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PREFACE 

This study was initiated in FY79 in the Transportation Safety Studies 
Project performed at Pacific Northwest Laboratory for DOE's Division of Environ­
mental Control Technology. In FY80, responsibility for this work was transferred 
to the Division of Transportation and Fuel Storage and overview of the work was 
assigned to the Transportation Technology Center (TTC) at Sandia Laboratories, 
DOE's lead laboratory for Nuclear Materials Transportation Technology. This 
work was substantially complete when assigned to TTC overview and TTC funds were 
used only for incorporation of review comments and for publication. Funds for 
completion and publication of this study have been provided to PNL through TTC. 
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1.0 SUMMARY 

This report is the seventh in a series of assessments of the risk of trans­
porting potentially hazardous energy materials. (a) The report presents the 

risk of shipping propane by truck and train. The risk assessment methodology 
used in this study was developed in the first report of this series. (1) This 
methodology is summarized in Section 3. The risk assessment model has been 
constructed as a series of separate analysis steps to allow the risk to be 
readily reevaluated as additional data becomes available or as postulated 
system characteristics change. 

The report is sectioned to correspond to specific analysis steps identified 
in the model. The transportation system and accident environment are described 
in Sections 4 and 5. The responses of the shipping system to forces in trans­
portation accidents are presented in Section 6. Release sequences are postu­
lated in Section 7 and evaluated in Sections 8 through 10 to determine both 
the likelihood and possible consequences of a release. Supportive data and 

analyses are given in the appendices. 

The risk assessment results are related to the year 1985 to allow a com­
parison with other reports in this series. Certain assumptions about the 
propane shipping industry were made for the purposes of this assessment. These 
assumptions included the following: 

• Shipping systems and basic distribution patterns are the same as in the 
mid-1970s. 

• All tank truck shipments are made in tank trucks or trailers designed to 
meet Department of Transportation specification MC-331 or MC-330. 

• All rail tank car shipments are made in an insulated rail tank car 
designed to meet the new Department of Transportation specification 
112J340W. 

• The total amount of propane shipped corresponds to the projected U.S. 
requirements for 1985 . 

(a)The others are listed as References 1,2,3,4,5 and 6. 
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• About two-thirds of the total propane movements are by tank truck, while 
roughly three percent of total movements are by rail tank car. The 
remainder of the shipments are made primarily by pipelines. 

The shipping system description developed from these assumptions is 
summarized in Table 1.1. 

Based on the information presented in Table 1.1, accidents involving 
tank truck shipments of propane will be expected to occur at a rate of 320 
every year; accidents involving bobtails would be expected at a rate of 250 
every year. Train accidents involving propane shipments (in the assumed rail 
tank car) would be expected to occur at a rate of about 60 every year. 

A release of any amount of material from propane trucks, under both 
normal transportation and transport accident conditions, is to be expected 
at a rate of about 110 per year. Releases from propane rail tank cars would 
occur about 40 times a year. However, only those releases that occur during 
a transportation accident or involve a major tank defect will include suffi­
cient propane to present the potential for danger to the public. These sig­
nificant releases can be expected at the lower rate of about fourteen events 
per year for truck transport and about one event every two years for rail 
tank car transport. The estimated number of public fatalities resulting from 
these significant releases in 1985 is fifteen. About eleven fatalities per 
year result from tank truck operation, and approximately half a death per 
year stems from the movement of propane in rail tank cars. 

TABLE 1. 1. Simp 1 ifi ed Propane Shipping System Model 

Material Number of Average 
Propane Transport Amount/ Shipped/year Shipments/ Shipment Accident/ Tank Type Mode Container (m3) (million m3) year Distance (km) km 

MC-331 Truck 43.0 42 980,000 210 1.55 x 10-6 
Tank Truck 

MC-331 Truck 10.6 21 1,980,000 80 1.55 x 10-6 
Bobtail 

DOT-112J340W Rail 127.2 3 25,000 400 6.21 x 10-6 
Rail Tank Car 

1-2 

• 

• 
" 

• 



• 

• 

• 

Additional fatalities involve the population in the immediate area of a 
propane accident. These fatalities include truck drivers, emergency response 
teams and occupants of other vehicles involved in the accident (for highway 

accidents). An additional six deaths per year from propane truck accidents 
may be expected to account for drivers and other people in the immediate 
vicinity of the accident. For rail tank car accidents, an expected one to 
two deaths per year account for firefighters and other personnel in the 
immediate area. Causes of death varied with population distributions, largely 
because of shielding effects. In urban areas, direct flame contact and 
explosion effects caused the majority of deaths. In suburban and rural areas, 
explosion effects and radiant heat caused most of the fatalities. 

The public risk spectrum for the shipment of propane by truck and train is 
presented in Figure 1.1. The risk spectrum is a plot of the expected frequency 
(in events per year) of events versus the number of fatalities that are pre­
dicted from those events. For example, the curve shows that for the 1985 
shipping levels used in the analysis, about two accidents resulting in one or 

more fatalities to the general public are predicted to occur each year from 
the release of propane during transport. Accidents that produce ten or more 

public fatalities are estimated to occur at a rate of 0.17 per year, or one 
every six years. The propane shipping risks are compared to other risks in 
society in Table 1.2. 

Sensitivity studies were performed to determine the most important con­

tributors to the risk. It was found that tank wall failures from impact or 
puncture contributed most of the risk. The failure of the tank in an impact 
or puncture accident situation was conservatively assumed to result in a 
release of the entire tank contents to the atmosphere, forming a large vapor 
cloud. The flammable area of the cloud was large enough to affect many of 
the general public, and this resulted in the most severe consequences once 
the cloud was ignited. It was found that in an accident where the propane is 
immediately ignited, or a fire is involved in the accident, consequences were 

more localized, and less likely to result in fatalities to the general public. 
However, these explosions and immediate fire sequences did result in fatalities 
to the population immediately surrounding the propane tank. 
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FIGURE 1.1. Risk Spectra for Propane Shipments in 1985 

TABLE 1.2. Average Total and Individual Risk from Various 
Accidents and Natural Disasters 

Event 

All Accidents 
t~otor Veh i c 1 e 

Accidents 
Air Crashes 
Dam Failures 
Gasoline 
Propane Shipments 

Air Crashes 
(persons on ground) 

Meteorites 

Total Risk 
(fatalities/year) 

103,030(b) 
46,700(b) 

l,552(b) 
35(c) 
28(d) 

15 
6(e) 

3(g) 
1.0 x 10-

(a)Based on total U.S. population (220,000,000). 
(b)Based on 1975 statistics. 7 
(c)Average for dam failures 1889-1972. ( ) 
(d) From Reference 4. 7) 
(e)Average for years 1960-1973. ( 
(f)Based on population at risk. 
(g)From Reference 7. 
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Judgments about the acceptability of the risks from shipping propane by 
tank truck and rail tank car are beyond the scope of this analysis, but the 
information presented here can provide input to such decisions. The analysis 
has shown that the risk from propane shipments is less than many other 
commonly accepted risks in society. Further perspective on the total risk 
to the public from transporting propane may be gained by examining some of 
the benefits provided by this material. Propane and other liquefied petroleum 
gases are a significant source of clean-burning fuel in the United States, 
supplying about 3 percent of total U.S. energy demand in 1976. About one and a 
half million farms depend on propane as their sole fuel for a variety of uses. 

It should be noted that any analysis of this type is generally conserva­
tive; the calculated risk is usually somewhat higher than the actual risk 
might be if it could be measured. This is because many assumptions and 
simplifications must be made to make the analysis tractable. Every attempt 
has been made to make these assumptions as realistic as possible, but when 
lacking information, a generally conservative assumption was made. Sensitivity 
studies were used to test the effect of key assumptions on the analysis results. 
It is believed that the results presented are the most realistic possible 
using existing information • 
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2.0 INTRODUCTION 

Liquefied petroleum gases have been routinely transported within the 
United States for over 50 years. The primary use of propane and other LP-gases 
is as a fuel in rural areas not served by main natural gas lines. LP-gas 
products are also used as feedstock for petrochemical plants . 

Most of the long distance transportation of propane is by pipeline. How-
, ever, local distribution and final delivery of propane usually requires ship­

ment by tank truck or rail tank car. Recent truck and train accidents 
involving propane shipments have focused public attention on the safety of 
shipping propane by truck and train. 

This report presents an assessment of the safety of propane truck and 
train shipping systems. This study is part of a program on transportation 
safety conducted by Pacific Northwest Laboratory (PNL) for the Department of 
Energy's Division of Environmental Control Technology. The objective of the 
program was to develop a methodology for quantitatively assessing the safety 
of transporting energy materials and to apply this methodology to current 
and future shipping systems. Risk analysis is the technique selected for 
this assessment. Through analysis of risk, consequences of postulated releases 
of energy materials during transport can be put into perspective by viewing 
the events relative to their expected frequency of occurrence. 

