other truck types. The proportion of accidents with overturns and collisions

may also vary by road geometry, travel speed, road surface conditions, driver training, etc.

To show a range of results, we roughly base our two sample roads on Highways 7 and 17.
We assume that the proportions of accidents with overturns and collisions on the sample
roads are the same as the proportions given for Highways 7 and 17 in Table 10.1. Highway 7

runs through southem Ontario from Sarnia to Ottawa, through many urban areas. Highway
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Table 10.1: Proportion of Truck Accidents
with Overturn and/or Collision
by Ontario Highway

Number of Accidents Proportion of Accidents
Overturn: y n n total yiliy|n n |[total | y
Collision: n y n y n y n y
Hwy 101 14 101 23 143 | .035 .098 .706 .161| 1.000{.133} .741
Hwy 144 13 119 27 166 | .042 .078 .717 .163| 1.000|.120( .759
Hwy 403 33 415 73 539 |.033 .061 .770 .135] 1.000}.095] .803
Hwy 17 117 1,682 267 | 2,147 | .038 .054 .783 .124| 1.000(.092] .821
Hwy 402 13 159 36 214 | .028 .061 .743 .168| 1.000{.089{.771
Hwy 9 5 127 24 165 | .055 .030 .770 .145| 1.000}.085| .824
Hwy 11 115 1,766 247 | 2,192 ].029 .052 .806 .113] 1.000}.082| .835
Hwy 69 22 310 66 405 | .017 .054 .765 .163| 1.000(.072}.783
Hwy 3 17 240 29 289 | .010 .059 .830 .100j 1.000{.069| .841
Hwy 86 4 77 17 100 | .020 .040 .770 .170| 1.000| .060( .790
Hwy 401 324 7,114 899 | 8,497 |.019 .038 .837 .106| 1.000] .057| .856
Hwy 6 12 302 21 340 | .015 .035 .888 .062{ 1.000{.050|.903
Hwy 400 24 695 107 844 | .021 .028 .823 .127| 1.000(.050| .845
Hwy 27 5 128 8 143 | .014 .035 .895 .056| 1.000| .049|.908
Hwy 417 13 391 41 454 | .020 .029 .861 .090| 1.000].048| .881
Hwy 427 9 299 37 353 |.023 .025 .847 .105| 1.000(.048} .870
Hwy 2 14 350 2 388 | .013 .035 .879 .073} 1.000|.048] .892
Hwy 24 2 96 9 110 {.027 .018 .873 .082| 1.000{.045] .900
Hwy 1 43 1,686 176 1,948 [ .022 .022 .866 .090; 1.000{.044| .888
Hwy 10 4 110 4 119 | .008 .034 .924 .034| 1.000| .042|.933
Hwy 7 21 1,027 70 1,133 [ .013 .019 .906 .062| 1.000].032| .920
Hwy 8 2 87 10 100 {.010 .020 .870 .100| 1.000}.030( .880
Hwy 404 1 197 28 231 |.022 .004 .853 .121|1.000|.026| .874
Hwy § 2 124 7 134 |.007 .015 .925 .052| 1.000].022] .933
All Highways 1,089 19,861 2,637 | 24,183 | .025 .045 .821 .109} 1.000{ .070| .846
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17 runs through northern Ontario between Ottawa and Thunder Bay, typically through rural
areas with few urban areas. Neither highway has any interchanges and therefore neither
highways has any ramps. For this example, we classify our Highway 7 sample road as

“urban™ and our Highway 17 sample road as “rural”.

Table 10.2 below summarises the expected proportion of accidents with overturns and/or

collisions for our sample roads.

Table 10.2:  Proportion of Truck Accidents with Overturn and/or Collision

for Sample Roads
Highway 7 Highway 17
overturn and collision .013 038
overturn no collision 019 054
collision no overturn 906 .783
no overturn no collision 062 124
total 1.000 1.000

The MTO report Provincial Highways Traffic Volumes 1992 provides estimates of accident
rates for all vehicle types combined for each Provincial highway in Ontario. Generally,
trucks have lower accident rates than cars. For the purposes of this example, we assume that
the truck accident rates on our sample roads are the same as the accident rates provided for
the combined vehicle types on Highways 7 and 17 in the MTO report. The accident rate for
Highway 7 varies between 200 and 6,900 accidents per Bvkm, depending on the section of
highway. The mean accident rate for Highway 7 is 1,330 accidents per Bvkm. The accident
rate for Highway 17 varies between 200 and 6,500 accidents per Bvkm, depending on the
section of highway. The mean accident rate for Highway 17 is 1,200 accidents per Bvkm.

To summarise, our sample road which we call Highway 7 has a higher accident rate but a

lower proportion of accidents with overturns. Our sample road which we call Highway 17

has a lower accident rate but the accidents are more likely to involve overturns.
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10.2 POINT ESTIMATES OF OUTPUT VALUES FOR SAMPLE APPLICATION

We use the information regarding the type of DG load, load size, whether the truck is a tanker
or non-tanker truck. and whether the road is urban or rural to select the relevant model
scenarios for our sample application. Tables 5.7 and 5.8 earlier described the model
scenarios. For a tanker truck carrying a large load of flammable liquid, the relevant Accident
Scenarios are 3, 11, 19 and 27. The relevant Non-Accident Scenarios for the same truck are

35 if the truck is on a rural road and 43 if the truck is on an urban road.

Table 10.3 contains a spreadsheet that combines the required information from the model and
from the sample roads to calculate the point estimates of incidents per Bvkm for the sample
roads. Table 10.3 shows both the input information and the calculated output results. The

required information to apply the model includes:
e from the model, the point estimates of the probabilities of accident outcomes by accident
type (overturn and/or collision). Table 6.13 provides the estimates relevant to our sample

roads for Scenarios 3, 11, 19 and 27.

e also from the model, the point estimates of the non-accident incidents per Bvkm for

Scenarios 35 and 43. Table 6.14 provides these estimates.

e an estimate of the incident rate of non-accident non-release fires. From Section 5.1.1, the

incident rate is approximately .22 incidents per Bvkm.

o for the sample roads, the probabilities of the types of accident (overturn and/or collision),

given that an accident has occurred. Table 10.2 provides these probabilities.

e the accident rates for the sample roads. From Section 10.1, the mean accident rates are

1,330 accidents per Bvkm for Highway 7 and 1,200 accidents per Bvkm for Highway 17.
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Table 10.3: Spreadsheet to Calculate Point Estimates of Incidents per Bvkm

for Sample Roads

Incident Outcome
release no release total | Probability
fire no fire fire no of
spill leak spill leak fire Type of
large | small | large | small | large | small | large | small Accident
Probability of Accident Outcome by Accident Type * Hwy Hwy
7 17
a {.03981 00543 .00303 .00265}.20130 .02748 .01534 .01342|.01849 67304 | 1.00 | 013 .038
b ].01588 .00217 .00121 .00106}.22523 .03075 01716 .01502|.00625 68528 | 1.00 | 018 .054
¢ [.00058 .00008 .00004 .00004|.00292 .00040 .00022 .00019].02662 96891 | 1.00 | 906 .783
d |.00023 .00003 .00002 .00002).00326 .00045 .00025 .00022].00900 .98654 | 1.00 | .062 .124
Acc Rate
per Bvkm
Probability of Accident Outcome by Sample Highway Hwy Hwy
Hwy 7 17
7 | 0014 .0002 .0001 .0001J .0097 .0013 .0007 .0006)] .0250 .9608 | 1.00 | 1330
17 | .0028 .0004 .0002 0002} 0226 .0031 .0017 .0015] .0230 .9445 | 1.00 1200
Accidents per Bvkm
Hwy
7 1.8 2 A 1 12.9 1.8 1.0 9 333 12779] 1330
17 | 34 5 .3 2 27.1 3.7 2.1 1.8 27.6 1133.4] 1200
Non-Accident Incidents per Bvkm **
Hwy
7 011 039 005 .043 1 515 1.774 218 1.966] .220 479
17 | 067 086 .033 114 | 960 1.226 464 1.623| .220 4.79
Total Accident and Non-Accident Incidents per Bvkm
Hwy
7 [ 18 3 K 2 | 134 35 12 28 | 335 12779 1335
17} 35 6 .3 3 28.0 49 2.5 34 27.8 1133.4] 1205
Notes:
* Accident Type a = Scenario 3 (overturn and collision)
Accident Type b = Scenario 11 (overturn no collision)
Accident Type ¢ = Scenario 19 (collision no overturn)
Accident Type d = Scenario 27 (no overturn no collision)
** Non-Accident Incidents for Highway 7 = Scenario 43 (urban)
Non-Accident Incidents for Highway 17 = Scenario 35 (rural)
Legend:

input values |

|

calculated values |
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As an example of the equations used in the spreadsheet in Table 10.3, we can calculate the
point estimate of the total number of large spills with fires per Bvkm for Highway 7 as
follows:
(10.1)
total number of large spills with fire per Bvkm

= number of non-accident large spills with fire per Bvkm

+ number of accident-induced large spills with fire per Bvkm

= number of non-accident large spills with fire per Bvkm
+ {accident rate
x [P(large spill with fire | overturn & collision) x P(overturn & collision | accident)
+ P(large spill with fire | overturn no collision) x P(overturn no collision | accident)
+ P(large spill with fire | collision no overturn) x P(collision no overturn | accident)

+ P(large spill with fire | no overturn no collision) x P(no overturn no collision | accident)]}
= 011+ {1,330x [.03981 x .013 +.01588 x.019 +.00058 x .906 +.00023 x .062]}
= 1.8 large spills with fire per Bvkm
The model predicts that small releases will be approximately 60% non-accident for the urban
road (Highway 7) and 30% non-accident for the rural road (Highway 17). Only about 5% of
the large releases are expected to be non-accident for both highways. For comparison,

Kornhauser et al. (1994) note that, in the USA, 1/3 of DG releases are accident-related and

2/3 are non-accident.
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10.3 UNCERTAINTY IN OUTPUT VALUES FOR SAMPLE APPLICATION
10.3.1 Uncertainty in Accident Rates, Type of Accident and Incident Outcomes

To quantify the uncertainty in the output values for our sample application, we need to know
the uncertainty in all of the input variables. There is uncertainty in the estimates of the
accident rates and of the probabilities of the type of accident for our sample roads. To
quantify the uncertainty for the probabilities of the type of accident, we used annual data from
the Ontario ADS for the sample roads. We grouped the data by two-year intervals to provide
four sets of data points for cach accident type, for each sample road, and fit lognormal curves
to the data points. To quantify the uncertainty for the accident rates, we took as data points
the accident rates given in the MTO Provincial Highways Traffic Volumes 1992 for the
different sections of each highway. We fit lognormal curves to the accident rate data points,

for each sample road, to represent their probability distributions.

From our model, Appendix E provides the mean and standard deviation for the probability
distribution for each incident outcome, for each relevant accident and non-accident scenario.
Table 10.4 summarises this information. We use the means and standard deviations to re-
create lognormal probability distributions. We do not have a probability distribution from the
model for the number of non-accident non-release fires per Bvkm, and assume that the mean

and standard deviation for this rate are both .22 incidents per Bvkm.

We then combine these uncertain inputs using a spreadsheet and equations similar to those
used in Table 10.3, and Monte Carlo simulations. These simulations provide probability

distributions for the incidents per Bvkm for each type of incident outcome, and for each

sample road.
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Table 10.4: Mean and Standard Deviation for Probability Distributions
for Model Variables Relevant to Sample Roads

Scenario
3 | 11 | 19 | 27 | 3 | 43
large spill| mean .06431 .02342 .00053 .00019 .07082 .00785
with fire | std dev .10164 .03924 .00050 .00020 .03876 .00574
small spill; mean .00868 .00315 .00007 .00003 06633 .03713
with fire | std dev 01331 .00495 .00007 .00003 03677 .02094
large leak| mean .00511 .00186 .00004 .00002 .03062 .00431
with fire | std dev .00996 .00393 .00004 .00002 .01970 .00276
small leak] mean .00421 .00153 .00003 .00001 .09825 .03802
with fire | std dev .00772 .00294 .00004 .00001 .05056 .02124
large spili] mean .30889 .34978 .00256 .00290 1.14663 40416
no fire std dev .42808 48551 .00211 .00237 31615 .18984
small spili| mean 04166 .04719 .00035 .00039 1.07308 1.90771
no fire std dev 05673 .06434 .00030 .00034 .30724 .38547
large leak| mean .02446 .02771 .00020 .00023 49581 22134
no fire std dev 04062 .04630 .00019 .00021 .20502 07463
small leak| mean .02020 .02289 .00017 .00019 159195 1.95297
no fire std dev .03200 .03648 .00015 .00017 .35593 .37551
fire mean .03885 .00922 07437 .01760 22 22
no release| std dev .06370 01389 .04766 .00974 22 22
no fire mean 48362 51325 .92168 .97845
no release| std dev 61583 65446 .04778 01024
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10.3.2 Mean Incident Rates

The incident rates are the output from the sample model application. Table 10.5 summarises
the means from the probability distributions for incident rates for a tanker truck carrying a
large load of flammable liquid on the sample roads, Highways 7 and 17. The mean expected
number of releases is 61.5 per Bvkm for Highway 17 and 31.2 per Bvkm for Highway 7. For
comparison, Komhauser et al. (1994) estimate a release rate of approximately 28.0 releases

per Bvkm for tanker trucks carrying anhydrous ammonia (a non-flammable toxic gas).

It is interesting that although Highway 7 has the higher accident rate, Highway 17 is expected
to have more releases per Bvkm, with and without fires. The higher release rate is related to
the higher proportion of overturn accidents on Highway 17. For both highways, spills are
expected to be more common than leaks, and large releases more common than small, with

and without fires.

Figure 10.1 provides bar charts of the means from the probability distributions for incident
rates for the sample roads. Figure 10.1 first shows a bar chart of the mean incident rates for
all possible accident outcomes. For both highways. by far the most frequent type of incident
for a tanker truck carrying a large load of flammable liquid is expected to be no release no
fire. The mean expected number of incidents with no release no fire is 1,217 per Bvkm for

Highway 7 and 1,071 per Bvkm for Highway 17.

Figure 10.1 then shows a bar chart, which focuses on mean release incident rates. For a
tanker truck carrying a large load of flammable liquid, Highway 17 is expected to have a
higher mean incident rate than Highway 7 for all types of releases. The most apparent
difference in the mean incident rates between the two highways is for large spills no fire. For
this type of release, the mean incident rate is expected to be 40.6 per Bvkm for Highway 17
and 18.6 per Bvkm for Highway 7. Again, this difference in incident rates relates to the
higher proportion of overturn accidents on Highway 17, even though the accident rate is

higher on Highway 7.
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Table 10.5: Summary of Means of Probability Distributions

for Incidents per Bvkm for Sample Roads

Highway 7 Highway 17
fire | nofire | total fire | nofire | total
spill{ large 2.6 18.6 21.2 spill] large 5.1 406 45.7
small 4 4.4 4.8 small 4 6.4 7.2
leak| large 2 1.7 1.9 leak| large 4 3.7 4.1
small 2 3.1 3.3 small 4 4.2 4.6
no release| 91.9 1217.1 1309.0 no release| 74.9 1071.2 | 1146.0
total 95.2 12449 | 1340.1 total 81.5 1126.0 | 1207.5
release 3.3 27.8 31.2 release 6.6 549 61.5
no release] 91.9 12171 | 1309.0 no release| 749 1071.2 | 1146.0
total 95.2 12449 | 1340.1 total 81.5 1126.0 | 1207.5
spill 2.9 23.0 26.0 spill 5.8 47.0 528
leak 4 4.8 52 leak 8 7.8 8.7
total 3.3 27.8 31.2 total 6.6 549 61.5
large 28 20.3 23.1 large 55 443 49.8
small 6 75 8.1 small 1.2 10.6 11.7
total 3.3 27.8 31.2 total 6.6 549 61.5

170




1L1

Incidents par Bvkm

ﬂiﬁ*

small spiil no fire .“'{f\l\\\\\‘{\\\\\\\\\\\\\\\\\
*

B

smailt spill with fire
large leak with fire

small leak with fire

AR

sajey Juapiou] aseajoy

Incidents per Bvkm

- 002
- 00F
- 009
- 008
~0001
0021
l‘00?1-

no release no fire

P

R R £ 5
fire no release . j.‘am_,g,\{z,gim;.JMJ«

large spill no fire
small spill no fire
large leak no fire

small leak no fire

large spill with fire

small spill with fire

large feak with fire

small leak with fire

SaWo0oINQ JUAPISU| JqISSO |1V 10} SaeY JuspIdu]

speoy ajdwes 10} wjAg Jod sjuapiou] 10}

Inquisia Ajiqeqold jo suesiy Jo Jeyo Jeg

1°01 @inbi4

sSuo!