Risk assessments can be based on statistical analyses of accident case 
histories. However, accident data for propane carriers have not been collected 
in a way that permits accurate risk assessments. Furthermore, the use of 
historical data tends to identify only the most probable kinds of accidental 
releases, while accidents with lower probabilities but potentially larger 
consequences may not be identified. This risk analysis thus uses a predictive 
risk assessment technique developed by PNL instead of the historical analysis 
method. The predictive risk assessment methodology is more fully defined in 

Section 3 of this report. 

Risk, as used in the context of this report, is the product of the 

probability of a release of propane to the environment and the consequences 
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resulting from the release. There are two measures of risk that are important 
in a risk assessment. The first is the total risk, a numerical value that is 

the sum of the risk associated with each loss for a particular time period 
(e.g., one year). 

Although the total risk is an important measure, it gives only the loss 
that would be expected on the average during the reference time interval. The 
range of losses that could be experienced is not discernable. For example, 
the risk associated with an accident that occurs once a year and results in 
one fatality is the same (i.e., one fatality/year) as that from an accident 
that occurs once in ten years but results in ten fatalities. In a plot of 
the expected frequency of N or more fatalities as a function of N, these two 
accidents would appear as discrete points. The second measure of risk is a 
curve called a risk spectrum, which is generated by connecting discrete acci­
dent points. The risks associated with two activities are similar only if 
they have the same total risk (risk magnitude) and the same risk spectrum. 
Both risk measures are used in this report. 

This risk methodology was initially applied to the shipment of plutonium 
by truck(l) and has subsequently been applied to the shipment of plutonium by 
rail(2) and air,(3) the shipment of uranium hexafluoride by truck and train,(4) 
the shipment of gasoline by truck(5) and the shipment of spent fuel by truck. (6) 

This report presents the results of an assessment of the risk of transporting 
propane by tank truck and rail tank car. The general risk methodology used 
in this assessment, as well as in the previous risk studies, is reviewed in 
Section 3. The report is sectioned to correspond to specific analysis steps 
identified in the model. The transportation system and accident environments 
are described in Sections 4 and 5. Results of calculations of the response of 
the shipping system to forces produced in transportation accidents are pre­
sented in Section 6. Release sequences are postulated in Section 7 and evalu­
ated in Sections 8 through 10 to determine both the likelihood and possible 
consequences of a release. Supportive data and analyses are given in the 
appendices. 
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3.0 TRANSPORTATION RISK ASSESSMENT METHODOLOGY 

• This risk assessment represents the seventh in a series of analyses of 
the transportation of hazardous energy materials. The history of the method­
ology and a brief summary of the risk assessment model used in all studies to 

• date i~ presented below. 

• 
3.1 HISTORY 

The risk methodology used in this and earlier transportation risk studies 

evolved from a number of risk analysis models originally developed for use in 
the nuclear industry. The risk methodology was initially suggested as a 
method of selecting an acceptable site for nuclear power facilities. (1) The 
product of the probability of a radioactive material release, expressed in 
terms of reactor years between releases, and the consequences of that release, 

in curies, was used as the measure of risk. 

Developments in the area of health effects of radiation exposure allowed 
the use of individual mortality as the measure of release consequences in 
later studies. (2,3,4) The units of risk became the probability of an 
individual mortality in any operation year. Analyses(5,6) were further 

expanded to show that the risk level individuals are willing to accept is 
related to the benefits received by the individual. For small benefits, it 
was determined that an individual will accept low-risk activities, where the 
probability of the activity producing a fatality is lower than 10-7 per year. (5) 

For activities with higher benefits, the individual is willing to accept 
higher levels of risk. The use of health effects in expressing risk generates 
more meaningful comparisons among risk assessments. In the Reactor Safety 
Study,(7) for example, the risk of operating a nuclear power plant was compared 
to the risks from natural disasters and man-caused events such as automobile 
accidents. 

The risk assessment methodologies discussed above have been limited to 
analyses of fixed facilities with a well-defined population distribution. 
The population in the immediate vicinity of the plant (the exclusion area) 
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is controlled by the facility operator. The population distribution in the 
vicinity of a transportation accident, however, is highly variable. Trans­
portation accidents may occur in rural areas (with very low population densi­
ties), in suburban areas, or in urban areas (with relatively high population 
densities). A variety of geographic and meteorological conditions are also 
encountered, since transportation accidents can occur at virtually any loca­
tion along the shipping route. The variability in population distribution, 
geography and meteorology in transportation accidents adds a degree of com­
plexity not found in risk assessments of activities at fixed sites. 

A number of methodologies have been developed to analyze the transport 
of hazardous materials. A method based on accident case histories was used 
by the University of Southern California(8) in a study for the Department of 
Transportation. However, this technique cannot be applied to all energy 
material shipments since the accident experience may be extremely limited or 

the accident data may not have been collected in a way that permits accurate 
assessment. 

Another technique, developed by Holmes and Narver, was used to determine 
the risk of transporting bioweapons(9) and radioactive material. (10) These 

analyses were performed for shipments of material along a selected route. 
A limitation of the Holmes and Narver technique is that only an average number 
for the risk is obtained. It would be more useful to know how the risk varies 
with route, weather, population, material form and accident severity. The 
variability of risk with different transport conditions could then be con­
sidered. 

3.2 RISK ASSESSMENT MODEL 

The risk assessment model used in this analysis of the transport of 
energy materials was developed in conjunction with a method developed at 
PNL(ll) to analyze the risks associated with nuclear fuel cycle operations. 
The methodology provides a flexibility not available in previous transporta­

tion risk studies, since it permits the risk to be analyzed for a spectrum 

of population densities and weather conditions that can be encountered along 
shipping routes. The model uses one fundamental equation: 
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R = L R. , (3-1 ) 
i 

The total system risk R is the sum of the risks of all accidental releases of 
material as denoted by the subscript i. The risk of an individual release is 
the product of the consequences of the release and the probability of its 
occurrence. In the current formulation of the model, each term in Equation 3-1 
is expanded into two expressions that have more physical significance. The 
expanded equation for Ri is: 

Ri = (Qi x Pi) x L (CQ. x P q) 
q , ,q 

(3-2) 

The first expression, Qi x Pi' can be thought of as a probabilistic source 
term for each identified release sequence. The first factor in this term, 
Qi' represents the amount of material released in the ith release sequence. 
The second factor, Pi' is the probability that the release sequence will occur 
during transport. 

The second expression in Equation 3-2 ~ (CQi , x Pq) represents the con­
sequences of a release of material under probabiliitically weighted weather 
conditions and population distributions. The consequences of a release of 
material are evaluated in the expression CQ. . The subscript q is added to 
show that this factor is a function of the ~p~cific weather conditions existing 
at the time of the release and the population exposed to the release. The 
consequences are expressed as health effects. The final factor in this expres­
sion, P , is the joint probability of encountering a particular set of weather 

q 
conditions within a specific population zone. 

The methodology used to provide input data for solution of the above 
equations involves four components: 

• System Description 
• Release Sequence Identification 

• Release Sequence Evaluation 

• Risk Calculation and Assessment 
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These four components, shown graphically in Figure 3.1, are described in 
detail below. Step numbers correspond to the number shown in the figure. 

3.2.1 System Description 

In this portion of the analysis, the basic information on the shipping 
system to be analyzed is collected. Most of the information is already avail­
able or easily derived. A complete description of the transportation system 

generally consists of seven steps, which are shown in Figure 3.1. 

The industry being studied is characterized in steps 1 and 2 by gathering 
data on facility locations, industry shipping requirements and shipping desti­
nations. Information on the physical and chemical properties of the material 
being transported is gathered in step 3. The shipping packages used and the 
number of packages per shipment are determined in steps 4, 5 and 6 for each 
transport mode of interest. In step 7, the population distributions and 
weather characteristics along the shipping routes are characterized. 

3.2.2 Release Sequence Identification 

The next component in the risk assessment process is the identification 
of the sequences of events that could lead to a release of material from the' 
transport vehicle. This study uses a deductive reasoning process to identify 
release sequences. Event sequences are identified by assuming that the unde­
sired event has occurred and working backward to identify the sequences of 
events that must occur to cause this system failure. Fault tree analysis is 
a formalized way of performing these deductive reasoning processes. Computer 
codes, such as the MFAULT(12) code used at PNL, can be used to quickly and 
accurately perform the Boolean algebra that reduces the fault tree to a series 
of release sequences or "cut sets" required for subsequent steps in the 
analysis. 

Before the possible release sequences are identified (step 9), the scope 
of the analysis must be delineated (step 8). Completed studies using this 
risk assessment model have considered releases from two general causes. In 
addition to releases caused by forces produced in transportation accidents, 
releases resulting from package closure errors, substandard packaging construc­

tion or deterioration in packaging condition in the normal transportation 
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environment have been considered. Failure associated with deliberate sabotage 
or diversion attempts has not been considered, but the techniques used in the 
model are sufficiently general to permit consideration of these events if 
failure rate (probability) data were available. 