10.3.3 Uncertainty in Incident Rates

Table 10.6 summarises the statistics for the probability distributions for the incident rates.
Each of the probability distributions is positively skewed, as is compatible with a lognormal

distribution.

Table 10.6 shows that the kurtosis is generally lower for the release incident rates for
Highway 17 compared with Highway 7. A lower kurtosis indicates a flatter probability
curve. This is confirmed in Figure 10.2, which contains graphs comparing the probability
distributions for each type of incident per Bvkm for the sample roads. Generally, the
probability distributions for the release rates for Highway 17 are flatter and extend further

than for Highway 7.

The coefficient of variation is generally higher for the incident rates for Highway 7 compared
with Highway 17. This indicates that, as a proportion of the mean, there is more uncertainty
in the expected incident rates for Highway 7, even though Highway 17 has wider 95%
probability intervals.

Table 10.6 shows the 2.5" and 97.5™ percentiles for the probability distributions for the
incidents per Bvkm for the sample roads. For each type of incident, the 97" percentile is two
to five times greater than the mean value for the probability distribution. This indicates the
high level of uncertainty associated with these estimates. Analysts should not ignore this
uncertainty in applying these results to further risk analysis. There is further uncertainty in
the impacts of the incidents to the environment and to the public. The combined uncertainty
in the incident rates and incident impacts could result in a significant amount of uncertainty

in the predicted risks of transporting DG loads by truck.
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Table 10.6: Statistics for Probability Distributions for
Incidents per Bvkm for Sample Roads

- 2 g ,_-;-‘_’ B & % w—

g £ £ z| s |52| 2| 8 |32
£ 38 £9| 38 § 5 |g5| 8| € [§<
T £8 “3| 58| = = |a68| 5| € |88
large spill with fire 21 11.98 2.56 1.37 485 14.67 463.35 1.90

small spill with fire { .06 161 .38 22 62 15.92 758.79 1.63

large leak with fire | .02 1.00 .20 .10 .38 10.17 19165 1.89

small leak with fire | .04 .81 .20 A2 34 1763 610.04 1.73
Highway| large spillnofire | 2.00 83.28 18.62 10.78 28.68 9.80 206.17 154
7 small spill no fire 1.85 13.08 4.39 3.39 421 1671 780.75 .96
large leak no fire 31 7.16 1.67 100 244 8.78 150.86 1.46

small leak no fire | 1.68 7.50 3.15 268 2.04 10.08 22526 .65

fire no release 11.20 34718 91.87 6247 100.22 471 5162 1.09

no release no fire | 256.54 3632.17 1217.09 965.57 93723 294 2193 .77

large spill with fire | .55 22.22 5.06 298 763 13.51 56566 1.51

small spill with fire | .12 3.00 .74 47 97 805 14139 1.32

large leak with fire | .06 1.96 A2 .24 66 13.10 486.88 1.57

small leak with fire| .09 1.60 42 .28 49 696 99.13 1.19
Highway| large spillnofire | 529 169.64 4062 2542 5354 806 166.25 1.32
17 small spill no fire | 1.53  23.83 6.43 443 6.86 540 5585 1.07
large leak no fire .69 14.92 3.66 229 520 11.44 28849 1.42
smalileak nofire | 1.60  13.12 4.16 314 365 648 8999 .88

fire no release 10.83 27166 7487 53.09 7302 345 2511 98

no release no fire |261.32 300142 1071.16 878.80 736.72 2.30 12.72 .69
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This uncertainty is also shown in Figure 10.2. The probability distributions for the expected
incident rates for Highways 7 and 17 all overlap. Even though Highway 17 has a higher
mean incident rate for all types of releases, there is a still a chance that Highway 7 could have

higher incident rates.

For example, we can consider the incident rates for large spills with fire for the two
highways. The mean incident rate is 5.1 incidents per Bvkm for Highway 17 and 2.6
incidents per Bvkm for Highway 7. In comparing the means, it seems clear that there is more
risk of large spills with fires for tankers carrying flammable liquid on Highway 17 compared
to Highway 7. We can also compare the 50,000 observations of the incident rates generated
at random by the Monte Carlo process for Highways 7 and 17 and used to produce the
probability distributions in Figure 10.2. A pairwise comparison of the random observations
indicates that there is probability of approximately 23% that the opposite will be true, that
there will be a higher incident rate on Highway 7 compared to Highway 17.

[f there were even more overlap between the distributions for the two highways, say because
of a lower accident rate on Highway 17, the probability of a higher incident rate on Highway
7 compared to Highway 17 would be higher. For example, if the mean accident rate for
Highway 17 were only 700 rather than 1,200 accidents per Bvkm, then the mean incident rate
for large spills with fire on Highway 17 would be 3.0 incidents per Bvkm compared to 2.6
incidents per Bvkm on Highway 7. In this case, the means indicate that there is still more
risk of large spills with fires for tankers carrying flammable liquid on Highway 17 compared
to Highway 7. However, a pairwise comparison of the random observations indicates that
there is probability of approximately 40% that the opposite will be true, that there will be a

higher incident rate on Highway 7 compared to Highway 17.
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Figure 10.2: Comparison of Probability Distributions
for Incidents per Bvkm for Sample Roads

Legend: solidline:  Highway 7 X-axis Units: Incidents per Bvkm
dashed line: Highway 17 Y-axis Units: probability
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10.3.4 Importance of Comparing Distributions

Table 10.7 provides a comparison of the mean values from the probability distributions to the
point estimates of incidents per Bvkm for the sample roads. Table 10.7 shows that, for all
types of releases for both highways, with and without fires, the mean value from the output
probability distribution is in the range of 10% to 50% higher than the point estimate. The
reasons for the differences between the means and the point estimates are as discussed earlier
in Section 9.2.3. We prefer to use the probability distributions to describe the incident rates,
because they take into account all of the information available, including the data and the

assumed shapes of the distributions.

For the two sample highways, Highways 7 and 17, a comparison of the point estimates
indicates the same conclusion as a comparison of the distributions: Highway 17 is more
likely to have higher release and fire incident rates. However, if we were comparing one of
the highways to an alternate mode of transport, it would be important to compare the

probability distributions of the incident rates for the two modes.

To illustrate, we can compare Highway 17 to a hypothetical other mode of transporting DG
loads. For Highway 17, the incident rate for large spills with fire has a lognormal distribution
with a mean of 5.1 and a standard deviation of 7.6 incidents per Bvkm. We can assume that,
for the hypothetical other mode, the incident rate for large spills with fire also has a
lognormal distribution with a mean of say 4.5 and a standard deviation of say 3 incidents per

Bvkm.
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Table 10.7: Comparison of Mean Value from Probability Distribution
to Point Estimates for incidents per Bvkm for Sample Roads

Incidents per Bvkm

Point Mean from
Highway| Incident Outcome Estimate Probability Distribution
large spill with fire 1.82 2.56
small spill with fire 0.29 .38
large leak with fire 0.14 .20
small leak with fire 0.16 .20
Highway large spill no fire 13.40 18.62
7 small spill no fire 3.53 4.39
large leak no fire 1.20 1.67
smali leak no fire 2.82 3.15
fire no release 33.53 91.87
no release no fire 1277.90 1217.09
total 1334.79 1340.12
total releases 23.36 31.16
total releases with fire 2.41 3.33
large spill with fire 3.48 5.06
small spill with fire 0.55 .74
large leak with fire 0.29 42
small leak with fire 0.34 42
Highway large spill no fire 28.03 40.62
17 small spill no fire 4.92 6.43
large leak no fire 253 3.66
small leak no fire 3.43 4.16
fire no release 27.83 74.87
no release no fire 1133.38 1071.16
total 1204.79 1207.53
total releases 43.58 61.50
total releases with fire 4.67 6.64
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Figure 10.3 shows the probability distributions and the means for the incident rates of large
spills with fire for the Highway 17 and the hypothetical other mode. If we simply compare
the means of the distributions, there appears to be less risk of large spills with fire with the
other mode compared to Highway 17. Based on the means, the other mode is preferred.
However, if we compare the distributions, there is probability of approximately 59% that the
opposite will be true, that there will be a higher incident rate on the other mode compared to

Highway 17. Based on a comparison of the distributions, Highway 17 is preferred.

Another method of comparison is to set a tolerance limit. For example, we could have a
tolerance limit of 10 large spills with fire per Bvkm. From an inspection of the probability
distributions in Figure 10.3, we can see that the probability is greater for Highway 17 than the
hypothetical other mode that the incident rate for large spills with fire will be greater than 10
per Bvkm. The probability that the incident rate for large spills with fire will be greater than
10 per Bvkm is approximately 12% for Highway 17 and 5% for the other mode. Based on
this method of comparison, the other mode is preferred. Therefore the method of comparison

can affect decisions as well.
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Figure 10.3: Comparison of Incident Rates for Large Spills with Fire
For Highway 17 and Hypothetical Other Mode
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CHAPTER 11

CONCLUSIONS AND RECOMMENDATIONS

Chapter 11 contains the following sections:

11.1 Observations and Conclusions

11.2 Recommendations

Chapter 11 summarises the thesis observations

recommendations regarding future analysis and research.

The objectives of the research were:

and conclusions and provides

1. to determine significant factors that impact the probabilities of releases and fires, as well

as the type and size of release, from trucks in transit carrying DG loads.

o

to identify accident and non-accident scenarios for trucks in transit carrying DG loads,

based on the significant factors, and determine the expected release and fire incident rates

for each scenario.

3. to create a probabilistic model that quantifies the uncertainty in the predicted release and

fire incident rates, based on the uncertainty in the input variables.

For accidents, the thesis predicts the probabilities of release and fire, given that an accident

has occurred. For non-accident incidents, the thesis predicts the rates of non-accident

releases and fires per billion vehicle kilometres (Bvkm). The thesis illustrates how we can
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accident information to provide total expected releases and fires per Bvkm for trucks carrying

DG loads. Researchers can use the expected incident rates, along with their estimated

uncertainty, in QRA analysis for the transport of DG on specific truck routes.

11.1 OBSERVATIONS AND CONCLUSIONS

11.1.1 DG Release and Fire Characteristics

The following observations and conclusions are drawn from cross-tabulations combining data

from the three available DG incident databases and the two road accident databases.

O]

Approximately 6% of DG incidents include fires.

Approximately 31% of releases from DG loads from trucks in transit are leaks and 69%

are spills.

Approximately 60% of releases from DG loads are small (less than 1,000 litres). The size

of large releases varies widely, from 1,000 to over 60,000 litres.

For trucks carrying DG loads, approximately 50% of the loads are small (less than 15,000
litres). There could be a small load because the truck is small, or because a large truck is

only carrying a partial load.

The road kilometres by trucks in Canada carrying DG loads may be grouped by the type
of load: approximately 65% flammable liquid, 24% toxic liquid, 6% flammable PLG and
5% toxic PLG. Flammable liquids are the most common type of DG load on the

highways.
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6.

10.

In Canada, approximately 60% of DG incidents occur on rural roads (in agricultural or
uninhabited areas) and 40% on urban roads (in commercial, industrial or residential

areas).

In Ontario, general truck accidents include approximately 66% tractors with semi-trailers,
23% straight trucks, 7% tractors with double trailers, and 3% straight trucks with full
trailers. In Canada, incidents involving trucks carrying DG loads include approximately
54% tractors with semi-trailers, 26% straight trucks, 18% tractors with double trailers,
and 2% straight trucks with full trailers. There is an over-representation of tractors with
double trailers in the DGAIS data. This could be because DG loads are more commonly

carried in tractors with double trailers than other types of goods.

In Ontario, general truck accidents include approximately 6% tanker trucks. In Canada,
approximately 62% of the DG incidents involve tanker trucks. There is an over-

representation of tanker trucks in the DG incidents, likely because liquid DG loads are

commonly carried in tanker trucks.

For Ontario highways, approximately 2% of truck accidents involve overturns and
collisions, 5% involve overturns no collision, 82% involve collisions no overturn, and
11% involve no overturn no collision. An accident that has no overturn and no collision
typically involves a vehicle sliding or running off the road into the ditch. From combined
Ontario and Washington sources, approximately 5% of truck accidents have overturns.
However, approximately 69% of truck accidents with releases include overturns.

Overturns are over-represented in truck accidents with releases, compared with general

truck accidents.

The incident rate of non-accident non-release fires is approximately .22 incidents per

Bvkm.
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11.1.2 Significant Factors for Predicting Incident Qutcomes

The following observations and conclusions are drawn from analysis of the data using

logistic regression, and cross-tabulation of the data by the selected significant factors.

Accident Scenarios

1.

Significant factors in predicting P(release | accident) include whether the accident
includes an overturn or not, and the type of DG load. Most accident-induced releases are
associated with overturns, especially for flammable liquids. Approximately 59% to 80%
of releases involve overturns, depending on the type of DG load. Most releases
associated with overturns are from the dome or hatch or from damage to the containment

liner.

For general truck accidents, approximately 2% include releases of their loads. In
comparison, for trucks carrying DG loads and involved in accidents with overturns,
approximately 11% to 31% have releases, depending on the type of DG load. If there is

no overturn, less than 1% have releases.

The most common type of DG load on the highways and in accident-induced releases is
DG3: flammable liquid, followed by DG4: toxic liquid. The most common types of
flammable liquid loads in DG incidents are gasoline, fuel oil and petroleum crude oil.
For DG3: flammable liquid the proportion of overturn accidents with releases is the
highest (approximately 31%) and for DG4: toxic liquid, the proportion of overturn

accidents with releases is the lowest (approximately 11%).

Significant factors in predicting P(fire | accident) include whether the accident includes a
collision or not, and whether there is a release of the DG load or not. P(fire) is over five
times greater if the accident includes a collision and a release (approximately 17% fires),

compared with an accident with neither a collision nor a release (approximately 1% fires).
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It is interesting that the type of DG load does not appear as a variable that is significant in
predicting P(fire | accident). This could be because the model predicts the probability of a
fire starting, not the size of the fire. The probabllity of a fire starting could be quite

similar for trucks carrying flammable or non-flammable DG loads, even though the
consequences if the fire includes the DG load are drastically different.

Load size is a significant factor in predicting P(spill | accident-induced release). An
accident-induced release is more likely to be a spill rather than a leak if the truck is
carrying a large load (approximately 89% spills) compared with a small load

(approximately 77% spills).

Significant factors in predicting P(large release | accident-induced release) include the
load size, whether the release of the DG load is a spill or leak, whether there is a fire or
not, and whether the truck is on an urban or rural road. Scarcity of data limits the model
to using the two most significant factors: whether the load size is large or small, and
whether the release is a spill or leak. The probability that an accident-induced release will
be large rather than small is much greater if there is a spill from a large load

(approximately 88% large), compared with a leak from a small load (approximately 16%

large).

For accident scenarios, the four significant factors selected to build the model include

whether the accident involves an overturn or not, whether the accident involves a

collision or not, the load size, and the type of DG load.

184



Non-Accident Scenanios

L.

o

(9P

For non-accident incidents, flammable DG have a lower release rate (approximately 4 to
5 releases per Bvkm) than toxic and/or corrosive (non-flammable) DG (approximately 11

to 14 releases per Bvkm) by a factor of about three.

A significant factor in predicting P(fire | non-accident release) is whether the truck is on
an urban or rural road. The probability of fire is about three times higher in rural

incidents (approximately 7% fires) than in urban incidents (approximately 2% fires).
Approximately 51% of non-accident releases are spills rather than leaks.

Significant factors in predicting P(large release | non-accident release) include whether
the truck is a tanker or non-tanker, whether the release of the DG load is a spill or leak,
the type of DG load, the load size, and whether the truck is on an urban or rural road.
Scarcity of data limits the model to using the following three factors: whether the truck is
a tanker or non-tanker, whether it is a rural or urban road, and whether the release is a
spill or leak. A non-accident release is over 30 times more likely to be large rather than
small if it is a spill from a tanker truck on a rural road (approximately 44% large),

compared with a leak from a non-tanker truck on an urban road (less than 2% large).

For non-accident scenarios, the three significant factors selected to build the model
include whether the road is urban or rural, whether the truck is a tanker or non-tanker, and
the type of DG load.
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11.1.3 Comparison of Model Output to Data

The following observations and conclusions are drawn from a comparison of the model

output to release data.

Accident Scenarios

1. From the release data, the majority (56%) of accident-induced releases are from trucks

(]

(93]

(9]

carrying large DG loads and involved in accidents without collisions.
For accident scenarios, most (90%) releases are spills or leaks with no fire.

Most (84%) accident-induced releases from trucks with large loads are large spills. Most

(62%) accident-induced releases from trucks with small loads are small spills.
Most (80%) releases with accident-induced fires are large spills.

Generally, there is a good match between the model and release data for accident
scenarios. Discrepancies generally occur as a result of empty cells in the accident-

induced release data table.

Non-Accident Scenarios

I

The majority (53%) of non-accident releases are from non-tanker trucks travelling on

urban roads.

For non-accident release scenarios, most (88%) of releases are spills or leaks with no fire.

Non-accident releases from tanker trucks are more likely to be large spills (16% large
spills) compared with releases from non-tanker trucks (2% large spills).
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4. Generally, there is a good match between the model and release data for non-accident

scenarios. Discrepancies generally occur as a result of empty cells in the non-accident

release data table.

11.1.4 Uncertainty in Input Values

Our input variables are either rates or probabilities. For the variables that are rates, such as
the rate of non-accident releases per Bvkm, we fit lognormal distributions. These
distributions have values greater than 0 but with no upper limit. The lognormal distributions

are positively skewed, with most of the values near the lower limit.

For the variables that are probabilities, such as P(fire | collision), we fit beta distributions.
We used the Gibbs sampler to determine the distribution parameters. The beta distributions

range between 0 and 1, and are either positively or negatively skewed.

11.1.5 Uncertainty in Qutput Values

The probability distributions for the model output variables are generally lognormal in shape.
Therefore we can replicate the probability distribution for each output variable by simply
generating a lognormal distribution based on the mean and standard deviation of the output
variable. For the one output variable, P(no fire no release), which is negatively skewed, we

can generate a lognormal distribution by transforming the mean to (1 - mean).

The range of the 95% probability interval varies dramatically for different scenarios.
Generally, the higher the probability of the outcome, the greater is the width of the 95%
probability interval. The following observations and conclusions are drawn from the

probability distributions for the output variables.
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(92

Accident Scenarios

For the probability of an accident outcome with a release, the mean and 97.5™ percentile
of the probability distribution are generally 40 to 70 times larger with an overturn

compared with no overturn.

The following accident outcomes have probability distributions with higher means and

wider 95% probability intervals:

o fires and large spills or leaks, for trucks carrying large loads and involved in

collisions.
e large spills or leaks but no fire, for trucks carrying large loads.
o small spills or leaks, with or without fires, for trucks carrying small loads.

e fires but no release, for collisions.

For accident outcomes with no fires and no releases, scenarios with overturns tend to
have the widest 95% probability intervals, while scenarios with no overturn and no

collision have the narrowest 95% probability intervals and the highest means for the

outcome probability .
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Non-Accident Scenarios

1.

IS

For non-accident incidents, the mean and 97.5™ percentile of the probability distribution
for the incident rates of large spills with fires are generally three to eight times higher in
rural compared with urban areas. Large spills or leaks are alsc more frequent in rural

areas.

The following non-accident incidents have probability distributions with higher mean

incident rates and wider 95% probability intervals:

e large spills or leaks, with or without fires, for tanker trucks carrying pressurised or

unpressurised toxic liquids.

e small spills or leaks, with or without fires, for trucks carrying pressurised or

unpressurised toxic liquids.
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11.1.6 Mean Values of Qutput Probability Distributions

The following observations and conclusions comparing scenarios (accident and non-accident)

are drawn from the mean values of the output probability distributions from the model.

Accident Scenarios

For accident scenarios, the model output is the probability of accident outcomes for the

different accident scenarios.

N

L2

For accident scenarios, the most likely accident outcome is no release no fire. Depending
on the accident category, the probability of no release no fire is approximately 48% to
81% with an overturn, 92% with collision no overturn, and 98% with no overturn no
collision. Ifthe accident invoives an overturn, the next most likely outcome is generally a
large spill with no fire (approximately 5% to 35%). If there is no overturn, the next most
likely outcome is a fire with no release of the DG load (approximately 7% with and 2%

without a collision).

The probabilities of spills and leaks with fire are higher for accidents with overturns
compared with no overturns. If there is no overturn, the probability of a release is less

than 1%.

The most probable fire outcome is large spill with a fire for a truck carrying a large load
of flammable liquids and involved in an accident with an overturn and collision
(approximately 6% large spills with fire). The least likely accident outcomes include a
release with a fire if there is no overturn and no collision (approximately .02% to .04%
releases with fires). The probability of a large spill with fire is in the range of 300 to 800
times greater (depending on the type of DG load) for a truck carrying a large load with an
overturn and collision, compared with a truck carrying a small load that simply runs off
the road.
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Non-Accident Scenarios

For the non-accident scenarios, the model output is the number of non-accident incidents per

Bvkm.

1. For all non-accident release scenarios, by far the highest incident rate is for small spills or

leaks with no fire. We can expect between approximately 1.4 and 6.5 small leaks with no

fire per Bvkm, depending on the non-accident scenario.

N

For non-accident scenarios, the incident rate for large spills with fire is over 80 times
greater for a tanker truck in a rural area (approximately .07 to .22 large spills with fire per
Bvkm), compared with a non-tanker truck in an urban area (approximately .001 to .002
large spills with fire per Bvkm). The incident rates vary with the type of DG load.

For each non-accident fire scenario, the incident rates for small leaks and spills with fire

(98]

are higher (approximately .07 to .75 small releases with fire per Bvkm) than those for
large leaks or spills with fire (approximately .001 to .31 large releases with fire per

Bvkm).

4. The non-accident fire incident rate tends to be higher for rural than urban roads,
regardless of the type of release (approximately .23 to .81 fires per Bvkm for rural roads,

compared with .08 to .27 fires per Bvkm for urban roads).

5. A tanker truck carrying toxic liquid on a rural road has the highest incident rate of large
spills with fire (approximately .22 large spills with fire per Bvkm), compared with other

non-accident scenarios.
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11.1.7 Sample Application of Research Results

The model application involved a tanker truck carrying a large load of flammable liquid on

two sample roads, an urban road and a rural road. The urban road has a higher accident rate

but a lower proportion of accidents with overturns. The application provided the following

observations and conclusions.

1.

!\)

.L;J

For both roads, by far the most frequent type of incident is expected to be no release no

fire.

For both roads, spills are expected to be more common than leaks, and large releases

more common than small, with and without fires.

The model predicts that small releases will be approximately 60% non-accident for the
urban road and 30% non-accident for the rural road. Only about 5% of the large releases

are expected to be non-accident for both roads.

Although the urban road has the higher accident rate, the rural road is expected to have
more releases per Bvkm, for all types of releases, with and without fires. The most
apparent difference in the incident rates between the two roads is for large spills no fire.
The higher release rate is related to the higher proportion of overturn accidents on the

rural road.

For both roads, each of the probability distributions for the incident rates is positively

skewed, as is compatible with a lognormal distribution.

For all types of release rates for both highways, with and without fires, the mean value

from the output probability distribution is higher than the point estimate.
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7. For each type of incident rate, the 97" percentile is two to five times greater than the

mean value for the probability distribution. This indicates the high level of uncertainty

associated with these estimates.

11.2 RECOMMENDATIONS

The following recommendations are offered regarding the application of the thesis results to

risk analysis, and regarding future research on release and fire incident rates for trucks

carrying DG loads.

1.

The thesis illustrates how we can combine accident and non-accident information to
predict total expected releases and fire incident rates for trucks carrying DG loads. The
sample model application for Highways 7 and 17 shows the high level of uncertainty
associated with the resulting estimates of release and fire incident rates. In our sample
application, the mean values of the predicted release incident rates are higher for
Highway 17. However, there is a large overlap of the probability distributions for the
incident rates for the two highways. There is a substantial probability that Highway 7

could have higher release incident rates.

Analysts should not ignore this uncertainty when estimating incident rates from the model
and applying the incident rates to risk analysis. There is further uncertainty in the impacts
of the incidents to the environment and to the public. The combined uncertainty in the
incident rates and incident impacts results in a significant amount of uncertainty in the

predicted risks of transporting DG loads by truck.

Currently, there are limited data on DG incidents. In this thesis, data limitations restricted
the analysis of fires and explosions to a combined category called “fires”. Data
limitations restricted the number of significant factors that the model could include. Even
with restricting the number of factors, for some input variables only two data points were

available.
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Further data are required to improve the model by including all significant factors,
separating fires and explosions, and reducing uncertainty in the input variables.
Therefore it is imperative that agencies continue to collect data on DG incidents. It
would also be interesting to investigate why there are differences between data sources,

and identify differences in the methods of reporting and recording incidents.

One of the factors that greatly affects accident-induced release and fire incident rates is
the expected type of accident (whether the accident includes an overturn and/or a
collision). To improve the application of the model, it would be useful to further examine

factors that lead to overturns and collisions, for different road and vehicle characteristics.
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APPENDIX A
RESULTS OF STEPWISE LOGISTIC REGRESSION

FOR INPUT VARIABLES
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Parameter Coding for Logistic Regression for Input Variables

Data Source: DGAIS

Parameter Coding
Variable Value (1) (2) 3)

truck type [straight truck

straight truck with full trailer
tractor with semi-trailer
tractor with double trailers

type of DG |DG1: toxic PLG

DG2: flammable PLG
DG3: flammable liquid
DG4: toxic liquid

OO 20|00 ~0
O-~~00|0-200

spill leak
spill

overturn no overturn
overturn

collision no collision
collision

tanker truck |non-tanker truck
tanker truck

load size small
large

urban rural
urban

fire no fire
fire

O =0 0 2|0 2|0 0o RO |l0O0 0 A[0O0 O —~
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Resuits of Stepwise Logistic Regression for Input Variables
Accident Scenarios

Dependent Variable: P(release | accident)

Significance
Variables in testrun | testrun | test run | test run | test run | test run
the Equation 1 2 3 4 5 6 Beta
overturn .0000 .0000 0000 .0000 .0000 .0000 | -1.1615
type of DG .0000 .0000 .0000 .0000 .0000 .0000
DG1 .0000 .0000 .0000 .0001 .0001 .0000 | -1.5368
DG2 .0000 .0000 .0000 .0000 .0000 .0000 | -2.0746
DG3 .0205 0167 .0162 .0075 .0075 .0007 .8710
load size .1429 .1133 1133 .2164 2171
collision .7828 .7831 7957 7784
truck type 3776 3777 3778
truck type 1 .2594 .2592 .2603
truck type 2 .3591 .3560 .3521
truck type 3 .8560 .8565 .8573
urban .8891 .8892
tanker truck .9874
constant .0001 .0001 .0000 .0000 .0000 .0000 1.4082

P(release | accident) = exp(U) / (1+ exp(U))

U = 1.4082 - 1.1615*(overturn) - 1.5368*(DG1) - 2.0746*(DG2) + 0.8710*(DG3)

Model Chi-Square:
Significance:

Cox & Snell R-Square:
Nagelkerke R-Square:

229.005
.0000
237
.348
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Results of Stepwise Logistic Regression for Input Variables
Accident Scenarios

Dependent Variable: P(fire | accident)

Significance
Variables in test run| test run | test run| test run| test run | test run| test run
the Equation 1 2 3 4 5 6 7 Beta
collision .0001 .0000 .0000 .0000 .0000 .0000 .0000 |-1.4393
release .0007 .0008 .0013 .0048 0053 .0084 .0073 | -.9231
urban 0753 0652 .0707 .0900 .0978 4777
load size .3030 .0817 .0881 .1058 .2091
tanker truck 2114 1767 1233  .2366
type of DG .1048 .1483 .1626
DG1 1191 1413 1639
DG2 .0149 0234 .0255
DG3 1136 1408 1445
overturn 2152 .2049
truck type 2474
truck type 1 | .1353
truck type 2 | .3398
truck type 3 | .8326
constant .0001 .0000 .0001 .0000 .0000 .0000 .0000 [-1.2467

P(fire | accident) = exp{(U) / (1+ exp(U))

U =-1.2467 - 1.4393*(collision) - 0.9231*(release)

Model Chi-Square:

Significance:

Cox & Snell R-Square:
Nagelkerke R-Square:

37.357
.0000
.043
.096
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Results of Stepwise Logistic Regression for Input Variables
Accident Scenarios

Dependent Variable: P(spill | accident-induced release)

Significance
Variables in test run| test run | test run | test run | test run | test run { test run { test run
the Equation 1 2 3 4 5 6 7 8 Beta
load size 733 1392 0248 .0206 .0188 .0228 .0186 .0006 | -.8406
type of DG .0000 .0000 .0000 .o000 .0000 .0000 .0000
DG1 1438 1412 1126 1184 1060 .0838 .0966
DG2 0139 0126 .0042 0042 ..0045 0040 .0078
DG3 0064 0046 .0157 0136 .0121 .0165 .0162
fire 2885 2860 .1956  .1939 .1804 1226
collision .2030 2032 1708 .1764 .2318
urban 2760 2762 2427 2422
overturn 6403 6411 6724
truck type .1897  .1825
truck type 1 | .5080 .5061
trucktype 2 | .8053 .8057
trucktype 3 | .1843 .1827
tanker truck 9718
constant 0099 0086 .0007 .0005 .0000 .0001 .0000 .0000 | 2.0738

P(spill | accident-induced release) = exp(U) / (1+ exp(U))

U =2.0739 - 0.8406*(load size)

Model Chi-Square:

Significance:

Cox & Snell R-Square:
Nagelkerke R-Square:

11.435
.0007
020
.035
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Results of Stepwise Logistic Regression for Input Variables
Accident Scenarios

Dependent Variable: P(large release | accident-induced reiease)