3.2.3 Release Sequence Evaluation 

This step consists of two basic parts: 1) estimation of release sequence 
probabilities and 2) evaluation of the potential consequences of each release 
sequence. 

Release sequence probabilities are obtained by estimating the probability 
of each of the events that must occur to produce a system failure. This 
requires either historical data or development of information on the response 
of the shipping system to normal and transportation accident forces (to deter­
mine the level of forces required to produce a system failure). A knowledge 
of the forces present in transportation accidents is also required. 

Package closure data (step 11) have been obtained from general literature 
and accident reports. Mathematical analysis or data available from testing 
programs is generally used to determine system failure thresholds (step 12). 
This can be combined with accident environment data, such as that developed 
at Sandia Laboratories,(13,14) or statistical analysis of other accident data 

to determine failure probabilities (step 13). 

The consequences of a system failure depend on the type of failure that 
has occurred, the location of the failure along the shipping route and the 
weather and population conditions at the time of failure. The consequences 
of the failure sequences may be determined by mathematical modeling, from 
historical accident data and/or from information on tests that have been con­
ducted with the material being shipped. In general, consequences must be 
evaluated for each type of failure that can occur for each combination of 
weather condition and population distribution that can be encountered along 
the route. The probability of encountering the various population distribu­
tions and weather conditions along the route must also be determined. 

The environmental behavior characteristics and health effects of the 
material (steps 14 and 16) depend on the material itself and must be developed 
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individually for each study. Data for population and weather characteristics 
(step 15) are available from U.S. Census data(15) and summaries of regional 
weather data compiled by the U.S. Weather Bureau. (16) Information from 
steps 14 to 16 is used to evaluate the probability of experiencing a given set 
of weather conditions and population characteristics. 

3.2.4 Risk Calculation and Assessment 

The final component in the risk assessment is to sum and evaluate the 
risks associated with the applicable release sequences. The steps involved 
in this component are shown graphically in Figure 3.1 . 

The overall risk calculation for each release sequence is described by 
Equations 3-1 and 3-2. These release sequence risks are added to determine 
the risk associated with individual shipping routes, which are weighted 
according to the amounts being shipped along each route. The overall trans­
portation risk (total risk) is the sum of risks from these weighted routes. 
The risk is also expressed in terms of a risk spectrum (plot of magnitude of 
consequence versus frequency of events resulting in that magnitude consequence 
or a more severe consequence). 

The results are then analyzed to determine the primary contributors to 
the risk (step 23) and to specify and evaluate alternatives that could reduce 
the system risk, if the current risk is judged by society to be unacceptable. 
Since the information to perform the risk assessment has been developed in 
discrete data blocks, sensitivity studies can also be carried out to test the 
effect on the system risk of assumptions and approximations that were made to 
develop key pieces of information. This may identify areas where further 
analysis is required or delineate the limitations of the assessment. 
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4.0 PROPANE SHIPPING REQUIREMENTS 

Propane is a member of a family of petroleum products called liquefied 
petroleum gases (LPG). Other LP-gases include butane, ethane, propylene, 
butylene, and mixtures of these hydrocarbons. The material characteristics 
of propane and other LP-gases are presented in Appendix A. 

The primary use of propane is for fuel, although it is also used as a 
feedstock for petrochemical plants. (1) Propane and other LP-gases supplied 
about 3% of total U.S. energy demand in 1976. Propane is produced in two ways: 
1) about 70% of domestic supplies are stripped at natural gas processing plants 
from the natural gas stream produced at gas wells; and 2) about 30% of domestic 
propane is produced from crude oil at refineries by the cracking process used 
to produce most petroleum products. (2) The propane industry is thus closely 
tied to the oil and natural gas industries. 

An entire market for propane and other LP-gases has evolved in the U.S. 
during the last 65 years, utilizing the "bottled gas" for multiple purposes in 
the residential, commercial and industrial sectors, particularly in areas that 
natural gas pipelines and distribution lines do not serve. (2) The LP-gas 
industry serves about 13 million customers. ~~ost of these customers are in 
rural areas, including approximately one and one-half million farms. Many 
factories also rely on propane as a back-up fuel in case their natural gas 
supplies are curtailed. (1) 

Propane is typically shipped as a component of crude oil to the oil 
refinery or in the natural gas stream to the natural gas processing plant by 
pipeline. From the refinery or the processing plant, it is transported by a 
combination of modes (barge, tankship, truck, rail and pipeline) to distribution 
terminals and underground storage facilities. Some propane travels directly 
from the refinery or the processing plant to dealer plants and consumers. Most 
propane, however, is shipped in two stages: first, from the refinery or 
processing plant to an intermediate terminal and then on to the consumer 
(see Figure 4.1). 
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As discussed in Section 3, this propane risk assessment is based on a 
specific set of propane shipping requirements. The reference year for the 
assumed shipping system is 1985. This report addresses the transport of pro­
pane by rail tank car and tank truck only. Shipments from the refinery, the 
processing plant, or import terminal to distribution or storage terminals, 
transfer from storage to dealers and consumers, and direct shipments of propane 

I from the point of origin to the consumer will be analyzed. 

• 

• 

4.1 PROPANE DISTRIBUTION PATTERNS 

Domestic supplies of propane in 1976 were about 45 million cubic meters 
(m 3 ) (11,770 million gallons); imports supplied another 4 million m3 

(960 million gallons) of propane. Most of the propane (90.6%) shipped in the 
United States in 1976 was by pipeline to storage or distribution terminals and 
then to trucks for final delivery; 4.6% was shipped by pipeline to intermediate 
terminals to rail tank cars. Only 3.4% of the total propane moved in 1976 was 

transported by truck from the point of origin directly to the consumer; 0.9% 
solely by rail. Less than 1% of the propane moved in the U.S. traveled by 
tanker or barge. (a) Most imported propane is moved by rail tank cars, while 
most local distribution of propane is by truck. (1) 

4.2 TRANSPORTATION MODES 

This study considers the shipment of propane by both truck and rail trans­
port modes. Two types of truck transport vehicles and one rail tank car type 
were chosen as reference systems. A larger tank truck size was chosen to 

represent the trailers and semitrailers that carry between 25 and 44 m3 of 
propane per shipment. A smaller tank truck, called a bobtail, was chosen to 
represent the local delivery units that commonly haul between 6 and 12 m3 of 
propane. The reference rail tank car is a modification of the currently used 
DOT-112A340W non-insulated tank car, with a l29-m 3 capacity. New safety 
regulations require that by 1985 this car (reclassified as a 112J340W) must 
be fitted with head shields, full thermal insulation and a new type of 

(a) These figures reflect the movement of LPG from points of production or 
import to distribution or storage facilities. 
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safety coupler. (3) The 112J tank car, which will be required by 1985, is 
the one used in this shipping system model. A detailed description of the 
reference tank trucks and the rail tank car is included in Appendix B. 

Current hardware for the LPG distribution system includes 25,000 trans­
port and local delivery trucks and 22,000 railroad tank cars. (1) It is assumed 
that current infrastructure will either be adequate to handle future propane 
shipments or that industry will develop the increased capacity necessary to 
handle these shipments. 

4.3 1985 SHIPPING SYSTEM MODEL 

The 1985 shipping system model assumes the same transportation patterns 
as existed in the mid-1970s. Projections(2,4) indicate that the U.S. will 

require about 53 million m3 of propane in 1985. Domestic production should 
supply about 80% (43 million m3) of these requirements, leaving 20% 
(10 million m3 ) as imports. Since most of the propane is shipped in two or 
more stages, the final volume of propane being moved in 1985 is estimated to 
be 95 million m3. (a) 

Current (1974) distribution patterns of propane, obtained from industry 
literature(l,5) and Interstate Commerce Commission (ICC) statistics(6) were 

used to determine the portion of 1985 propane supplies that would move by each 
transport mode. In 1974, 39% of all propane moved from the point of origin 
to intermediate terminals was by tank truck; 55% was shipped by pipeline; 6% 
of propane movements were by rail tank cars; and less than 1% of propane 
supplies were moved by water modes. All propane imports are shipped either 
by rail, barge or pipeline modes. (5) From dealer plants, most of the propane 
is moved by truck. It is assumed that 1985 propane distribution patterns will 

, 

• 

be essentially the same as in 1974. Thus, of the initial propane supply in • 
1985 (53 million m3), it is postulated that 39% will be moved by tank truck; 
55% will be shipped by pipeline; 6% by rail; and less than 1% by water. Of 

the 42 million m3 of propane shipped in two or more stages, approximately 
equal amounts are shipped by tank trucks and bobtails. All final deliveries 

(a) This figure was obtained by scaling up the 1985 propane supply by the 
ratio of 1974 supply versus actual shipments. 
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are assumed to be made by truck. The amount of propane transported by each 
mode and the number of shipments required in 1985 are outlined in Table 4.1. 

ICC statistics(6) also record the amount of propane moved in tons for 
each vehicle weight category and the number of ton-miles traveled. The average 
shipping distance for each reference vehicle was thus determined by dividing 

• the total ton-miles traveled by the total number of tons transported within 
each weight class. This average shipping distance compared well with those 
presented in Reference 5, and was thus used in this report. The average shipping 
distance for bobtails was obtained from figures given in Reference 2 for local 

truck delivery of petroleum products, since the ICC does not record statistics 
for bobtails. 

Propane shipments were also categorized geographically. The United States 
was divided into 9 sections, corresponding to the divisions used by the 
U.S. Bureau of Census. These divisions and the amount of propane moving within 
each region are presented in Table 4.2. All truck travel was found to be intra­
regional. Rail movements, however, crossed various geographic regions. The 
crossover routes between regions for propane rail shipments are shown in 
Figure 4.2. 

TABLE 4.1. 1985 Shipping System: Number of Shipments 
and Average Trip Length 

Total Propane Transported 
Million m3 (million gal) 

Container Size(a) m3 (gal) 
Number of Shipments 

Required (thousands) 
Average Trip Length (loaded) 

km (miles) 
Total Distance Traveled 

(loaded) million km 
(million miles) 

MC-331 Tank 
Truck Trans~ort 

42 (12,000) 

43.0 (11,600) 
980 

210 (130) 

205 (130) 

MC-33l DOT-112J340W 
Bobtail Trans~ort Rail Tank Car 

21 (6,000) 3 (860) 

10.6 (2,800) 127.2 (33,600) 
1~0 25 

80 (50) 400 (250) 

160 (100) 10 (6) 

"(a) The legal filling limits for these tanks require them to carry less than 
the actual water capacity of the tank. Allowable loads for the tank 
truck, bobtail and rail tank car tanks are 38.8 m3 (10,250 gal); 9.4 m3 

(2475 gal); and 124.9 m3 (33,000 gal), respectively. 
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TABLE 4.2. Percent Travel of Each Transport Mode in Each Population Region 

Tank Truck(a) Bobtail (a) Rail Tank Car(b) 

New England (NE) 3 3 2.0 
Middle Atlantic (MA) 5 5 7.3 
East North Central (ENC) 21 21 6.2 
West North Central (WNC) 18 18 33.5 
South Atlantic (SA) 13 13 11. 1 
East South Central (ESC) 10 10 21.3 
West South Central (WSC) 19 19 15.2 
Mountai n (MT) 5 5 2.7 
Pacific (PAC) 6 6 0.6 

(a) Since all truck movements are intraregiona1, these numbers refer to the 
fraction of total propane moved by that size truck. 

(b) Rail movements are interregional; these numbers refer to the percent of 
miles traveled by rail tank cars in each region. 
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5.0 TRANSPORTATION ACCIDENT ENVIRONMENT 

Failure of a propane tank truck or rail tank car during an accident occurs 
when the forces generated in the accident exceed the mechanical strength of 
the container affected. This section discusses the forces or stresses which 
may be generated in truck and rail accident environments. Section 5.1 presents 
the truck accident environment data. The train accident environment data is 
presented in Section 5.2. Section 5.3 presents the data for releases from 
tank valves and fittings. Section 6 discusses the mechanical strength of 
the propane tanks. The use of information from Sections 5 and 6 to estimate 
the likelihood of container failure in an accident is demonstrated in 
Section 8. 

The accident environment data summarized here were developed by Sandia 
Laboratories. (1) These data represent the most comprehensive accident environ­
ment information currently available. Although other data sources for accident 
rates do exist, none of these address the forces generated in accidents. 
Because this information is necessary for the risk assessment, the Sandia data 
will be used. In Sandia's analysis the accident environment is categorized by 
five accident stresses: impact, crush, puncture, fire and immersion. The 
following paragraphs briefly summarize the Sandia results. 

5.1 TRUCK ACCIDENT ENVIRONMENT 

Truck accidents as defined by Sandia(l) include all accidents that result 

in fatalities, injuries or property damage of $250 or more. The accident rate 
selected by Sandia which will be used for this study is 1.55 x 10-6 accidents 
per truck kilometer. This rate is the basis for the accident environment data 
and was based on accident frequency data prepared by the Bureau of Motor 
Carrier Safety of the U.S. Department of Transportation. 

For this analysis, the stresses present in a truck accident have been 
divided into four categories: fire, impact, puncture and crush. Other 
stresses, such as abrasion and immersion, were assumed to contribute insignifi­

cantly to the likelihood of propane tank failures and were not included. The 

four accident stresses of interest are discussed below. 
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Fire 

Fire accident environment data used in this study were developed by 
Sandia Laboratories(l) from accident reports compiled by the Bureau of Motor 
Carrier Safety (BMCS). These data were used in a Monte Carlo program to model 
the probability distribution of fire durations. Only fires that did not 
involve the cargo initially were considered, since the intent is to establish 
the likelihood of tank failure. 

Based on the Sandia compilation of the truck accident environment, fire 
can be expected to occur in 1.6% of all truck accidents. The mean temperature 
of the fire is lOlO°C (1850°F) and the duration of the fire can range from a 
few minutes to several hours. The expected duration of fires in truck acci­
dents as a function of frequency is shown in Figure 5.1. 

Because of the fire pool sizes and the general nature of the truck acci­
dents used in the Sandia analysis, it was conservatively assumed that the 
entire tank was exposed to fire in all truck accidents with fire. 
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Impact 

The impact environment for an accident involving a propane tank truck is 
also taken from information developed at Sandia Laboratories.(l) The statisti­
cal information provided by Sandia was developed from Bureau of Motor Carrier 
Safety (BMCS) data. The BMCS data were used by Sandia in a Monte Carlo compu-

• ter simulation to estimate the impact environment experienced by a large truck 
in an accident. 

_ J The impact environment is assumed to be present in every truck collision 
accident other than rollover incidents. Collision with other vehicles, trains 
or stationary objects produces an impact environment in 80.2 percent of 
expected truck accidents. As shown in Table 5.1, the overturn and running­
off-the-road accident represents the remaining 19.8 percent of the expected 
accidents. 

TABLE 5.1. Distribution of BMCS Accident Data(l) 

Accident Classification 

Co11 ision Only 
Truck 

Property 
Motor Bus 
Streetcar 

Passenger Auto 
Ra il road Tra i n 
Object 

Fixed Object 

Unreported Object 
Other Object 

Collision and Noncollision 
Overturn/Ran off Road 

Pedestrian 
Other Vehicle 
Animal/Animal-Drawn Vehicle 
Bicycle 
Rollaway (Collision) 
Overturn on Road 

Other 
Rollaway (Noncollision) 

Total 

5-3 

Number of 
Accidents 

28,897 

87,268 

1,027 

26,420 

35,458 

179,070 

Fraction 
of Total 

0.1614 

0.4873 

0.0057 

0.1476 

0.1980 

1.000 



Overturn accidents were not included in the analysis of the impact environ­
ment. These accidents tend to involve a series of low-level impacts and ground 
friction that slow the vehicle rather than one primary impact. The collision 
or impact effects on the truck cargo in these overturn accidents is considered 
to be slight; the primary damage to the truck and cargo in these accidents is 
from the overturning or running-off-the-road of the truck. (1) The distribution 
of collision accidents by the direction of impact (i.e., a rear-end or head-on 
collision) is represented in Table 5.2. 

TABLE 5.2. Collision Accident Distrj~vtion by Direction of Acceleration 
Vector on Shipment Truck~ ) 

Direction of Acceleration 
Vector on Package 

Truck Decelerated Along Its Axis 
Head-on, truck 
End-on #l(a) into #2, (b) truck 

Side-on #1 into #2, truck 

Head-on, auto 
End-on #1 into #2, auto 

Si de-on #1 into #2, auto 
Ran into Train 

Object 

Truck Accelerated Along Its Axis 
End-on #2 into #1, truck 
End-on #2 into #1, auto 

Truck Accelerated Perpendicular 
to Its Axi s 
Side-on #2 into #1, truck 

Side-on #2 into #1, auto 

Struck by train 

Distribution 
Factors 

0.0081 
0.0856 

0.0086 
0.0327 
0.2245 

0.0451 
0.0018 
0.1840 

0.5904 

0.0806 
0.1842 
0.2648 

0.0183 

0.1211 

0.0054 

0.1448 

(a) Vehicle #1 is the truck being studied. 

Normalized Sets of 
Distribution Factors 

0.0137 

0.1450 

0.0146 
0.0554 

0.3803 

0.0764 
0.0030 
0.3116 

1.0000 

0.3044 
0.6956 
1.0000 

0.1264 

0.8363 

0.0373 
1 .0000 

(b) Vehicle #2 is the other vehicle involved in the accident. 
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The results of the Sandia analysis for a truck weighing about 36,000 kg 
(40 tons) loaded, which represents the tank truck transport, and a 13,600-kg 
(15-ton) truck, which represents the bobtail, are shown in Figure 5.2, which 
presents the magnitude of the expected velocity change of the truck versus the 
expected frequency of occurrence of that change in a collision accident. 
Table 5.3 contains the basic information plotted in Figure 5.2 for the two 
vehicle sizes. 