Significance
Variables in test run | test run | test run | test run | test run | test run | test run | test run
the Equation 1 2 3 4 5 6 7 8 Beta
load size .0000 .000C .0000 0000 .0O000 .0000 .0000 .0000 [-2.1299
spill 0000 .0000 .0000 0000 0000 .0000 .0000 .0000 |-1.7240
fire .0841 0556 0516 0267 0140 .0225 .0206
urban 0247 .0156 0162 0222 .0329 .0242
tanker truck 1260 .1666 .1890 .1185 .1373
collision 4296 .3931 .1843 2243
type of DG 1829  .2438 2517
DG1 0432 .0537 .0571
DG2 .1588  .2397 .2337
DG3 2533 .2854 3059
overturn 5303 .5313
truck type 1187
truck type 1 | .0320
truck type 2 | .8825
truck type 3 | .6481
constant .0013 .0011 .0003 .0000 .0000 .0000 .0000 .0000 | 1.9612

P(large release | accident-induced release) = exp(U) / (1+ exp(U))

U=1.9612 - 2.1299*(load size) - 1.7240*(spill)

Model Chi-Square:

Significance:

Cox & Snell R-Square:
Nagelkerke R-Square:

150.776
.0000
.233
333
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Results of Stepwise Logistic Regression for Input Variables
Non-Accident Scenarios

Dependent Variable: P(fire | non-accident release)

Significance
Variables in testrun | testrun | test run | testrun | test run
the Equation 1 2 3 4 5 Beta
urban .0069 .0057 .0057 .0148 .0127 1.1601
type of DG .0307 .0257 .0246 .0203
DG1 .0121 .0114 .0108 .0250
DG2 .0539 .0190 .0192 .0033
DG3 .4598 .2453 .2505 0714
load size .2691 .3575 2792
tanker truck 4155 .8622
truck type .2364
truck type 1 .4262
truck type 2 .7826
truck type 3 .0531
constant .0005 .0000 .0000 .0000 .0000 | -3.8169

P(fire | non-accident release) = exp(U) / (1+ exp(U))

U =-3.8169 + 1.1601*(urban)

Model Chi-Square:

Significance:

Cox & Snell R-Square:
Nagelkerke R-Square:

6.357
.0117
011
.043
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Results of Stepwise Logistic Regression for Input Variables
Non-Accident Scenarios

Dependent Variable: P(spill | non-accident release)

Significance
Variables in test runi test run | test run | test run| test run| test run
the Equation 1 2 3 4 5 6
fire 2697 2399 2310 2419 2156 4235
type of DG 2655 0117 .0155 0126 .0130
DG1 .1082 .0032 .0038 .0031 .0033
DG2 .1786 0638 .0860 0799 .0767
DG3 4567 4164 4173 3679  .3843
urban 3361 4353 4640 5567
tanker truck 3137 4941 5124
truck type .7084 6720
truck type 1 | .2824 3872
truck type 2 | .7449 8198
truck type 3 | .5121 .7273
load size .8684
constant 7402 4600 2222 1436 .1055 3744

202



Results of Stepwise Logistic Regression for Input Variables
Non-Accident Scenarios

Dependent Variable: P(large release | non-accident release)

Significance
Variables in test run | testrun | test run | testrun
the Equation 1 2 3 4 Beta
tanker truck .0002 .0002 .0002 .0000 | -2.2634
spill .0025 .0022 .0018 .0041 -.9728
type of DG .0007 .0004 .0002
DG1 .0005 .0002 .0001
DG2 .0008 .0008 .0004
DG3 0171 .0177 0127
load size .0237 0197 .0178
urban .0412 .0345 .0191 .0005 1.1683
fire .2909 3182
truck type .6332
truck type 1 9277
truck type 2 | .2157
truck type 3 .9343
constant .3875 .3287 .0021 .0000 | -1.3582

P(large release | non-accident release) = exp(U) / (1+ exp(U))

= - 1.3582 - 2.2634*(tanker truck) - 0.9728*(spill) + 1.1683*(urban)

Model Chi-Square:

Significance:

Cox & Snell R-Square:
Nagelkerke R-Square:

80.698
.0000
.135
292
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APPENDIX B

DATA FOR INPUT VARIABLES
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Data for Input Variables - Accident Scenarios

Variable 1: P(overturn | release)
for a truck carrying a DG load and involved in an accident
number of accidents with release by type of DG load
toxic PLG flammable PLG flammable liquid toxic liquid
time no no no no
interval averturn| overturn| total | overturn overturn| totai | overturn| overturn| total | overtum| overturn| total
Transport Canada DGAIS
88 3 3 4 4 8 9 51 60 3 8 11
89 1 3 4 1 1 8 70 78 5 10 15
90 1 5 6 1 4 5 6 61 67 4 8 12
91 2 2 1 2 3 15 58 73 1 12 13
92 2 2 1 4 5 8 52 60 2 8 10
93 1 3 4 1 1 7 40 47 4 6 10
94 1 1 2 1 7 8 7 48 55 2 4 6
95 5 5 3 3 4 42 46 5 5
88,89 1 6 7 5 4 9 17 121 138 8 18 26
90,91 1 7 8 2 6 8 21 119 140 5 20 25
92,93 1 5 6 1 s 6 15 92 107 6 14 20
94,95 1 6 7 1 10 11 1 S0 101 2 9 11
total 4 24 28 9 25 34 64 422 486 21 61 82
88,89 .143 .857 1.000{ .556 444 1000| .123 .877 1.000] .308 .692 1.000
90,91 125 .875 1.000{ .250 750 1.000] .150 .850 1.000{ .200 .800 1.000
92,93 167 .833 1.000| .167 .833 1.000| .140 .86C 1.000{ .300 .700 1.000
94.95 .143 .857 1.000{ .091 .908 1.000[ .109 881  1.000] .182 .818 1.000
mean .857 .735 .868 744
MOE ORIS
as 0 2 2 13 12 25 5 5
89 1 1 2 2 12 1 23 4 6 10
90 1 1 1 1 2 8 8 16 4 2 6
91 1 1 2 2 5 13 18 2 2 4
92 0 1 2 3 7 18 25 1 1
93 3 1 4 2 1 3 7 6 13 3 3
94 1 1 0 7 8 15 1 1
a5 0 1 1 2 4 17 21 1 3 4
96 0 0 3 17 20 1 2 3
97 1 1 1 1 5] 13 19 1 1
88 to 92 2 1 3 8 3 11 45 62 107 16 10 26
93 to 97 3 3 6 4 2 6 27 61 88 3 9 12
total S 4 g 12 5 17 72 123 195 19 19 38
88 t0 92 .667 333  1.000f .727 273 1000[ 421 579 1.000{ .615 385 1.000
93 to 97 .500 .500 1.000| .667 .333  1.000f .307 .693  1.000] .250 750 1.000
mean 444 .294 .631 .500
Transport Canada DGAIS & MOE ORIS combined
combined total 9 28 37 21 30 51 136 545 681 40 80 120
combined mean .757 .588 .800 .667
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Data for Input Variables - Accident Scenarios

Variable 2: P(type of DG load | release)
for a truck carrying a DG load and involved in an accident
time number of accidents with release by type of DG load
interval toxic PLG [ flammable PLG | flammable liquid | toxic liquid| total
Transport Canada DGAIS
88 3 8 60 11 82
89 4 1 78 15 98
g0 6 5 67 12 g0
91 2 3 73 13 91
92 2 5 60 10 77
93 4 1 47 10 62
94 2 8 55 6 71
95 5 3 46 5 59
88,89 7 9 138 26 180
90,91 8 8 140 25 181
92,93 6 6 107 20 139
94,95 7 11 101 11 130
total 28 34 486 82 630
88,89 .039 .050 767 .144 1.000
80,91 .044 .044 773 .138 1.000
92,93 .043 .043 770 144 1.000
94,95 .054 .085 777 .085 1.000
mean .044 .054 771 .130 1.000
MOE ORIS
88 2 25 5 32
89 1 2 23 10 36
g0 1 2 16 6 25
91 1 2 18 4 25
92 3 25 1 29
93 4 3 13 3 23
94 1 15 1 17
95 2 21 4 27
96 20 3 23
97 1 1 19 1 22
88,89 1 4 48 15 68
80,91 2 4 34 10 50
92,93 4 6 38 4 52
94,95 1 2 36 5 44
96,97 1 1 39 4 45
total g 17 195 38 259
88,89 .015 .058 .706 221 1.000
90,91 .040 .080 .680 .200 1.000
92,93 077 .115 731 .077 1.000
94,95 .023 045 .818 114 1.000
96,97 .022 .022 .867 .089 1.000
mean .035 .066 .753 .147 1.000
Transport Canada DGAIS & MOE ORIS combined
combined total 37 51 681 120 889
combined mean .042 .057 .766 .135 1.000
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Data for Input Variables - Accident Scenarios

Variable 3: P(release)
for a loaded truck involved in an accident
time number of accidents
interval no release | release | total
MTO ADS
88 3128 78 3206
89 3207 76 3283
Q0 2913 69 2982
91 2706 72 2778
92 2892 44 2936
93 2688 38 2726
94 3174 55 3229
95 2955 77 3032
total 23663 509 24172
88 976 .024 1.000
89 977 .023 1.000
90 977 .023 1.000
91 974 .026 1.000
92 .985 .015 1.000
93 .986 .014 1.000
94 .983 017 1.000
95 .975 .025 1.000
mean .021
WSDOT MARS
90 1581 17 1598
91 1427 13 1440
92 1480 13 1493
93 1550 20 1570
94 1744 19 1763
95 1927 14 1941
96 1071 10 1081
total 10780 106 10886
90 .989 .011 1.000
91 .991 .009 1.000
g2 .991 .008 1.000
93 .987 .013 1.000
94 .989 .011 1.000
95 .993 .007 1.000
96 991 .009 1.000
mean .010
MTO ADS & WSDOT MARS combined
combined total 34443 615 35058
combined mean .018
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Data for Input Variables - Accident Scenarios

Variable 4: P(overturn)
for a loaded truck involved in an accident
time number of accidents
interval nooverturn | overturn | total
MTO ADS
88 2942 264 3206
89 3057 227 3284
90 2756 228 2984
91 2591 188 2779
92 2732 205 2937
93 2527 199 2726
94 3054 180 3234
85 2839 194 3033
total 22498 1685 24183
88 .918 .082 1.000
89 .931 .069 1.000
80 .8924 076 1.000
91 .932 .068 1.000
92 .930 .070 1.000
93 927 .073 1.000
94 .844 .056 1.000
95 .936 .064 1.000
mean .070
WSDOT MARS
90 1565 33 1598
91 1410 30 1440
92 1453 40 1493
93 15633 37 1570
94 1735 28 1763
95 1897 44 1841
96 1054 27 1081
total 10647 239 10886
90 979 .021 1.000
91 979 .021 1.000
92 973 .027 1.000
93 976 .024 1.000
94 .984 .016 1.000
95 977 .023 1.000
96 .975 .025 1.000
mean .022
MTO ADS & WSDOT MARS combined
combined total 33145 1924 35069
combined mean .055
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Data for Input Variables - Accident Scenarios

Variable 5: P(type of DG load)
for a truck carrying a DG load
maximum estimated road vehicle kilometres by type of DG load
time toxic flammable flammable toxic
interval PLG PLG liquid liquid total
Transport Canada

86 497,039,513 490,165,358 4,281,708,084 2,503,036,367 7.771,949,322
87 553,861,864 577,082,140 4,761,060,312 2,738,718,884 8,630,723,200
88 479,320,934 600,184,085 6,242,264,582 2,079,057,571 9,400,827,172
89 404,619,217 519,715,641 7,035,258,891 2,204,144 969 { 10,163,738,718
90 470,538,001 618,302,046 8,156,752,080 2,747,869,504 | 11,993,461,631
total 2,405,379,529 2,805,449,270 30,477,043,849 12,272,827,295 | 47,960,700,043

86 .064 .063 .551 322 1.000

87 .064 .067 552 317 1.000

88 .051 .064 .664 221 1.000

89 .040 .051 692 217 1.000

90 .039 .052 .680 229 1.000

mean .050 .058 .635 .256 1.000
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Data for Input Variables - Accident Scenarios

Variable 6: P(fire | release)
for a truck carrying a DG load and involved in an accident

number of accidents with releases
time no collision collision
interval no fire| fire | total [nofire| fire | total
Transport Canada DGAIS
88 56 6 62 14 6 20
89 63 4 67 27 4 31
S0 68 2 70 16 4 20
91 65 6 71 13 7 20
92 57 6 63 10 4 14
93 46 2 48 11 3 14
94 53 5 58 11 2 13
95 47 1 48 10 1 11
88,89 119 10 129 41 10 51
90,91 133 8 141 29 11 40
92,93 103 8 111 21 7 28
94,95 100 6 106 21 3 24
total 455 32 487 112 31 143
88,89 .922 .078 1.000| .804 196  1.000
90,91 .943 .057 1.000{ .725 275 1.000
92,893 .928 .072 1.000| .750 .250 1.000
94,95 .| .943 .057 1.000| .875 125  1.000
mean .066 217
France MTMD
87 28 4 32 22 5 27
88 25 25 35 3 38
89 23 3 26 39 6 45
90 30 3 33 30 4 34
91 25 25 16 1 17
92 24 1 25 14 3 17
87,88 53 4 57 57 8 65
89,90 53 6 59 69 10 79
91,92 49 1 50 30 4 34
total 155 11 166 156 22 178
87,88 .930 .070 1.000f .877 123  1.000
89,90 .898 .102 1.000{ .873 127 1.000
91,92 .980 .020 1.000| .882 118  1.000
mean .066 .124
Transport Canada DGAIS & France MTMD combined
combined total | 610 43 653 | 268 53 321
combined mean - .066 .165
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Data for Input Variables - Accident Scenarios

Variable 7: P(fire | no release)
for a truck carrying a DG load and involved in an accident

number of accidents without releases
time no collision collision
interval nofire| fire | total | nofire [ fire | total
Transport Canada DGAIS
88 19 19 9 1 10
89 23 23 13 13
a0 19 19 18 18
91 18 18 5 1 6
92 19 1 20 8 3 11
a3 14 1 15 2 2 4
94 13 1 14 5 1 6
a5 21 21 1 1
90 to 92 56 1 57 31 4 35
93 to 95 48 2 50 8 3 11
total 146 3 149 61 8 69
80 to 92 .982 .018 1.000 .886 114 1.000
93 to 95 .960 .040 1.000 727 273 1.000
mean .020 116
France MTMD
87 35 35 77 1 78
88 27 27 88 88
89 28 28 86 4 a0
a0 33 33 84 84
91 45 45 92 2 94
92 15 15 58 58
87.88 62 62 165 1 166
89,90 61 61 170 4 174
91,92 60 60 150 2 152
total 183 183 485 7 492
87,88 1.000 .000 1.000 994 .006 1.000
89,90 1.000 .000 1.000 977 .023 1.000
91,92 1.000 .000 1.000 .987 .013 1.000
mean .000 014
Transport Canada DGAIS & France MTMD combined
combined total 329 3 332 546 15 561
combined mean .009 027
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Data for Input Variables - Accident Scenarios

Variabie 8: P(spill | release)
for a truck carrying a DG load and involved in an accident

number of accidents with releases
time small load large load
interval leak | spill | total leak | spill | total
Transport Canada DGAIS
88 7 17 24 6 40 46
89 4 18 22 7 64 71
80 6 22 28 4 55 59
91 3 22 25 3 56 59
92 15 15 10 46 56
93 7 12 19 1 28 29
94 5 8 13 9 36 45
95 5 13 18 5 33 38
88,89 11 35 46 13 104 117
90,91 9 44 53 7 111 118
92,93 7 27 34 11 74 85
94,95 10 21 31 14 69 83
total 37 127 164 45 358 403
88,89 239 .761 1.000 A1 .889 1.000
80,91 A70 .830 1.000 .059 841 1.000
92,93 .206 794 1.000 .129 871 1.000
94,95 .323 677 1.000 .169 831 1.000
mean 174 .888
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Data for Input Variables - Accident Scenarios

Variable 8: P(large release | spill)
for a truck carrying a DG load and involved in an accident
number of accidents with spill
time small load large load
interval | small release | large release | total | small release | large release | total
Transport Canada DGAIS
88 9 8 17 5 35 40
89 9 9 18 9 55 64
90 14 8 22 4 51 55
91 9 13 22 6 50 56
92 7 8 15 7 39 46
93 8 4 12 2 26 28
94 5 3 8 4 32 36
95 9 4 13 6 27 33
88,89 18 17 35 14 90 104
90,91 23 21 44 10 101 111
92,93 15 12 27 9 65 74
94,95 14 7 21 10 59 69
total 70 57 127 43 315 358
88,89 514 486 1.000 135 .865 1.000
90,91 .523 477 1.000 .090 910 1.000
92,93 .556 444 1.000 122 .878 1.000
94,95 .667 .333 1.000 .145 .855 1.000
mean .449 .880
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Data for Input Variables - Accident Scenarios

Variable 10:  P(large release | leak)
for a truck carrying a DG load and involved in an accident
number of accidents with leak
time small load large load
interval small release | large release | total | small release | large release | total
Transport Canada DGAIS
88 4 3 7 3 3 6
89 4 4 2 5 7
80 6 6 2 2 4
91 3 3 2 1 3
92 0 8 2 10
93 5 2 7 1 1
94 5 5 1 8 9
95 4 1 5 3 2 5
88 to 91 17 3 20 9 11 20
92 to 95 14 3 17 12 13 25
total 31 6 37 21 24 45
88,89 .850 150 1.000 450 .550 1.000
90,91 .824 176 1.000 480 .520 1.000
mean .162 .633
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Data for Input Variables - Non-Accident Scenarios

Variable 1:  rate of non-accident releases
for a truck carrying a DG load
number of non-accident releases by type of DG load
time toxic flammable flammable toxic
interval PLG PLG liquid liquid
Transport Canada DGAIS
88 3 3 26 23
89 6 2 31 37
90 6 2 41 38
91 5 3 23 28
92 3 2 29 32
93 3 6 42 53
94 7 3 36 21
95 2 3 29 7
88 to 90 15 7 98 98
maximum estimated road vehicle kilometres by type of DG load
time toxic flammable flammable toxic
interval PLG PLG liquid liquid
Transport Canada
1986 497,039,513 490,165,358 4,281,708,084 2,503,036,367
1987 553,861,864 577,082,140 4,761,060,312 2,738,718,884
1988 479,320,934 600,184,085 6,242,264,582 2,079,057,571
1989 404,619,217 519,715,641 7,035,258,891 2,204,144,969
1990 470,538,001 618,302,046 8,156,752,080 2,747,869,504
88 to 90 1,354,478,152 1,738,201,772 21,434,275,553  7,031,072,044
number of non-accident releases per Bvkm
time toxic flammable flammable toxic
interval PLG PLG liquid liquid
88 6.26 5.00 4.17 11.06
89 14.83 3.85 4.41 16.79
90 12.75 3.23 5.03 13.83
mean 11.07 4.03 4.57 13.94
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Data for Input Variables - Non-Accident Scenarios

Variable 2: P(fire)
for a non-accident release from a truck carrying a DG load

number of non-accident reieases
time rural urban
interval fire | no fire | total fire | no fire | total
Transport Canada DGAIS
88 1 29 30 1 24 25
89 4 32 36 40 40
g0 3 31 34 53 53
91 1 16 17 1 41 42
92 2 22 24 1 41 42
93 6 6 3 85 a8
94 1 25 26 1 40 41
95 10 10 1 30 31
88,89 5 61 66 1 64 65
90,91 4 47 51 1 94 95
92,93 2 28 30 4 136 140
94,95 1 35 36 2 70 72
total 12 171 183 8 364 372
88,89 .076 924 1.000 .015 .985 1.000
90,91 .078 922 1.000 .011 .889 1.000
92,93 .067 .933 1.000 .029 971 1.000
94,95 .028 972 1.000 .028 972 1.000
mean .066 .022
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Data for Input Variables - Non-Accident Scenarios

Variable 3: P(spill)
for a non-accident release from a truck carrying a DG load

time number of non-accident releases
interval leak | spill | total
Transport Canada DGAIS
88 31 24 55
89 20 56 76
a0 43 44 87
91 11 48 59
92 35 31 66
93 70 34 104
94 39 28 67
95 22 19 41
88,89 51 80 131
90,91 54 92 146
92,93 105 65 170
94,95 61 47 108
total 271 284 555
88,89 .389 611 1.000
90,91 .370 .630 1.000
92,93 .618 .382 1.000
94,95 .565 435 1.000
mean 512
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Data for Input Variables - Non-Accident Scenarios

Variable 4: P(large release | spill)
for a non-accident release from a truck carrying a DG load
number of non-accident spills
rural urban
non-tanker truck tanker truck non-tanker truck tanker truck
time small large small large small | large small large
interval rolease| release total release | release | total | release| release | total | release| release | total
Transport Canada DGAIS

88 7 1 8 3 3 6 5 5 4 1 5

89 17 17 4 5 9 24 24 5 1 6

90 S S 7 2 9 21 21 6 3 9

91 8 2 10 5 5 25 2 27 3 3 6

92 3 3 6 2 3 5 17 17 3 3

93 2 2 1 1 2 26 26 4 4

94 8 8 1 2 3 13 13 3 1 4

95 0 2 2 14 14 3 3
88 to 91 37 3 40 19 10 29 75 2 77 18 8 26
92t0 95 13 3 16 4 8 12 70 0 70 13 1 14

total 50 6 56 23 18 41 145 2 147 31 9 40
88 to 91 925 075 1.000 855 345 1.000| .974 026 1.000f{ .692 308 1.000
92 to 95 .813 .188 1.000 .333 .667 1.000} 1.000 000 1.000}] .929 .071 1.000
mean 107 439 .014 225
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Data for Input Variables - Non-Accident Scenarios

Variable 5: P(large release | ieak)
for a non-accident release from a truck carrying a DG load
number of non-accident spills
rural urban
non-tanker truck tanker truck non-tanker truck tanker truck
time small large small large small large small large
interval release | release total release | release | total | release| release | total | release | release | total
Transport Canada DGAIS
88 7 1 8 7 1 8 8 8 6 1 7
89 3 3 6 1 7 6 1 7 3 3
90 10 10 S 1 10 20 20 2 1 3
91 0 2 2 7 7 2 2
92 9 9 2 2 4 17 17 4 1 S
93 2 2 0 59 1 60 7 1 8
94 6 6 7 2 9 17 17 7 7
95 3 3 2 3 5 g 9 5 5
88 to 91 20 1 21 24 3 27 41 1 42 13 2 15
92 to 95 20 0 20 11 7 18 102 1 103 23 2 25
total 40 1 41 35 10 45 143 2 145 36 4 40
88to 91 952 .048 1.000 .889 111 1.000| .976 .024 1.000| .867 .133 1.000
92 to 95 1.000 .000 1.000 611 .388  1.000} .9S0 .010 _ 1.000] .920 .080 1.000
mean .024 222 .014 .100
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APPENDIX C

DISTRIBUTIONS FOR INPUT VARIABLES
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Legend: black triangles:

Probability Distributions for Input Variables - Accident Scenarios

observed values from first data source

grey circles: observed vaiues from second data source
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Probability Distributions for Input Variables - Accident Scenarios (continued)

Legend: black triangles:
grey circles:

V3: P(release | accident)
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V4: P(overtum | accident)
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Probability Distributions for Input Variables - Accident Scenarios (continued)

Legend: black triangles:  observed values from first data source

grey circles: observed values from second data source
V7.1: P(fire | no release, no collision) V9.1: P(large release | spill, small load)
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Legend: black triangles:

Probability Distributions for Input Variables - Non-Accident Scenarios

grey circles:

V1.1: Releases per Bvkm for toxic PLG
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observed values from first data source
observed values from second data source
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Probability Distributions for Input Variables - Non-Accident Scenarios (continued)

Legend: black triangles:  observed values from first data source

grey circles: observed values from second data source
V4.1: P(large release | spill, rural non-tanker) V5.1: P(large release | leak, rural non-tanker)
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APPENDIX D
STATISTICS FOR

INPUT VARIABLE DISTRIBUTIONS
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Statistics for Input Variable Distributions - Accident Scenarios

Type of

Distribution Alpha
V1.1: P(overturn | release) for toxic PLG beta 5.48
V1.2: P(overtumn | release) for flammable PLG beta 3.51
V1.3: P(overturn | release) for flammable liquid beta 16.88
V1.4: P(overturn | release) for toxic liquid beta 8.67
V2.1: P(toxic PLG | release) beta 3.07
Vv2.2: P(flammable PLG | release) beta 3.65
V2.3: P(flammabie liquid | release) beta 35.92
V2.4: P(toxic liquid | release) beta 5.94
V3: P(release | accident) beta 2.46
V4: P(overturn | accident) beta 2.83
V5.1: P(toxic PLG) beta 10.29
V5.2: P(flammable PLG) beta 13.96
V5.3: P(flammable liquid) beta 44.79
V5.4: P(toxic liquid) beta 24.59
V6.1: P(fire | release, no collision) beta 4.14
V6.2: P(fire | release, collision) beta 5.68
V7.1: P(fire | no release, no collision) beta 3.19
V7.2: P(fire | no release, collision) beta 2.18
V8.1: P(spill | release, small load) beta 40.02
V8.2: P(spill | release, large load) beta 66.68
V9.1: P(large release | spill, small load) beta 19.25
V9.2: P(large release | spill, large load) beta 125.31
V10.1: P(large release | leak, small load) beta 18.40
V10.2: P(large release | leak, large load) beta 62.29
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Beta

229
2.40
435
3.80

7777
58.63
10.84
38.75

161.09
58.11
191.48
222.66
26.40
69.84

61.96
27.57

177.44
27.06

11.75
8.43

24.78
16.92

94.64
51.41

Standard

Mean Deviation

.706
.594
.795
.695

.038
.059
.768
133

.015
.046
.051
.059
629
.260

.063
A71

.018
.075

q73
.888

437
.881

.163
.548

.154
.187
.086
.125

.021
.030
.061
.050

.009
.027
.015
015
.057
.045

030
.064

.010
.048

.058
.036

074
.027

.035
.046



Statistics for Input Variable Distributions - Non-Accident Scenarios

V1.1: Releases per Bvkm for toxic PLG

V1.2: Releases per Bvkm for flammable PLG
V1.3: Releases per Bvkm for flammable liquid
V1.4: Releases per Bvkm for toxic liquid

V2.1: P(fire | release, rural road)
V2.2: P(fire | release, urban road)

V3: P(spill | release)

V4.1: P(large release | spill, rural non-tanker)
V4.2: P(large release | spill, rural tanker)
V4_3: P(large release | spill, .urban non-tanker)
V4.4: P(large release | spili, urban tanker)

V5.1: P(large release | leak, rural non-tanker)
V5.2: P(large release | leak, rural tanker)
V5.3: P(large release | leak, urban non-tanker)
V5.4: P(large release | leak, urban tanker)

Type of

Distribution Alpha

fognormal
lognormat
lognormal
lognormal

beta
beta

beta

beta
beta
beta
beta

beta
beta
beta
beta

228

448 72.50
360 184.61

18.01 16.92

940 66.94
1119 1045
510 277.08
439 20.70

8.37 27764
570 1833
4.08 244.76
11.956 1056.21

11.07
4.03
457

13.94

.058
.019

516

123
517
018
475

.029
237
016
102

Standard

Beta Mean Deviation

3.66
0.73
0.36
2.34

.027
010

.083

.037
.108
.008
074

.010
.085
.008
.028



APPENDIX E
STATISTICS FOR

OUTPUT VARIABLE DISTRIBUTIONS



Statistics for Output Variable Distributions

for Accident Scenarios
Units: Probability of accident outcome

© (&
HAHHHERE: 2| £ - |25| 8| 2 s
28 [g|Elz]| o °% & | =§ e S es| § 8 &=
gs (s|lefs| 2 || 88 |28 | §| B |83l 8| § |83
<0 ([mn|O}|O — - oo o o = = (7 =] 7] X o>
11yly y 1 00133 .19458 .03802 .01810 .07194 994 197.17 1.89
large 2({yly Yy 2 00149 20900 .04141 .01988 .09244 4256 445565 2.23
spill 3{yl|ly y 3 00452 28292 .06431 .03781 .10164 18.07 1089.22 1.58
with 4|1vy|y y 4 00127 .11628 .02418 .01293 .04319 1460 57766 1.79
fire S|lyly n 1 .00055 .08671 .01648 .00771 .03154 971 18568 1.91
6lyiy n 2 00061 .09232 .01801 .00849 .04116 40.38 3967.90 2.29
71vly n 3 00187 .12507 .02794 01609 .04501 17.20 983.11 1.61
8|yly n 4 .00053 .05103 .01051 .00548 .01894 13.82 527.32 1.80
9{yln y 1 .00045 .07295 .01391 .00635 .02817 13.41 430.55 2.03
10y | n Y 2 .00048 .07935 .01512 .00698 .03582 56.70 7221.57 2.37
11{y|n Yy 3 00146 10564 .02342 .01326 .03924 23.55 1783.87 1.68
12{y | n Yy 4 00041 .04242 .00882 .00452 .01690 18.40 89549 1.92
13lyln n 1 .00018 .03235 .00602 .00270 .01221 1261 370.45 203
14|y | n n 2 00020 .03463 .00656 .00298 .01574 5445 6684.26 2.40
18yl n n 3 00060 04652 .01017 .00567 .01721 22.43 164960 169
16 n n 4 .00017 .01875 .00383 .00193 .00731 17.36 833.92 1.91
1Tinly Yy 1 00002 .00241 .00051 .00028 .00073 5.31 65.00 1.42
18jn|y Yy 2 .00004 .00405 .00092 .00054 .00116 3.92 3180 1.26
19 n]y Yy 3 .00005 .00189 .00053 .00038 .00050 2.51 13.31 .85
20| n|y Y 4 .00002 .00134 .00034 .00022 .00037 326 2230 1.09
21inly n 1 .00001 .00106 .00022 .00012 .00032 5.52 67.18 1.46
22In|y n 2 00002 .00177 .00040 .00023 .00052 415 3510 1.30
23inly n 3 00002 .00085 .00023 .00016 .00022 264 1454 98
24 nty n 4 .00001 .00060 .00015 .00010 .00017 347 2564 1.13
25| nln Yy 1 00001 .00091 .00019 .00010 .00028 7.31 17525 152
26l n|n 1 2 .00001 .00151 .00033 .00019 .00045 469 5243 1.34
27l n | n Yy 3 00001 .00072 .00019 .00013 .00020 2.91 18.33 1.01
28| n| n Yy 4 .00001 .00051 .00012 .00008 .00014 355 2514 1.16
29in| n n 1 .00000 .00040 .00008 .00004 .00013 951 347.36 157
30{nin n 2 00001 .00067 .00014 .00008 .00020 4.80 5248 1.37
3Mi{n|{n n 3 .00001 .00032 .00008 .00006 .00009 3.06 19.93 1.04
32| n|n n 4 .00000 .00023 .00005 .00003 Q0006 370 2799 1.20