Crush 

Information on the crush environment experienced by a large package in 
an accident situation is obtained from studies done by Sandia Laboratories.{l) 

The load considered in this case is the truck trailer coming to rest on the 
tank, or the truck overturning and pinning the tank underneath the truck 
trailer. The probability of crush, given a collision or overturn, is given 
by Sandia as 5 x 10-2 . This value is conservative, according to the Sandia 

analysis, as available accident data seem to indicate a lower occurrence rate. 
The maximum expected crush value for the tank truck is about 66,700 Newtons (N). 

FIGURE 5.2. 

l.OOIr------------------, 

13,600 Kg TRUCK 

oL-__ -L~~~~~~~ 
o 10 20 30 40 (mph) 

16 322 48.3 64.4 (Kph) 

VElOC I TY CHANGE 

Impact Velocity Change as a Function of Cu~ulative Frequency 
of Occurrence for Highway Transportation(l) 
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TABLE 5.3. Velocity Change Due to Impact in a Highway 
Transportation Collision Accident 

Cumulative Fraction of Sample With a Velocity Change Less 
Velocity Change Than or Equal to Indicated Velocity Change for Each Over- • 

Due to fm~act the-Road Trans~ort Vehicle Weight (in tons) b 
(m~h} a 10 15 20 25 30 40 50 

5 0.5038 0.6220 0.7146 0.7813 0.8248 0.8711 0.8962 
It .. 

10 0.7541 0.8489 0.8881 0.9104 0.9256 0.9454 0.9579 
15 0.8759 0.9173 0.9386 0.9520 0.9610 o .9721 0.9782 
20 0.9244 0.9508 0.9642 0.9723 0.9775 0.9834 0.9872 
25 0.9528 0.9997 0.9782 0.9828 0.9859 0.9899 0.9923 
30 0.9701 0.9810 0.9859 0.9890 0.9911 0.9936 0.9949 
35 0.9809 0.9876 0.9910 0.9931 0.9945 0.9959 0.9966 

40 0.9878 0.9921 0.9945 0.9950 0.9965 0.9973 0.9978 
45 0.9922 0.9951 0.9966 0.9973 0.9977 0.9983 0.9987 
50 0.9951 0.9970 0.9978 0.9983 0.9986 0.9990 0.9994 
55 0.9970 0.9982 0.9987 0.9990 0.9996 0.9996 0.9998 

60 0.9981 0.9989 0.9992 0.9995 0.9998 0.9998 0.9999 

65 0.9989 0.9994 0.9996 0.9997 0.9999 0.9999 

70 0.9993 0.9996 0.9998 0.9999 

75 0.9996 0.9998 0.9999 

80 0.9997 0.9999 

85 0.9998 

90 0.9999 

(a) mph x 1.609 = kph. 
(b) tons x 907.2 = kg. 

Puncture 

An analysis of the puncture situation present in truck accidents is 

obtained from Sandia Laboratories. (1) The Sandia analysis was based on the '" 
assumption that no puncture would occur in collision accidents involving 

passenger autos, light stationary objects, or terrain features. The 
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probability of a puncture situation given a truck accident is presented in 
Table 5.4 for selected package wall thicknesses. The probability of puncture 
given a puncture situation is lout of 100. Note that the probability of 
collision given a truck accident is 0.802 . 

5.2 TRAIN ACCIDENT ENVIRONMENT 

Train accidents as defined by Sandia(l) include all accidents associated 
with the operation or movement of trains, locomotives or cars that result in 
railroad equipment, track or roadbed damage in excess of $750. The accident 
rate selected by Sandia that will be used for this study is 6.21 x 10- 6 train 
accidents per train kilometer. This rate ·is the basis for the accident 
environment data and will therefore be used in this report. 

As in the truck accident environment, four categories of accident stresses 
were considered in the train accident environment: fire, impact, crush and 
puncture. Other stresses, such as immersion, were not considered because of 
their assumed insignificant contribution to the likelihood of propane tank car 
failure. 

TABLE 5.4. Probability of Occurrence of a Puncture Sit~Qtion 
Given a Truck Transport Collision Accident t ) 

Package Wall Thickness 
(mild steel) (cm) 

1. 00 (0.44 in.) 
1.27 (0.50 in.) 
1.91 (0.75 in.) 
2 .54 (1. 00 in.) 
3.18 (1.25 in.) 
3.81 ( 1. 50 in.) 
4.45 (1.75 in.) 
5 . 08 ( 2 . 00 in.) 

Probability of Puncture Situation 
Given a Collison Accident 

5-7 

2.21 X 10- 1 

2.18 X 10- 1 

2.04 X 10- 1 

1 .64 X 10- 1 

9.38 X 10-2 

2.88 X 10-2 

3.97 X 10- 3 

2.31 X 10- 3 



Fire 

Sandia's accident environment study(l) estimates the frequency of rail 

accidents with fire to be 2.8 x 10- 8 car fire accidents/car mile. The basic 
accident numbers used here however, are based on train-miles. To convert this 
into meaningful figures per train, we use a model train developed by Sandia, 
which is assumed to be made up of 66 cars (see Table 5.5). Sandia data also 
suggests that the average number of cars involved in any rail fire is 10. 
For any train accident, then, the probability of a fire occurring is 0.0185 
car-fires per train accident. 

Sandia further determined that the average fire temperature is 1010°C 
(1850°F). Fire durations, shown in Figure 5.3, range from minutes to hours. 
As in the truck accident environment, only fires that do not initially involve 
the cargo are considered here, since the intent is to establish the likelihood 
of tank fail ure. 

Because of the fire pool sizes and the general nature of the train data 
used in the Sandia analysis, it was conservatively assumed that any railcar 
exposed to fire was totally engulfed. 

TABLE 5.5. Composition of(A~erage Train Used in 
Sandia Studies 1 

Type of Number Number 
Car Full Other Em~t~ 

Locomotive 3 
Plain Boxcar 7 6 
Equipped Boxcar 4 3 
Gondola 4 3 
Open Hopper 8 6 

Covered Hopper 4 3 

Flat Car 3 2 

Refri gerator Car 2 2 

Tank Car 4 3 

Other Car 1 1 
Caboose 
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160 

A description of the impact environment for accidents involving rail cars 
was obtained from information supplied by Sandia Laboratories. (1) As for the 
truck impact environment, existing accident data were analyzed and a cumulative 
distribution for the expected severity of impact forces in rail accidents was 
determined. 

Rail cars undergo impact forces, expressed as net velocity changes, only 
in the event of a collision or derailment, which represent 90 percent of all 
rail accidents. Other accidents are not considered to be important in impact 
analysis. Impact forces on a particular tank car are produced in 15% of all 
collision and derailment accidents. The distribution of the expected severity 
of 'impact forces in rail accidents is shown in Figure 5.4. 
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FIGURE 5.4. Cumulative Distribution of the Expected (1) 
Severity of Impact Forces in Rail Accidents 

Information on the crush environment in rail car accidents has been 
obtained from studies by Sandia Laboratories.(l) Crush is defined as the 

result of a package (the tank car) resting between the ground and a derailed 
car or locomotive. The probability of crush, given a derailment or collision 

accident, is about 2.0 x 10- 3 per car accident. The cumulative distribution 

of the expected total crush load is given in Figure 5.5. It is estimated 
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that 25% of derailed cars overturn, subjecting themselves to crush; 75% remain 
upri ght. 