*  Type of DG Load
1 =toxic PLG
2 = flammable PLG
3 = flammable liquid
4 = toxic liquid
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Statistics for Output Variable Distributions

for Accident Scenarios (continued)
Units: Probability of accident outcome

% |8 o o c| @
ze |el|elg| S |2 2| 2 _|e5| 8| 2 Iss
23S [S(&lm| o | % & | £8 | ¢ s |88 § S &%
§3|3|5|5| 5| 88|85 (2818 | 8 |553| £ | 5 |88
<O lm|OlO] 2 [ | N oo = = o 7] X o>
Tlylyl v 1 | 00017 02687 00514 .00239 00977 8.94 162.94 1.90
small |2 |yl]y| Y 2 00019 .02888 .00558 .00262 .01103 13.16 401.99 1.98
spill [3|{y]|Yy y 3 .00057 .03939 .00868 .00496 .01331 843 150.51 1.53
with |4lyiyl ¥y 4 .00016 .01595 .00326 .00170 .00568 948 176.70 1.75
fire S5|yly| n 1 .00073 .10917 .02117 .01000 .04069 10.40 220.35 1.92
6ly|[y} n 2 .00080 .11639 .02299 .01096 .05097 38.48 3726.13 2.22
7|lyly| n 3 .00244 15963 .03573 .02081 05664 16.54 89283 1.59
8|ylyl n 4 .00068 .06426 .01343 .00712 .02404 13.87 501.27 1.79
91y|n y 1 .00006 01004 .00188 .00084 .00371 9.81 206.28 1.98
10|y |{n| y 2 00006 .01098 .00203 .00092 .00410 13.83 49559 2.02
11l y|n y 3 .00018 .01449 .00315 .00176 .00495 842 163.94 1.57
12|y [ n y 4 .00005 .00577 .00119 .00060 .00219 11.44 279.73 1.85
13|y|n n 1 .00024 04083 .00774 .00350 .01590 13.51 421.66 2.05
14{y|n n 2 .00026 .04419 .00839 .00384 .01961 50.79 6112.37 2.34
15ly|(n| n 3 .00079 .05916 .01300 .00734 .02167 21.19 1475.18 1.67
16 yin! n 4 .00022 .02339 .00480 .00250 .00941 17.37 769.85 1.92
17|nly]| ¥y 1 .00000 .00033 .00007 .00004 .00010 549 69.14 1.47
18| nly y 2 .00001 .00055 .00012 .00007 .00016 442 4190 1.32
19| n]y Yy 3 .00001 .00026 .00007 .0000S .00007 276 16.71 .99
20lnjyl ¥y 4 .00000 .00019 .00005 .00003 .00005 3.54 2578 1.14
2iinty n 1 00001 .00136 .00028 .00015 .00041 515 61.18 1.43
2i{n|y| n 2 .00002 .00228 .00051 .00030 .00065 390 3068 1.28
23| njy| n 3 .00003 .00106 .00029 .00021 .00028 262 1453 .97
24in|y n 4 .00001 _.0C075 .00019 .00012 .00021 3.37 2356 1.11
25| n|n| vy 1 .00000 .00013 .00003 .00001 00004 760 19239 1.57
26|nin y 2 .00000 .00021 .00005 .00002 .00006 526 69.17 1.39
27 nin y 3 .00000 .0001C .00003 .00002 00003 3.15 21.74 1.05
28l n|n y 4 .00000 .00007 .00002 .00001 .00002 3.70 26.77 1.21
29 n}n n 1 .00000 .0005t .00010 .0000S .00016 7.10 160.95 1.53
30| n|{n| n 2 .00001 .00085 .00019 .00010 00025 4.77 5546 1.36
Min|n n 3 .00001 .00041 .00011 .00007 .00011 3.06 2062 1.03
32| n|jn] n 4 .00000 .00029 .00007 .00004 .00008 363 2577 1.18

* Type of DG Load
1 = toxic PLG
2 = flammable PLG
3 = flammable liquid
4 = toxic liquid
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Statistics for Output Variable Distributions

for Accident Scenarios (continued)
Units: Probability of accident outcome

EE (21518 S |5. | E(.% c |B8| 2| ¢ 58
e |5l5|12| 2 |ag|s8 (88| § | 5 |E5| 8| 2 [§%
25 |al8|8| S |eS| 8|58 2| 2 |58 & 2 [8S
1lyly y 1 00009 .01610 .00301 .00135 .00625 13.94 47765 2.07
large [2|y|y| v 2 | .00010 01722 .00329 .00148 01008 .00 +Infinity 3.06
leak 31yly Yy 3 00031 02356 .00511 .00280 .00996 46.75 5406.37 1.95
with 4| yly y 4 00009 .00958 .00192 .00096 .00402 32.87 2912.23 2.10
fire S5|lyly n 1 00006 .00949 .00179 .00081 .00363 1169 291.01 2.03
6|lyly n 2 00006 .01012 .00185 .00089 .00460 4142 4289.75 2.36
7|yly n 3 00018 .01380 .00303 .00168 .00518 17.72 991.58 1.71
8ivyly n 4 00005 .00564 .00114 .00058 .00222 1561 580.34 1.95
9|ly|n Yy 1 00003 .00596 .00110 .00047 .00248 1964 94566 2.25
10y |n Yy 2 00003 .00639 .00120 .00052 .00405 .00 +nfinity 3.38
M1]y|n y 3 00010 .00871 .00186 .00099 .00393 61.72 8255.55 2.12
12l y | n y 4 00003 .00354 .00070 .00034 .00160 43.08 4339.59 2.30
13jyi{n n 1 00002 .00354 .00065 .00028 .00143 18.27 942.02 2.19
14|l y | n n 2 00002 .00384 .00071 .00031 .00179 55.06 6888.33 2.51
15| y | n n 3 00006 .00518 .00111 .00059 .00201 2256 1571.10 1.82
16|y | n n 4 00002 .00210 .00042 .00020 .00087 19.50 910.10 2.09
17{n|y Yy 1 00000 .00020 .00004 .00002 .00006 6.36 97.77 1.55
18| n|y y 2 00000 .00034 .00007 .00004 .00010 4.45 43.17 1.37
18| nly Y 3 00000 .00016 .00004 .00003 .00004 299 1797 1.05
20 n|y y 4 00000 .00011 .00003 .00002 .00003 4.10 38.13 1.21
21| n|y n 1 00000 .00012 .00002 .00001 .00004 6.00 84.10 1.53
22injy n 2 00000 .00020 .00004 .00002 .00006 4.71 4717 1.37
23| n|y n 3 00000 .00010 .00002 .00002 .00003 3.01 18.93 1.04
24l n|y n 4 00000 .00007 .00002 .00001 .00002 366 27.80 1.19
25| n|n Yy 1 00000 .00007 .00001 .00001 .00003 17.28 1120.97 1.71
26in|n Y 2 00000 .00013 .00003 .00001 .00004 486 49.33 1.43
271 n|n Y 3 00000 .00006 .00002 .00001 .00002 3.28 2279 1.11
28| nin Yy 4 00000 .00004 .00001 .00001 .00001 4.11 3445 1.27
29I n|n n 1 00000 .00004 .00001 .00000 .00001 6.82 124.71 1.61
30|n|n n 2 00000 .00008 .00002 .00001 .00002 5.19 59.06 1.44
3M{n|n n 3 00000 .00004 .00001 .00001 .00001 349 27.74 1.11
32| n|n n 4 00000 .00003 .00001 .00000 .00001 3.88 29.58 1.25

* Type of DG Load
1 =toxic PLG
2 = flammable PLG
3 = flammabile liquid
4 = toxic liquid
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Statistics for Output Variable Distributions

for Accident Scenarios (continued)
Units: Probability of accident outcome

T [ o
« 2 [olelec| 8 a 2 2 - £ @ - =
EE(55|8| s (5o |5 25| < | & (88| 5| 8 |23
32 |5/8(5| |88 |85 |28 | B | B (52| 2| 5 (5%
<0 |a|d|o| I | P3| 8 | 5R| = = |bol| » £ [0S
1|lvijy Yy 1 .00008 .01340 .00249 .00111 .00514 12.05 302.97 2.06
small |2]|y|y]| v 2 | .00008 .01419 .00271 .00122 .00723 60.61 7553.02 2.67
leak 3{yly y 3 .00025 .01970 .00421 .00232 .00772 27.63 2147.48 1.83
with 4|ylyl vy 4 .00007 .00800 .00158 .00079 .00322 22.17 1245.85 2.03
fire S5|yly n 1 .00030 .04852 .00922 00426 .01813 10.34 216.34 1.97
6|lyly n 2 .00033 .05187 .01005 .00468 .02406 52.51 6338.10 2.39
7]yly n 3 .00100 .07067 .01561 .00882 .02662 22.35 1539.59 1.71
8lyl{y| n 4 | .00028 .02867 .00586 .00302 .01131 18.04 831.74 1.93
9iy|n y 1 .00003 .00495 .00091 .00039 .00200 15.87 600.93 2.20
10({y|n Y 2 .00003 .00525 .00099 .00043 .00282 .00 +Infinity 2.86
11| y]n y 3 .00008 .00724 .00153 .00082 .00294 35.68 3519.70 1.92
2(y{n|l y 4 | .00002 .00291 .00058 .00028 .00125 28.05 1915.69 2.17
13{yln n 1 .00010 .01797 .00337 .00149 .00709 13.22 409.31 2.10
14| y|n n 2 .00011 .01966 .00367 .00164 .00957 68.10 943747 260
15|y | n n 3 .00032 .02628 .00569 .00312 .01037 28.72 2433.10 1.82
16|y | n n 4 .00009 .01056 .00214 .00106 .00447 23.48 1350.89 2.09
17| nly y 1 .00000 .00016 .00003 .00002 .00005 5.93 78.87 1.54
18({n]y Yy 2 .00000 .00028 .00006 .00003 .00008 4.20 3458 1.36
19|n]y Y 3 .00000 .00013 .00003 .00002 .00004 295 1767 1.05
20in)|y y 4 .00000 .00002 .00002 .00001 .00003 3.96 3321 1.22
21l n| vy n 1 .00000 .00060 .00012 .00007 .00018 6.56 109.83 1.51
22in\|y n 2 .00001 .00101 .00022 .00013 .00030 4.37 39.71 1.33
23[ nly n 3 .00001 .00048 .00013 .00009 .00013 284 16.65 1.01
24| n n 4 .00001 .00034 .00008 .00005 .00009 347 24.12 1.15
25 n|n y 1 .00000 .00006 .00001 .00001 .00002 13.60 ©698.88 1.68
26 n| n y 2 .00000 .00011 .00002 .00001 .00003 4.93 53.52 143
27| n| n y 3 .00000 .0000S .00001 .00001 .0000f 3.58 33.87 1.12
28| nin| y 4 .00000 .00004 .00001 .00000 .00001 421 36.24 1.28
29\ n| n n 1 .00000 .00023 .00005 .00002 .00007 8.07 196.19 1.60
30| nin n 2 .00000 .00038 .00008 .00004 .00011 543 73.04 1.4
3| n|n n 3 .00000 .00018 .00005 .00003 .00005 321 2251 1.07
32| nin n 4 .00000 .00013 .00003 .00002 .00004 399 33.15 1.23

* Type of DG Load
1 = toxic PLG
2 = flammable PLG
3 = flammable liquid
4 = toxic liquid
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Statistics for Output Variable Distributions

for Accident Scenarios (continued)
Units: Probability of accident outcome

FAHHHEIEN R AR c [BE| 2| ¢ 3¢
=8 [2|E|2]| & ® o = 3 <3 c = - 2 S &
83 |213|5| 5§ |28 |38 (28| & | 2 |823| & | 5 |35
<O |mw]OjO g | [ S | [ ER-% -8 = = wa (7] X o>
Ty |y]| ¥ 1 | 00802 90047 .18290 09402 .31877 965 207.76 1.74
large [2|yly| ¥ 2 | 00878 95722 .19902 .10317 .37957 29.99 2602.73 1.91
spill |3|y|yl| v 3 | 02794 99999 .30889 .19524 .42808 13.31 605.18 1.39
no |4|y|y| v 4 | 00769 51546 .11614 .06668 .18678 12.17 _371.15 1.61
fire [5|y|y[ n 1 | 00332 39694 07931 .03991 .13947 9.36 191.70 1.76
6|ly|ly| n 2 | .00364 .42295 .08648 .04397 .16939 29.71 2419.31 1.96
7ly|y| n 3 | .01145 55025 .13419 .08312 .19031 12.84 548.58 1.42
8{yly|l n 4 | 00315 23034 .05045 .02830 .08172 11.27 322.97 1.62
sly[n| ¥ 1 | 00917 99999 20702 .10675 .35936 9.38 190.91 1.74
10|y|n| y 2 | 00991 .99999 .22531 .11723 .43267 30.97 2740.09 1.92
1|y|n| ¥ 3 | .03165 .99999 .34978 .22179 .48551 13.71 64578 1.39
12y |n| vy 4 | 00877 58527 .13150 .07580 .21107 1220 379.64 1.61
13ly|n[ n 1 | 00376 44682 08978 .04542 15742 9.16 179.89 1.75
14| y{n| n 2 | .00416 47765 .09792 .04989 .19319 30.27 2497.34 1.97
15{y|n| n 3 | 01301 63433 .15196 .09427 .21594 1322 585.37 1.42
16/y|n] n 4 | 00359 .26077 .05713 .03211 .09247 11.35 333.64 1.62
17[ny] v 1| .00011 01090 .00248 (00147 .00320 495 67.19 1.29
18|nly| vy 2 | 00025 .01792 .00442 .00284 .00502 3.35 2358 1.14
19(nly| vy 3 | .00029 .00817 .00256 .00199 .00211 204 971 .82
20{n{y| v 4 | 00014 00587 .00164 .00117 .00158 261 _14.32 .96
2t|nly| n 1 | .00005 .00480 .00107 .00063 .00144 577 107.93 1.34
22|n|y| n 2 | .00010 .00800 .00192 .00121 .00225 359 27.09 1.17
23|nly| n 3 | .00012 .00365 .00111 .00085 .00095 221 11.09 .86
24| n|y{ n 4 | 00006 00264 .00071 .00050 .00071 2.7 _ 16.22 1.00
25/nfn| vy 1 | 00012 01234 00280 00167 .00361 4.77 57.84 1.29
26{n|n| y 2 | .00028 .02023 .00500 .00322 .00565 329 22.41 1.13
27|nfn| y 3 | .00033 .00921 .00290 .00226 .00237 2.00 9.36 .82
28{nfn| vy 4 | 00016 .00667 .00185 .00132 .00178 2.61 1441 .96
29| nlnf[ n 1 | 00005 .00541 .00122 .00071 .00162 5.38 83.85 1.33
30|n|{n| n 2 | 00012 .00904 .00217 .00137 .00254 3.54 2625 1.17
3M{nfln| n 3 | .00014 .00411 .00126 .00096 .00107 2.18 10.80 .85
32/nin| n 4 | .00007 00297 .00080 .00056 .00080 2.78 16.09 1.00