Puncture 

A description of the puncture environment associated with railroad tank 
cars was obtained from information developed by Sandia. (1) Existing accident 
data on tank car punctures were used to estimate the expected frequency of a 
puncture situation, given a train accident. Puncture probes, represented by 
train couplers, are assumed present in all accident situations. The rate of 
puncture given a puncture situation is obtained from studies done on tank 
cars by the American Association of Railroads. (2) That rate is estimated 
to be 18 percent for tank walls and 82 percent for rail tank car heads. Esti­
mated probabilities of puncture situations are represented in Table 5.6. 
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TABLE 5.6. Probability of Puncture Situation(l) 

Package Wall Thickness (in.)(a) Probability per Reportable Accident 

0.4375 
0.50 
0.75 
1.00 
1. 25 
1.50 
1. 75 
2.00 
2.50 
3.00 
4.00 
5.00 
6.00 

(a) 1 inch = 2.54 centimeters 

5.3 HISTORICAL RELEASES FROM PROPANE TANKS 

7.41 X 10-4 

6.90 X 10-4 

5.85 X 10-4 

4.90 X 10-4 

4.18 X 10-4 

3.37 X 10-4 

2.43 X 10-4 

1. 52 X 10-4 

3.15 X 10- 5 

4.70 X 10-6 

5.54 X 10-8 

9.41 X 10- 12 

The data presented in this section is obtained from the Office of Hazardous 
Materials of the U.S. Department of Transportation (DOT). The Office of 
Hazardous Materials collects data on releases of hazardous materials during 
transportation. The data are collected on the incident report form shown in 
Figure 5.6. An incident report ;s required from interstate commerce hazardous 
material carriers whenever a release of material occurs from the package or 
transport vehicle. The reported release need not be the result of a trans-

f. . 

portation accident. ' 

The data obtained from DOT cover a 5-year period from 1971 to 1976. The 

reports include releases from MC-330 and MC-331 specification tank trucks and • 
several types of rail tank car specifications. A summary of the various causes 
of release for tank trucks and rail tank cars is presented in Table 5.7. 
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DEPARTMENT OF TRANSPORTATION Form Approveod OMB No 0" 5613 

HAZARDOUS MATERIALS INCIDENT REPORT 

INSTRUCTIONS: Submit this report in duplicate to the Secretary, Hazardous Materials Regulations Board, Department of 
Transportation, Washington, D.C. 20590. (ATTN: Op. Div.). If space provided for any item is inadequate, complete that 
item under Section H. "Remarks", keying to the entry number being completed. Copies of this form, in limited quantities, 
may be obtained from the Secretary. Hazardous Materials Regulations Board. Additional copies in this prescribed (annat .. 
may be reproduced and used, if on the same size and kind of paper. 

A INCIDENT 

1. TYPE O~ OPERATION 

5 0 ~~~~GAHRTDER 
-

'OAIR 20 HIGHWAY 3D RAIL 40 WATER 6D ~!e~7;'i,,) .. 
) 2. DATE AND TIME OF INCIDENT (Month - Day - Year) 3. LOCATION OF INCIDENT 

a.m. ---
p.m. 

B REPORTING CARRIER, COMPANY OR INDIVIDUAL 

4. FULL NAME 5. ADDRESS (Number, Streef, Ci ty, State and Zip Code) 

6. TYPE OF VEHICLE OR FACILITY 

C SHIPMENT INFORMATION 

7. NAME AND ADDRESS OF SHIPPER (Orillin address) 8. NAME AND ADDRESS OF CONSIGNEE (Destination address) 

9. SHIPPING PAPER IDENTIFICATION NO. 10. SHIPPING PAPERS ISSUED BY 

[J CARRI ER OSHIPPER 

l-:l OTH ER 
(ldentdy) 

D D..EATHS, INJURIES, LOSS AND DAMAGE 

DUE TO HAZARDOUS MATERIALS INVOLVED 13. ESTIMATED AMOUNT OF LOSS AND/OR 

II. NUMBER PERSONS INJURED 12. NUMBER PERSONS KILLED PROPERTY DAMAGE INCLUDING COST 
OF DECONTAMINATION (Roundoti in 
dollars) 

14. ESTIMATED TOTAL QUANTITY OF HAZARDOUS MATERIALS RELEASED 

S 

E HAZARDOUS MATERIALS INVOLVED 

15. CLASSI FICATION 16. SHIPPING NAME 17. TRADE NAME 
(Soe. 172.4) (See. 172.5) 

F NATURE OF PACKAGING FAILURE 
----,-- ----- _0 __ -- _.-

18. (Check all appli cable boxes) 
--~---~. 

III DROPPED IN HANDLING 121 EXTERNAL PUNCTURE 131 DAMAGE BY OTHER FREIGHT 

141 WATER DAMAGE 151 DAMAGE FROM OTHER LIQUID 161 FREEZING 

171 EXTERNAL HEAT lSI INTERNAL PRESSURE 191 CORROSION OR RUST 

1101 DEFECTIVE FITTINGS. 1111 LOOSE FI TTl NGS. VALVES OR 1121 FAILURE OF INNER 
VALVES. OR CLOSURES CLOSURES RECEPTACLES 

---

113) BOTTOM F AILU RE 114) BODY OR SI DE FAILURE 1151 WELD FAILURE 

(17) OTHER CONDITIONS (/dentily) 19. SPACE FOR DOT USE ONLY 
1161 CHIME FAILURE 

Form DOT F 5800.1 (10·70) 

FIGURE 5.6. DOT Hazardous Materials Incident Report 
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c; PACKAGING INFORMATION .. 11 more fhlltl one .ize OT type pecl".,in, i. involved In 10 •• 01 mare"lIl ahow paek.QinQ Inform.t,on 
.eper.,ely lor each. II more .pace i. needed. ua. SecUon H ·'Remarlc.'· below keYln, to the Item number. 

ITEM RI >2 .3 

TV PE OF PACKAGING INCLUDING INNER 
20 RECEPTACLES (Steel drum~. wooden box, 

cylinder etc. 

CAPACITY OR WEIGHT PER UNIT 
21 (55 Qallona, 65 Ibe., etc.) 

-
NUMBER OF PACKAGES FROM WHICH 

22 MATERIAL ESCAPED 

NUMBER OF PACKAGES OF SAME TYPE • 
23 IN SHI PMENT 

DOT SPECIFICATION NUMBER(S) ON 

24 PACKAGES (2IP, 17E. 3AA. erc., or none) 

SHOW ALL OTHER ~OT PACKAGING 
25 MA RK I N GS (Part 178) 

--

26 
NAME, SYMBOL, OR REGISTRATION NUM~ 

8ER OF PACKAGING MANUFACTURER 

t· 

SHOW SERIAL NUMBER OF CYLINDERS, 
27 CARGO TANKS, TANK CARS, PORTABLE 

TANKS 

28 Tv PE DOT LABELfS) APPLIED 
-----"-

REGISTRATION 

IF RECONDITIONED " NO. OR SYMBOL 

29 DATE OF LAST 
--

OR 
B TEST OF INSPEC-

REQUALIFIED. SHOW TION 

IF SHIPMENT IS UNDER DOT OR USCG 

30 SPECIAL PERMIT, ENTER PERMIT NO. 

H REMARKS. Describe essential facts of incident Including but not limited to defects, damage, probable cause, stowage, 
action taken at the time dlscovered. and action taken to prevent future incidents. Include any recommendations to improve 
packaging, handling, or transportatIOn of hazardous materials. Photographs and diagrams should be submitted when 
flecessary for clarification • 

. 

31. NAME OF PERSON PREPARING REPORT (Type or print) 32. SIGNATURE 

. ----- ---- ---- - - ._- .. - - -- ------ - --_. ----------------- -33. TELEPHONE NO. (Include Area Code) 34. DATE REPORT PRE PA RED 

Reverse of Fonn DOT F <;ROO.I (10-70) GpO \9'700 401·37f; 

FIGURE 5.6. (contd) 
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TABLE 5.7. Summary of DOT Hazardous Material Incident Reports for 
Propane Tank Trucks and Rail Tank Cars (1971 to 1976) 

Cause of Release 

Defective Fitting, Valve or Closure 
Loose Fitting, Valve or Closure 
External Puncture 
External Heat 
Internal Pressure 
Loading-Unloading Incidents(a) 
Hose Rupture(a) 

Vehicular Accident 
Tank Failure (bottom or body side)(b) 
Corrosion-Rust(b) 
Weld Failure(b) 

Other 

Number of Incident Reports 
Tank Trucks Rail Tank Cars 

26 

12 

12 

8 

3 

8 

2 

3 

80 

57 
141 

12 

12 

18 

6 

2 

1 

1 

51 

(a) Cataloged as a release for tank trucks only. 
(b) Cataloged as a release for rail tank cars only. 

To translate the information from these accident reports to release fre­
quency values per shipment, some information on the number of propane ship­
ments by truck and train during the six-year period of 1971 to 1976 is required. 
Table 5.8 shows the sales and actual movement of propane for the years 1971 
to 1976. The factor between sales and actual movement (including duplicate 
shipments) is obtained from Section 4. As in the system description in the 
previous section, 1974 distribution patterns are assumed valid. Thus, 39% 
of the total propane moved is in tank trucks; about 6% is moved in rail tank 
cars. Table 5.9 shows the amount of propane moved by both truck and train 
during 1971-1976 and the estimated number of shipments, assuming the use of 
the reference tank trucks and rail tank cars. The total number of shipments 
over the six-year period is approximately 4.8 million for tank trucks and 250 
thousand for rail tank cars. Table 5.10 represents the frequency of release 

from various causes on a per shipment basis. These values will be used in 

Section 8. 
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TABLE 5.8. Sales and Actual Movement of Propane Supplies in the u.S. 
(1971 to 1976) 

Year Sales (million m3 } Actual Movements (million m3 ) 

1971 46.6 83.9 
1972 52.4 94.3 
1973 51.0 91.8 
1974 49.8 89.6 
1975 46.8 84.2 
1976 50.8 91.4 .. 

SOURCE: Reference 3. 