® Type of DG Load
1 = toxic PLG
2 = flammable PLG
3 = flammable liquid
4 = toxic liquid
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Statistics for Output Variable Distributions

for Accident Scenarios (continued)
Units: Probability of accident outcome

® | Q . P @
g |2le|s| S |3 = = - |B6| 2 @ |58
28 (El2l2| g9 | el 8|58 | = | & [28| £ & &%
83 |81213| 5|28 |38 |28 | 8|2 [E23| 2| 5 (85
<0 |[w{i0|lO}| 4 - N a o = = wo 7)) x o >
1lylyl v 1 00101 .12207 .02472 .01234 04316 8.13 134.74 1.75
small [2|yly]| vy 2 00111 .13126 .02680 .01358 .04722 10.64 290.27 1.76
spil [3{ylyl vy 3 00347 .17534 .04166 .02577 .05673 7.09 108.11 1.36
no |4|yl|yl| vy 4 00096 .07115 .01566 .00878 .02513 9.65 213.00 1.60
fire |5|y|ly[ n 1 00435 49911 .10180 .05172 .17994 9.71 204.42 1.77
6lylyl| n 2 00470 .53747 .11049 .05682 .20980 26.68 2130.10 1.90
7lylyl n 3 01511 .70941 .17155 .10769 23842 12.28 502.34 1.39
8lylyl n 4 00416 28865 .06450 .03680 .10473 11.95 341.91 1.62
9sly[n| vy 1 00116 .13730 .02798 .01403 .04875 8.05 132.46 1.74
10|y{n] vy 2 00125 .14719 .03034 .01540 .05358 10.56 273.88 1.77
M1M1|ylnl| vy 3 00396 .19755 .04719 02920 06434 7.19 11241 1.36
122ly|{n]| vy 4 00109 .08121 .01773 .00997 .02834 9.39 198.91 1.60
13yln[ n 1 00494 56994 .11523 .05860 .20293 9.49 190.73 1.76
14| y|{n| n 2 00531 .60323 .12508 .06471 23921 27.67 2251.57 1.91
15|y |n| n 3 01701 .80073 .19428 .12206 .27059 12.62 533.71 1.39
16| yin]| n 4 00471 .33012 .07303 .04176 .11824 11.90 344.47 162
17[nly| vy 1 00001 .00150 .00033 .00019 .00045 5.15 70.43 1.34
18| n|y| v 2 00003 .00248 .00060 .00037 .00071 3.68 28.71 1.18
19|nlyl| vy 3 00004 .00114 .00035 .00026 .00030 2.27 12.11 .87
20{n|lyl vy 4 00002 .00083 .00022 .00015 .00022 2.86 16.99 1.01
21{nly[ n 1 00006 .00612 .00138 .00081 .00180 4.77 59.54 1.31
22[nlyl| n 2 00014 .01005 .00245 .00156 .00282 3.35 23.39 1.15
23{nlyl| n 3 00016 .00464 .00142 .00109 .00120 2.14 1064 .84
24 nlyl| n 4 00008 .00334 .00091 .00064 .00089 2.70 1525 .98
25 n{n| vy 1 00002 .00170 .00038 .00022 .00051 4.94 59.31 1.34
26{n|n| vy 2 00004 .00279 .00068 .00042 .00080 3.63 27.63 1.18
27{n|n{| vy 3 00004 .00129 .00039 .00030 .00034 225 12.04 .86
28(n|nl vy 4 00002 .00093 .00025 .00017 .00025 2.86 16.96 1.01
29[ n|n[ n 1 00007 .00697 .00156 .00092 .00202 4.59 50.89 1.30
30|n|n| n 2 00015 .01133 .00278 .00177 .00317 328 22.10 1.14
3M{n|{n| n 3 00018 .00525 .00161 .00124 .00135 2.10 1023 .84
32[n|n| n 4 00009 .00375 .00103 .00073 .00101 2.70 15.33 .98

* Type of DG Load
1 = toxic PLG
2 = flammable PLG
3 = flammabile liquid
4 = toxic liquid
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Statistics for OQutput Variable Distributions

for Accident Scenarios (continued)

Units: Probability of accident outcome

B |8 o © el @
- AHHEERE: .- < |BE| 8| 2 [s§
2 |E|El2| o | S% |8 58| | & |85 5| &8 [g3
s5 131813l 5| &5 |58 |25 8 |2 |53| 8| 5 |85
<O |w|0jO] 4 [ S | -1 oo = = w o 7] X 0>
1|1viy y 1 00055 .07352 .01447 .00694 02754 1259 380.85 1.90
large |2 |y|y]| ¥y 2 00060 .07846 .01576 .00768 .03937 .00 +infinity 2.50
leak {3|{y(y]| V¥ 3 00186 .10599 .02446 .01458 .04062 33.24 3200.89 1.66
no 4lyilyl vy 4 00052 .04276 .00919 .00495 .01693 23.51 1593.82 1.84
fire Siy|y n 1 00033 .04378 .00860 .00420 .01613 11.97 36949 1.87
6iyly!| n 2 00036 .04731 .00937 .00462 .01890 28.85 2468.38 2.02
Tly(y| n 3 00111 .06253 .01456 .00873 .02193 13.02 541.10 1.51
8|y|lyl n 4 00031 .02536 .00548 .00300 .00960 13.20 407.80 1.75
9(y|n{ vy 1 00063 .08308 .01638 .00787 .03106 12.32 363.69 1.90
10|y n y 2 00068 .08868 .01786 .00870 .04517 .00 +Infinity 2.53
MMyjin| vy 3 00212 .11841 .02771 .01656 .04630 34.46 3391.83 1.67
12lyin|_ vy 4 00058 .04866 .01041 .00562 .01920 24.21 1699.72 1.84
13(y|n n 1 00038 .04968 .00974 .00475 .01816 11.32 312.13 1.86
14|y|n| n 2 00041 .05337 .01061 .00524 .02154 29.86 2610.51 2.03
15fy|n| n 3 00126 .07110 .01649 .00989 .02484 13.31 574.85 1.51
16| y|n| n 4 00035 .02888 .00620 .00340 .01085 13.17 40840 1.75
17! nly y 1 00001 .00080 .00020 .00011 .00028 8.68 31527 1.43
18 nly] vy 2 00002 .00151 .00035 .00021 .00043 3.96 3242 124
19 n|y}| vy 3 00002 .00070 .00020 .Q0015 .00019 251 13.77 .92
20in|VY| Yy 4 00001 .00050 .00013 .00008 .00014 3.18 20.87 1.07
21 njyj n 1 00000 .00054 .00012 .00006 .00016 6.36 67.81 140
22|n|y} n 2 00001 00091 .00021 .00013 .00026 4.00 3380 1.24
23/nlyl n 3 00001 .00042 .00012 .00008 .00011 250 13.78 .92
24{ n|y n 4 00001 _ .00030 .00008 .00005 .00008 3.07 19.38 1.06
25{nln] vy 1 00001 .00102 .00022 .00012 .00031 7.58 220.68 142
26| n|n y 2 00002 .00171 .00039 .00024 .00048 390 31.13 124
27|n|n} vy 3 00002 .00079 .00023 .00017 .00021 250 1361 .92
28| nin| y 4 00001 .00057 .00015 .00010 .00016 3.21 2192 1.07
29/ n|n n 1 00001 .00061 .00013 .00007 .00018 526 63.68 1.39
0|n|{n| n 2 00001 .00103 .00024 .00014 00028 3.4 32.10 1.24
Min|n| n 3 00001 .00047 .00014 .00010 .00012 246 13.16 .92
32{njn]| n 4 00001 .00034 .00009 .00006 .00009 3.04 19.03 1.06

* Type of DG Load
1 =toxic PLG
2 = flammable PLG
3 = flammable liquid
4 = toxic liquid
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Statistics for Output Variable Distributions

for Accident Scenarios (continued)
Units: Probability of accident outcome

- O g 8 2 2 - & g [—4
sE [2|E|S| S | 5. = = c |s2| 2| % [°¢8
2215|152 3|23 |=s8|88| 5|5 |ES|z3| & [¢8
8 |8|8|8] S 18| 8 (581 2| 2 |ad8)| & g |ISS
11yly Y 1 00045 .06206 .01196 .00573 .02260 10.90 263.68 1.89
small | 2|y |y Y 2 00049 .06491 .01301 .00634 .02932 4524 4757.85 225
leak 3|lyly y 3 00151 08661 .02020 .01201 .03200 1941 119448 1.58
no 41iyly y 4 00043 .03527 .00760 .00408 .01374 16.92 728.04 1.81
fire 5|lyly n 1 00178 22145 .04434 02206 .08050 9.79 206.76 1.82
6(YiY n 2 00197 .23687 .04826 .02420 .09862 37.09 3715.98 2.04
Tlyly n 3 00618 31571 .07493 .04570 .11143 16.04 854.15 1.49
8lyly n 4 .00169 .12873 .02816 .01567 .04847 1466 538.78 1.72
8|ly|n Yy 1 .00051 06966 .01355 .00651 .02553 10.71 248.13 1.88
10|y | n y 2 .00056 .07385 .01474 .00717 .03350 46.20 4931.86 2.27
MMyl n Yy 3 .00173 09873 .02289 .01357 .03648 20.33 1283.95 1.59
12l y| n y 4 .00048 .04028 .00860 .00464 .01559 1742 77549 1.81
13|y n n 1 00202 .25006 .05018 .02498 .09074 9.55 192.18 1.81
14jy|n n 2 00222 26806 .05463 .02748 .11222 38.36 3943.36 2.05
15l y|n n 3 00700 .35834 .08484 .05187 .12651 16.68 91945 1.49
16j vyl n n 4 00194 14608 .03188 .01776 .05483 14.77 55245 172
17| n]y y 1 .00001 00075 .00016 .00009 .00023 7.20 19491 142
18| n| y y 2 .00001 00125 .00029 .00017 00036 398 3334 1.25
19| nly Y 3 00002 00058 .00017 .00012 .00015 2.55 1445 .93
20|n}y Yy 4 .00001 00042 .00011 .00007 .00012 324 2121 1.09
21 nly n 1 .00002 .00272 .00060 .00034 00082 595 101.33 1.37
22| nly n 2 .00006 .00450 .00107 .00066 .00129 4.00 3640 1.21
23| n|y n 3 .00006 .00209 .00062 .00047 .00055 2.33 12.13 .88
24in|y n 4 .00003 .00149 .00040 .00027 .00041 290 17.05 1.02
25| n|n y 1 .00001 .00084 .00018 .00010 .00026 6.48 141.25 1.41
26l nin y 2 .00002 .00142 .00033 .00020 .00040 3.89 3127 1.24
27 n| n Yy 3 00002 .00066 .00018 .00014 .00017 2.52 1399 .92
28| n|n y 4 .00001 00047 .00012 .00008 .00013 3.21 20.67 1.08
29I ni n n 1 .00003 .00308 .00068 .00039 .00093 5.85 9622 1.36
0in]n n 2 00006 .00508 .00121 .00075 .00146 3.87 3237 1.20
3Minin n 3 .00007 .00235 .00070 .00053 .00062 2.30 11.79 .88
32| nin n 4 .00004 .00168 .00045 .00031 .00046 2.87 16.78 1.02

* Type of DG Load
1 =toxic PLG
2 =flammable PLG
3 = flammable liquid
4 = toxic liquid
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Statistics for Output Variable Distributions

for Accident Scenarios (continued)
Units: Probability of accident outcome

- @ g 8 2 2 - £ 8 [ =4
A AHEHERER = | _% c |52 e8| 2 [B¢8
S8 |8lEela| @ oo | =8 | £¢8 c S |28 2 8 £&
g3 |8l2l5| § |28 |38 |25 | & | 2 |228| 2| 5 |85
<O |w]jO]|O| 4 - 4 N o o Q = = » 0O 7] X Q>
1lyly y 1 00000 .16228 .05342 .04761 .05625 496 122.89 1.05

fire 2|yly y 2 .00000 .16064 .05157 .04656 .06182 17.91 1363.51 1.20
no 3|lyly Y 3 .00000 .14250 .03885 .03652 .06370 11.12 498.52 1.64
release{ 4 | yiy| vy 4 00434 .16898 .06126 .05330 .04670 .82 39.09 .76
S5lyly n 1 .00000 .16228 .05342 .04761 .05625 4.96 122.88 1.05
6|lyity n 2 00000 .16064 .05157 .04656 .06182 17.91 1363.51 1.20
71yly n 3 00000 .14250 .03885 .03652 .06370 11.12 49852 164
8|lyly n 4 .00434 .16898 .06126 .05330 .04670 .82 38.09 .76
9ly|n y 1 00000 .03492 .01267 .01186 .01187 447 106.79 .94

10j y|n Yy 2 .00000 .03471 .01223 .01157 .01280 6.76 19291 1.05
1Mly|n y 3 .00000 .03093 .00922 .00927 .01389 6.88 149.22 1.51

12l y| n Yy 4 .00168 .03641 .01450 .01312 .00979 .66 2444 68

13| yin n 1 .00000 .03492 .01267 .01186 .01187 4.47 106.79 .94

14|y | n n 2 .00000 .03471 .01223 .01157 .01280 6.76 19291 1.05

15 y|n n 3 .00000 .03093 .00922 .00927 .01389 6.88 149.22 1.51

16l yin n 4 .00168 .03641 .01450 .01312 .00979 .66 2444 68

17| n|y y 1 .01093 .19116 .07438 .06495 .04767 1.14 4.69 .64

18| n|y Yy 2 .01085 .19071 .07416 .06479 .04753 1.14 4.69 64

19| n|y y 3 01092 .19108 .07437 .06497 .04766 1.14 469 64
20in]|y Yy 4 01093 .19141 .07448 .06507 .04773 1.14 4.69 .64

21| n |y n 1 01093 .19116 .07438 .06495 .04767 1.14 4.69 64

22| n|y n 2 .01085 .19071 .07416 .06479 .04753 1.14 469 64

23| nly n 3 01092 .19108 .07437 .06497 .04766 1.14 4.69 .64

24|l n|y n 4 01093 .19141 .07448 .06507 .04773 1.14 4.69 .64

25| n| n y 1 00384 .04123 .01760 .01585 .00974 1.07 4.65 .55
26fn|n Yy 2 .00393 .04110 .01755 .01580 .00972 1.07 465 .55

27 n|in y 3 .00384 .04120 .01760 .01585 .00974 1.07 4.64 .55

28| n| n y 4 .00394 .04126 .01763 .01587 .00976 1.07 464 .55

29| n| n n 1 .003%4 .04123 .01760 .01585 .00974 1.07 4.65 .55
30|njn n 2 .00393 .04110 .01755 .01580 .00972 1.07 4.65 .55
3M{n|n n 3 .003%4 .04120 .01760 .01585 .00974 1.07 4.64 .55

32/ n| n n 4 .00394 04126 .01763 .01587 .00976 1.07 4.64 .55

* Type of DG Load
1 =toxic PLG
2 =flammable PLG
3 = flammable liquid
4 = toxic liquid
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Statistics for Output Variable Distributions
for Accident Scenarios (continued)

Units: Probability of accident outcome

T |8 o o
HEHHHER RS .- : |38| 2| ¢ |28
=3 |E|El2| & | oo | =8 | £8 c S |28 = S [£F
Ss |8i8IS| € 1es |5 |28 S| % |83 2 E |85
<0 |w|0jo] 3 | &8 na | &8& = = |aa| » o>

Tivlyl vy 1 00000 94690 .66386 .78214 45367 -9.20 186.32 .68

no |2)yly]| vy 2 00000 .94473 .64085 .76968 .55191 -32.82 3019.89 .86
fire |3|ylyl| vy 3 00000 .90516 .48362 .64164 .61583 -14.33 714.92 1.27
no |4|yl|ly]| y 4 18961 .95083 .75922 .82123 .27056 -12.17 393.29 .36
telease{ 5|yl y n 1 00000 .94690 .66386 .78214 .45367 -9.20 186.32 €8
6lyly| n 2 00000 .94473 .64085 .76968 .55191 -32.82 3019.89 .86

7 yly!| n 3 00000 .90516 .48362 .64164 61583 -14.33 714.92 1.27
8lylyl n 4 18961 .95083 .75922 .82123 .27056 -12.17 393.29 .36
9lyf{n{| vy 1 00000 .97293 .70460 .83908 .48204 -9.48 197.58 .68
10]ly|n| vy 2 00000 .97106 .68018 .82454 .58760 -34.06 3205.01 .86

11| y{nj| vy 3 00000 .94024 .51325 68463 .65446 -14.78 76067 1.28

12l y|n 4 20037 .97347 .80598 .88041 .28439 -12.79 427.42 .35
13/yin] n 1 00000 .97293 .70460 .83908 .48204 -9.48 197.58 .68
14|y|n| n 2 00000 .97106 .68018 .82454 .58760 -34.06 3205.01 .86
15|y|(n]| n 3 00000 .94024 .51325 .68463 .65446 -14.78 760.67 1.28
16|y|n] n 4 20037 .97347 .80598 .88041 .28439 -12.79 42742 .35
17inly| vy 1 80475 98609 .92180 .93118 .04790 -1.13 465 .05
18inly| vy 2 .80196 98428 .91902 92819 .04808 -1.10 4.58 .05

19| n|y| vy 3 .80483 98558 .92168 .93102 .04778 -1.13 467 .05
20finly 4 .80585 .98680 .92300 .93237 .04779 -1.14 467 .05
21lnly!l n 1 .80475 98609 .92180 .93118 .04790 -1.13 465 .05
22{n{y| n 2 .80196 .98428 .91902 .92819 .04808 -1.10 4.58 .05
23{nly| n 3 .80483 98558 .92168 .93102 .04778 -1.13 467 .05
24|nlyl n 4 80585 .98680 .92300 .93237 .04779 -1.14 467 .05

25| n|n| y 1 95274 99412 .97857 .98044 .01088 -120 6.59 .01
26|n|n| y 2 94639 .99300 .97563 97782 .01232 -1.27 6.36 .01
27[n|n| y 3 95412 99347 .97845 98015 .01024 -98 440 .01
28(n{n| y 4 95565 .99432 .97985 .98155 .01004 -1.01 449 .01
22{n{n| n 1 95274 99412 .97857 98044 01088 -120 659 .01
30(n{n| n 2 94639 99300 .97563 .97782 .01232 -127 6.36 .01
3M{n{n| n 3 95412 99347 .97845 98015 .01024 -98 440 .01
32jnjn]| n 4 95565 .99432 .97985 .98155 .01004 -1.01 449 .01

*  Type of DG Load
= toxic PLG
2 = flammable PLG
3 = flammable liquid
4 = toxic liquid
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Statistics for Output Variable Distributions
for Non-Accident Scenarios

Units: Incidents per Bvkm
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33| rural | y 1 03732 46008 .17126 .14372 .11232 1.82 8.85 .66
large | 34| rural | y 2 01548 15256 .06236 .05494 03591 142 6.39 .58
spill |35 rural { y 3 .01868 16827 .07082 .06308 .03876 1.29 562 .55
with [36| rural | y 4 .05426 52422 21564 .19028 .12304 1.39 6.16 .57
fire | 37| rural | n 1 00798 11517 .04088 .03360 .02898 2.16 12.55 .71
38| rural | n 2 00331 03880 .01480 .01277 .00941 169 8.09 63
39| rural | n 3 00394 .04273 .01692 01470 .01021 156 7.15 .60
40| rural | n 4 01150 .13403 05153 .04432 .03231 168 7.82 .63
41jurban| y k] 00259 06070 .01897 .01460 .01570 229 1224 83
42jurban| y 2 00104 .02042 .00691 .00555 .00522 1.92 9.30 .76
43| urban| y 3 00122 .02275 .00785 .00639 .00574 181 862 73
44 urban| y 4 00361 07026 .02387 .01826 .01795 184 9.36 75
45| urban] n 1 00027 00638 .00197 .00150 .00167 252 1562 .85
46| urban] n 2 00011 00218 .00072 .00057 .00055 2.02 9.64 77
47 |urban} n 3 00013 00242 00082 .00066 .00061 1.89 8.65 75
48| urban| n 4 00038 00750 .00248 .00198 .00191 2.02 9.80 7
33| rural | vy 1 03396 .43924 .16042 .13471 .10625 181 8.60 .66
small| 34| rural | vy 2 01410 .14456 05842 .05124 .03410 144 6.29 .58
spill 35| rural | v 3 01686 15764 06633 .05899 .03677 1.31 575 .55
with {36 rural | ¥ 4 04911 489665 .20204 .17736 .11700 142 6.30 .58
fire | 37| rural | n 1 06900 74840 29079 25023 .17829 1.62 7.39 .61
38| rural | n 2 .02880 24523 .10588 .09518 .05619 1.24 547 .53
39| rural | n 3 03458 26553 .12023 .10979 .06015 1.10 4.95 .50
40| rural | n 4 10107 .84082 .36616 .33003 .19239 1.22 5.39 .53
41furban{ y 1 01797 24376 .08965 .07549 .05992 1.79 9.17 .67
42| urban| y 2 00737 08094 .03269 .02858 .01938 1.38 6.15 .59
43|urban| y 3 00881 08848 .03713 .03305 .02094 1.22 5.30 .56
44|urban| y 4 02609 27868 .11308 .09926 .06678 1.39 6.13 .59
45| urban| n 1 02154 .28657 .10665 .09024 .07028 1.74 8.57 .66
46| urban| n 2 00894 .09470 .03888 .03424 .02266 1.34 594 .58
47| urban| n 3 01059 10379 .04417 .03959 .02445 1.17 5.11 .55
48| urban| n 4 .03137 .32752 .13448 .11868 .07794 1.34 590 .58

Type of DG Load

1 =toxic PLG

2 = flammable PLG
3 = flammable liquid
4 = toxic liquid
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Statistics for Output Variable Distributions
for Non-Accident Scenarios (continued)

Units: [ncidents per Bvkm
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33| rural { vy 1 01303 21994 07412 .05846 .05536 2.08 1037 .75

large | 34} rural { y 2 .00529 07360 .02698 .02264 .01811 1.73 7.86 67
leak | 35| rural | y 3 .00635 08105 .03062 .02613 .01970 163 746 .64
with | 36| rural | y 4 01863 .25384 .09328 .07858 .06209 1.71 7.77 .67
fire |37 rural | n 1 00171 02666 .00912 .00737 .00671 2.16 1156 .74
38| rural | n 2 00070 00895 .00332 .00281 .00219 1.80 8.62 .66

39| rural | n 3 00084 00975 .00377 .00323 .00237 163 7.54 .63

40)| rural | n 4 00245 03061 .01147 .00970 .00748 1.75 8.35 .65
41lurban| y 1 00181 03056 .01041 00842 .00777 2.19 12.07 .75
42)urban| y 2 00074 01034 00379 .00320 .00253 1.74 8.22 67

43| urban| y 3 00087 01131 .00431 .00368 .00276 1.57 6.98 .64

44| urban| y 4 00259 03565 .01312 .01106 .00873 1.72 8.05 67

45| urban| n 1 00020 00562 .00167 .00125 .00148 2.61 1568 .88

46| urban| n 2 00008 00190 00061 .00048 .00049 2.18 1146 .81

47 |urban| n 3 00010 00212 .00069 .00055 .00054 2.04 10.07 .79

48| urban| n 4 00029 00662 .00211 .00165 .00171 2.19 1138 .81

33| rural | y 1 05503 62303 .23787 .20313 .14981 1.73 843 83

small| 34| rural | y 2 02301 20378 .08654 07729 .04727 1.32 5.90 .55
leak | 35| rural | y 3 02742 22140 .09825 .08927 .05056 1.16 5.22 51
with | 36| rural | vy 4 08013 70025 29935 .26836 .16213 1.30 5.75 .54
fire (37| rural [ n 1 07246 77893 .30288 .26007 .18659 166 7.77 62
38| rural | n 2 02987 .25547 11020 .09914 .05860 1.25 5.51 .53

39| rural | n 3 .03609 27637 .12511 .11446 .06250 1.09 4.92 .50

40| rural | n 4 .10470 87210 .38116 .34385 .20065 1.22 5.38 .53
41}urban| y 1 01811 .24969 .09190 .07738 .06127 1.78 864 67

42| urban| y 2 00754 .082% 03347 .02954 .01964 1.33 577 .58

43| urbani y 3 00895 09003 .03802 .033%6 .02124 1.17 5.07 .56

44| urban} y 4 02646 28303 .11577 .10190 .06755 1.33 588 .58

45| urbanj n 1 01986 .27362 .10063 .08490 .06703 1.78 8.63 .67

46| urban| n 2 00829 .08016 .03665 .03235 .02148 1.33 576 .59

47 |urban] n 3 00986 09835 04163 .03725 .02321 1.17 5.03 .56

48| urban| n 4 02898 .30970 .12678 .11156 .07388 1.33 586 .58

*  Type of DG Load
1 =toxic PLG

2 = flammable PLG
3 = flammabie liquid
4 = toxic liquid
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Statistics for Output Variable Distributions
for Non-Accident Scenarios (continued)
Units: Incidents per Bvkm
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33| rural | y | 1 |1.08285 570517 2.77221 2.55496 119441 126 593 .43
large|34| rural | y | 2 | 48750 174765 1.00993 97137 .32590 74 392 .32
spill [35| rurat | y | 3 | 59790 1.83257 1.14663 1.12251 31615 45 322 28
no |36| rural | y| 4 |1.70772 596406 3.49220 3.36542 1.09951 .70 3.85 .31
fire |37| cural | n [ 1 | 22597 146270 66131 59850 .32506 148 7.16 .49
38| rural | n| 2 | .00815 46709 24113 22649 .09551 .97 460 .40
39| rural | n| 3 |.11891 49837 27375 26106 .09777 78 391 .36
40| rural | n| 4 | .34133 160280 .83382 .78575 .32490 94 445 .39
41|urban|y | 1 | 23776 243074 97735 .85254 57596 157 7.23 .59
42|urban| y | 2 |.09940 78471 35603 .32469 .17865 1.07 4.80 .50
43{urban| y| 3 |.11878 84961 40416 .37545 18984 .90 4.14 .47
44|urban| y | 4 | .34777 268833 1.22983 1.12617 .60867 1.05 4.69 .49
as|urban|{ n| 1 | 02545 25599 .10120 .08759 .06047 1.66 7.86 .60
46|urban| n| 2 |.01072 08297 .03683 .03328 .01882 1.21 538 .51
47|urban| n| 3 |.01281 .08997 .04185 .03840 .02009 1.06 4.74 .48
48|urban| n| 4 | .03720 28691 .12747 11581 .06468 120 531 .51
33| rural | y | 1 | .99731 5.36759 2.59419 2.30062 1.13799 127 597 .44
small|34| rural | y | 2 | .44337 166467 94514 90509 .31435 76 399 .33
spill {35] rural | y | 3 | .54379 173505 1.07308 1.04843 .30724 46 324 .29
no |36| rural | y| 4 |1.54631 568290 3.26867 3.14883 1.06198 .71 3.83 .32
fire |37| rural | n | 1 |2.14621 899818 4.70510 4.41155 1.76538 1.15 5.36 .38
38| rural | n| 2 |1.00173 2.65860 1.71394 1.67087 .42696 .61 363 .25
39| rural | n| 3 |1.27893 268989 1.94506 1.93238 .36392 .22 3.00 .19
40| rural | n| 4 350002 9.05111 5.92704 579969 1.41906 .56 3.58 .24
41|urban| y | 1 |205487 888326 4.61211 4.31496 1.76758 1.17 547 .38
42|urban| y | 2 |.95357 265376 1.68022 1.63498 43830 63 366 .26
43|urban| y | 3 |1.20840 270663 1.90771 1.88867 .38547 27 302 .20
44|urban| y | 4 [3.34272 9.05284 5.81176 567094 1.46763 .59 362 .25
45|urban| n | 1 |252189 10.39198 5.48827 5.15658 2.03880 1.15 537 .37
46lurban| n| 2 [1.18281 3.08342 1.99941 195322 48805 .59 3.58 .24
47|urban{ n| 3 |1.51121 3.09940 227003 225714 .40950 .18 298 .18
48|urban| n| 4 |4.15105 10.44720 6.91412 6.77242 161877 .54 356 .23

Type of DG Load
1 =toxic PLG
2 = flammable PLG

3 = flammable liquid

4 = toxic liquid
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Statistics for Output Variable Distributions
for Non-Accident Scenarios (continued)
Units: Incidents per Bvkm
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33| rural | y | 1 | .34483 281728 1.19939 1.07053 64609 146 7.01 54
large 34| rural | y| 2 | .14631 90442 43692 40574 .19668 1.01 475 45
leak {35| rural | y | 3 | .17654 96844 49581 46856 .20502 .80 3.92 41
no |36f rural | y| 4 | 51089 311145 1.51080 1.40820 .67104 .97 451 .44
fire (37| rural | n| 1 | .04621 34044 .14752 13154 07715 149 7.03 52
38| rural | n| 2 |.01982 10994 .05375 .04993 02332 1.11 516 .43
39| rural | n| 3 |.02427 11804 .06101 05760 .02421 .93 443 40
40| rural | n| 4 | 06968 37708 .18583 .17307 .07932 1.07 4.97 .43
41|urban[y| 1 | .18792 1.16836 .53542 48599 .25509 1.36 6.26 .48
42|urban|y| 2 |.08318 37065 .19497 .18450 07371 .93 437 .38
43furban|y| 3 |.10205 .39248 22134 21249 07463 .73 3.78 .34
44|urban|y| 4 | 29130 127143 67471 63717 .25232 91 428 .37
45|urban|{ n| 1 | .01836 22817 .08619 07358 .05563 1.7/ 853 65
46lurban| n| 2 | .00766 07500 .03135 02785 .01761 1.34 6.03 .56
47{urban|{ n| 3 |[.00912 08232 .03562 03213 .01901 1.19 532 53
48lurban| n| 4 | 02673 25922 10852 09682 .06070 1.33 6.00 .56
33| rural | y| 1 |1.65280 7.52050 3.85101 3.59139 152663 1.14 525 .40
small[34| rural | y| 2 | .75676 2.28629 1.40205 1.36262 .38963 .65 3.73 .28
leak [35] rural | y | 3 | .95403 234387 1.59195 157166 .35593 .33 3.09 .22
no |36| rural [ y| 4 [266740 7.80713 4.84991 471494 1.31202 61 354 27
fire |37| rural {n| 1 |2.20065 9.35973 4.90287 4.60573 1.85230 1.10 5.13 .38
38| rural [ n| 2 [1.02288 2.79404 1.78522 1.74248 45234 61 368 .25
39| rural | n| 3 |[1.30094 282743 2.02676 2.01330 .38934 .20 298 .19
40| rural { n| 4 |361489 951342 6.17488 6.04209 1.51170 .55 3.50 .24
41|urban{y| 1 |[211881 9.00443 4.72466 4.43675 1.78685 1.10 517 .38
42|urban|y| 2 | .98759 269843 1.72026 1.67851 .43647 62 375 .25
43|urban|y| 3 |125696 272641 1.95297 1.93888 .37551 .21 299 .19
44lurban| y| 4 [3.47862 9.13432 5.94974 581689 1.45595 .55 3.50 .24
45|urban| n| 1 |2.32603 9.84760 5.17390 4.86029 1.94958 1.10 5.16 .38
46|urban| n| 2 |1.08666 2.95006 1.88389 1.83890 .47453 61 368 .25
47|urban|{ n| 3 [1.38088 297300 2.13869 2.12771 40617 .19 297 .19
48lurban| n| 4 [3.83650 9.99827 6.51593 6.38115 1.58405 .55 3.47 .24

* Type of DG Load

1 =toxic PLG

2 = flammable PLG

3 = flammable liquid

4 = toxic liquid
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GLOSSARY

Bvkm
DG
DGAIS
MARS
MOE
MTMD
MTO
Mvkm
NAERG
ORIS
PIN
PLG
QRA
WSDOT

Accident Data System

billion vehicle kilometres

dangerous goods

Dangerous Goods Accident Information System
Master Accident Record System

Ministry of Environment of Ontario

Mission Transport des Matiéres Dangereuses
Ministry of Transportation of Ontario

million vehicle kilometres

North American Emergency Response Guidebook
Occurrence Report Information System
Product Identification Number
pressure-liquefied gas

quantitative risk assessment

Washington State Department of Transportation
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