TABLE 5.9. Amount of Propane Moved by Reference Tank Truck and Rail 
Systems and Number of Shipments (1971 to 1976) 

Tank Car 

Tank Truck Rail Tank Car 
Propane Moved Number of Propane Moved Number of 

Year (million m3 ) Shipments (x 103 ) (million m3 ) Shipments (x 103 ) 

1971 32.7 745 5.0 40 
1972 36.8 840 5.7 45 
1973 36.0 820 5.5 43 

1974 35.0 800 5.4 42 

1975 33.0 750 5.0 40 

1976 35.6 810 5.5 43 
Total 210 4,765 32.0 250 
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TABLE 5.10. Summary of Release Frequencies for Tank Truck and Rail Tank Car 
Shipments 

Frequency of Release per Shipment 
Cause of Release Tank Truck Rail Tank Car 

Defective Fitting, Valve or Closure 
Loose Fitting, Valve or Closure 
External Puncture 
External Heat 
Internal Pressure 
Loading-Unloading Incidents(a) 
Hose Rupture(a) 

Vehicular Accident 
Tank Failure (bottom or body side)(b) 
Corrosion-Rust(b) 
Weld Failure(b) 

5.46 X 10-5 

2.57 x 10-5 

2.57 X 10-5 

1.61 X 10- 5 

6.43 X 10- 7 

1. 61 X 10- 5 

3.21 X 10- 7 

6.43 X 10-7 

Other 1.67 x 10- 5 

(a) Cataloged as a release for tank trucks only. 
(b) Cataloged as a release for rail tank cars only. 

REFERENCES 

2.28 X 10-4 

5.64 X 10-4 

4.80 X 10- 5 

4.80 x 10- 5 

7.20 X 10- 5 

2.40 X 10- 5 

8.40 X 10-5 

3.60 X 10-5 

3.60 X 10-5 

2.04 X 10-4 

1. A. W. Dennis, J. T. Foley, W. F. Hartman and D. W. Larson, Severities of 
Transportation Accidents Involving Large Packages. SAND 77-0001, Sandia 
Laboratories, Albuquerque, New Mexico, May 1978. 

2. Phase 05 Report on June 9, 1974 Accident Involving Head Shields. RA05-2-29, 
August 28, 1974. 

3. 1976 LP-Gas Market Facts. National LP-Gas Association, Oak Brook, Illinois, 
1978. 
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6.0 PROPANE TANK FAILURE THRESHOLDS 

The previous section described the accident environment associated with 
highway and rail transport of propane in tank trucks and rail tank cars. The 
reference tank trucks used in this study are built to the DOT specification 
MC-330 or MC-331 and are described in Appendix B. A description of the DOT 
specification 112J340W rail car is also included in Appendix B. Estimates of 
failure thresholds for the tanks are presented in this section . 

A failure threshold is the level of applied thermal or mechanical stress 
that results in a breach of the container and subsequent lading release in an 
accident. Thresholds are related to the minimum energy or vehicle velocity 
required to produce failure. These results must be used in conjunction with 
other information on the stresses to which propane tanks may be exposed to 
assess whether the tank will fail in the accident environment. These assess­
ments are made in Section 8. 

The package failure threshold estimates presented here were obtained 
using mathematical analysis and engineering estimates. Only thresholds 
relating to the accident environment and posing a threat to the propane tank 
(impact, puncture, crush and fire) were evaluated. Conservative assumptions 
were made as necessary to carry out the analysis. The analysis that was 
performed provides results that are within the overall accuracy range of the 
risk assessment and it is believed that they provide a conservative estimate 
of the system risk. The results represent estimates of failure thresholds 
obtained in using elastic and energy absorption theories of structure behavior. 
The failure estimates obtained using these methods are believed to be less 
than the actual strength of the container if tests to failure had been per­
formed. The degree of conservatism is unknown. Analysis can be performed to 
show the sensitivity of the overall system risk to various assumptions and 
calculational techniques. Based on the sensitivity studies discussed in 
Section 10, the techniques used to estimate failure thresholds do not appear 
to introduce significant error into the risk assessment. The failure thresh­
old should not, however, be used in assessing propane tank integrity for pur­
poses other than those for which they are used in this analysis. 
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Both side and end impact failure thresholds were calculated for the tank 
trucks and the rail tank car. Impact, as used in this analysis, is defined 
as a collision between the LPG tank and a rigid vertical surface. In a col­
lision with this rigid surface, the energy of impact is absorbed by the 
tank structure. An energy solution method, described in detail in Appendix C, 
was used to find the impact failure threshold. The failure thresholds are in 
terms of accident velocity changes required to produce tank rupture. Defective 
tanks are assumed to fail at 3/4 of the velocity required to fail a normal 
tank. Although the assumption of impact with an unyielding surface is con­
servative, the failure threshold results seem consistent with tank car test 
results. 

Puncture failure thresholds are in terms of equivalent material thick­
nesses for the tank trucks and the rail tank cars. Crush failure thresholds 
are calculated as allowable stresses. The crush environment was assumed to 
result from an overturn, where the flat bed of the tank trailer or rail car 
is resting on the propane tank. The load is uniformly distributed along the 
length of the tank since the bed is structurally attached to the tank itself. 

Fire failure thresholds are calculated in terms of fire durations required 
to fail a tank. There are two basic fire failure modes considered in this 
report for a propane tank engulfed in a fire. First, the tank car can fail 
because of overheating of the unwetted shell, which is the part of the tank 
in contact with vapor space. In this failure sequence, safety valves operate 
normally, opening once internal tank pressure reaches the relief valve set­
point. The valves are sufficient, in this case, to vent the tank, preventing 
excessive pressure buildup. However, the unwetted portion of the tank, heated 
by fire, becomes too weak even to sustain a normal working pressure and fails. 

.. 

•• 

The second failure mode considered, although it actually occurs very ~ 

rarely in accident situations, is that of overpressurization of the tank. When 
engulfed in a fire, the temperature of the liquid inside the tank begins to 
rise, increasing internal pressure. If the safety relief valves are blocked 
from venting the tank, are defective in a way that prevents release of lading, 

or are insufficiently sized to handle the required discharge of propane, the 
internal pressure will continue to increase until the tank fails. To determine 
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the time to failure, information on the heat flux present in a 1010°C (1850°F) 
fire was required. The heat flux to an insulated tank surface was calculated 
to be 3.2 kW/m2 (1020 Btu/h-ft2); the heat flux to an uninsulated tank is 
110 kW/m2 (35,700 Btu/h-ft2). The time to failure for tanks exposed to fire 
was calculated by using the heat input to the tank and the change in temperature 
of the propane that is required to reach the failure point. 

Details for the above analyses are presented in Appendix C. A summary 
of failure thresholds is presented in Table 6.1. 

TABLE 6.1. Summary of Minimum Forces Required to Produce Tank Failure 
Im~act 

Accident Puncture Crush Fire 
Velocity Equivalent Stress Time to Tank Failure (min) 

Changes (kph) Thickness Values Weakening of Metal 
Side End {cm) ~ Pressurization Upright Overturned 

Tank Truck 56 40 0.96 270 6 16 10 
Bobtail Transport 40 61 1.1 120 4 7 4 
Rail Tank Car 32 51 1 .6 (s 1 de) 480 130 200 190 

2.5 (end) 
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7.0 RELEASE SEQUENCE IDENTIFICATION 

Propane releases occur every year from tank truck or rail tank car acci­
dents. However, the statistical information available from state and federal 
agencies does not provide a sufficient basis to identify the mechanisms by 
which these tanks failed. Possible ways that releases could occur (release 
sequences) must thus be identified by a reasoning process. The information 
presented in Sections 5 and 6 gives a basis for identifying events or com-

-4 binations of events that could result in the release of propane. 

This section describes a formalized procedure for identifying combinations 
of conditions that could result in a release. The first step in the procedure 
is to develop a fault tree for each transport system using the techniques 
described in Section 7.1. Fault trees developed for truck and train shipment 
of propane are presented in Section 7.2. A list of release sequences is then 
developed from the fault tree. The development of these sequences is discussed 
in Section 7.3. 

7.1 FAULT TREE CONSTRUCTION 

The fault tree analysis technique was developed in the 1960s in the aero­
space industry to identify equipment design deficiencies before actual space 
flight. The procedure basically assumes a failure and works backwards to 
identify basic component failures that could cause or contribute to that 
failure. These failure sequences are also called cut sets. The fault tree 
should be related to individual components for which failure data are available. 
In practice, fault trees are seldom developed to that degree. Instead, the 
fault trees are constructed in terms of basic system modules. Such a fault 
tree is called a Top Level Fault Tree since it usually identifies only large 
systems which could result in a failure. Table 7.1 gives the various fault 
tree symbols and their meanings. 

The methodology applied to transportation of propane involves the postu­
lation of a release of propane during transport and the examination of the 

series of events that must have occurred to cause the release. This form of 
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inputs 

output 

inputs 

Output 

~ 
Input 

TABLE 7.1. Fault Tree Symbolism 

-AND" logic gate. The simultaneous occurrence of inputs 
is required to cause an output. 

"OR" logic gate. The occurrence of anyone of the inputs 
will result in an output. 

Fault event that results from the logical operation of 
two or more fault events. It is ahiays the output from a 
loglC gate. 

Inferred fault event. Any failure except a primary 
failure which is not developed further due to lack of 
infor~atlon, tic.e or roney or due to the low probability 
of occurrence. It Cdn also be used "r,ere other analyses 
gi VI' sufficient i nfor.-.Jtion to indicate that further 
analysis would be re~un~Jnt. 

"Inhibit" gate. The condition specltled in the oval lS 

required for an input fault event to rpsult in an O!lt~ut 
eve n t . T his c 0 '1 d i t ion i 5 f r I' q lJ e n t 1 y a des i 9 n 1 i '11 it,. ,. i C h 

w ill 11 0 t t ran 5 mit a f ail urI' u n til the des i g n 1 i o. its '" v I' 
been exceeded. 

Transfer symbol denoting that failure also irpacts or. 
other branches of fault tree. A line at the apex of the 
triangle represents a "transfer in." A line in the side 
represents a "transfer out." A number is placed in the 
triangle to identify transfer locations. 

"House" defines an event that must occur, or is expected 
to occur, due to design and normal o~crat~ng conditi0ns. 

7-2 

... 



-. 

reasoning is thought to be more inclusive than beginning with an initiating 
event and working toward a release (i.e., constructing accident scenarios or 
decision trees). The tree that is developed is then broken down into all the 
possible release sequences. In effect, all the accident scenarios will be 
obtained from the fault tree. When properly applied, the accident scenarios 
obtained from using the fault tree methodology are likely to be more complete 
than the alternative method of trying to list all accident scenarios without 
the aid of any formalized reasoning process. The tree constructed using the 

fault tree methodology is used as the basis for estimating the total release 
probabi 1 ity. 

7.2 FAULT TREES FOR SHIPMENT OF PROPANE BY TRUCK AND TRAIN 

The fault trees for shipment of propane by truck and train were developed 
for normal truck and train transport on primary highways and railways in the 
United States. The effects of sabotage or natural disasters on propane ship­
ments were not included in this analysis. The analysis does not address load­
ing and unloading accidents. It does, however, consider the combined effects 

of the accident environment and packaging condition. 

It is assumed for this analysis that all propane shipped by truck moves 
in DOT specification MC-33l trucks. All rail shipments of propane are assumed 
to be moved in DOT specification l12J340W rail tank cars. The rationale 
for selecting these vehicle types and a description of the particular vehicle 
models used in this study are outlined in Appendix B. 

The fault tree developed for shipment of propane in an MC-33l tank truck 
is shown in Figure 7.1, sheets 1 through 5. The fault tree developed for 
shipment of propane in a 112J340W rail tank car is shown in Figure 7.2, 
sheets 1 through 5. The fault trees were drawn using the fault tree computer 
graphics code ACORN.(l} The top event of each tree is the postulated release 
of propane to the environment during transportation. The fault trees were 
constructed by drawing a separate branch to analyze the failure of each type 
of tank component--tank walls, outlet valve and piping, safety relief valve, 

liquid level vent valves, and manway cover--that could release propane during 
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normal transportation or in a transportation accident. Failure of each of 
these components by impact, puncture, fire (both metal weakening and pressure 
failures) and crush was examined. The contribution to failure of substandard 
component manufacture or human error in installing the components was also 

considered. Each of the fault tree branches for the different tank components 
are then further broken down to basic events that can be assigned failure 
probabilities. Identified events or failure elements used in the fault tree 
that could contribute to a release are designated in the fault tree as "X" with 
associated numerical designations and descriptive titles. Elements that have 
been further developed in the fault tree are designated by "A". The list of 
basic "X" events for the tank truck fault tree is shown in Table 7.2. The 
labels for the truck gate logic rectangles, or "A" elements, are presented in 
Table 7.3. The list of basic "X" events for the rail tank car fault tree is 
shown in Table 7.4. The labels for the rail "A" events are shown in Table 7.5. 
The basic fault events in the tree designated by the circle symbol were not 
analyzed individually because they were found to be highly improbable occur­
rences or because they were included in other events. They are included in 
the fault tree only for completeness. 

7.3 RELEASE SEQUENCES 

The fault tree can be thought of as a compact notation for identifying 

and displaying large numbers of release sequences. For larger trees, it is 
convenient to utilize computer programs to perform the Boolean algebra that 
reduces the fault tree to a series of release sequences or "cut sets. II The 
computer code MFAULT(2) was used for this analysis. 

Partial listings of the release sequences identified from the propane 
transportation fault trees are presented in Tables 7.6 and 7.7. Table 7.6 
lists representative release sequences for tank truck transport. Table 7.7 
lists the release sequences for the transport of propane by rail tank car. 
There are a total of over 50 possible release sequences in the fault trees. 
These have been screened for presentation here to eliminate those sequences 

that have a probability of occurrence of less than once in 10 12 shipments. 
All of the release sequences were retained in the actual analysis. 

7-14 

• 

• 



-

• 

• 

TABLE 7.2. Listing of Basic Events for Propane Tank Truck 
Transportation Fault Tree 

X 1 ACCIDENT OCCURS 
X 10 PROPANE RELEASED FROM DEFECTIVE LIQUID LEVEL VENT VALVE 
X 12 PROPANE RELEASED FROM CORRODED TANK SHELL 
X 13 PROPANE RELEASED FROM DEFECTIVE TANK SHELL 
X 14 PROPANE RELEASED FROM DEFECTIVE MANWAY COVER 
X 17 PROPANE RELEASED FROM DEFECTIVE INTERNAL OUTLET VALVE 
X 18 PROPANE RELEASED FROM SAFETY VALVES DURING NORMAL TRANSPORT 
X 20 PROPANE RELEASED FROM DEFECTIVE PIPING CONNECTIONS 
X 21 PROPANE RELEASED FROM DEFECTIVE EXTERNAL VALVES 
X 22 PROPANE RELEASED FROM DEFECTIVE END CAP 
X 23 EXTERNAL VALVE HAS DEFECTIVE SEAT 
X 30 PROPANE RELEASED FROM LIQUID LEVEL VALVES DURING TRANSPORT ACCIDENT 
X 41 FIRE OCCURS 
X 42 FIRE IMPINGES ON TANK SHELL 
X 43 TRUCK OVERTURNED 
X 44 FIRE GENERATES PRESSURE RISE IN TANK SUFFICIENT TO ACTIVATE VALVES 
X 45 TRUCK REMAINS UPRIGHT 
X 46 PROPANE RELEASED WHEN CRUSH FORCES FAIL SAFETY VALVES 
X 47 PROPANE RELEASED WHEN PUNCTURE FORCES FAIL SAFETY VALVES 
X 48 PROPANE RELEASED WHEN IMPACT FORCES FAIL SAFETY VALVES 
X 49 FIRE DURATION SUFFICIENT TO FAIL SAFETY VALVE 
X 50 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL DEFECTIVE VALVES 
X 51 SAFETY VALVE HAS DEFECT 
X 61 IMPACT FORCES FAIL MANWAY COVER IN ACCIDENT 
X 64 PUNCTURE PROBE FAILS MANWAY COVER IN ACCIDENT 
X 65 CRUSH FORCES FAIL MANWAY COVER IN ACCIDENT 
X 66 GASKET EXPOSED TO FIRE 
X 67 FIRE DURATION SUFFICIENT TO FAIL MANWAY COVER GASKET 
X 68 PRESSURE FORCES FAIL MANWAY COVER IN ACCIDENT 
X 80 IMPACT FORCES CONTACT EXTERNAL PIPING 
X 81 IMPACT FORCES SUFFICIENT TO SHEAR OFF EXTERNAL PIPING AT SHEAR SECTION 
X 82 INTERNAL VALVE FAILS TO OPERATE 
X 85 PUNCTURE PROBE DAMAGES INTERNAL VALVE 
X 86 CRUSH FORCES DAfvlAGE INTERNAL VALVE 
X 87 IMPACT FORCES CONTACT VALVE 
X 88 IMPACT FORCES SUFFICIENT TO DAMAGE VALVE 
X 89 FIRE CONTACTS VALVE 
X 90 FIRE DURATION SUFFICIENT TO FAIL PACKING 
X110 PUNCTURE PROBE PRODUCED IN ACCIDENT 
X111 PUNCTURE PROBE CONTACTS TANK SHELL 
Xl12 PUNCTURE PROBE FAILS TANK SHELL 
Xl18 TANK HEAD IS DEFECTIVE 
Xl19 TANK END IS DEFECTIVE 
X120 TANK WALLS ARE DEFECTIVE 
X121 IMPACT FORCES PRODUCED IN ACCIDENT 
X122 TANK HEAD EXPERIENCES IMPACT FORCES 
X123 IMPACT FORCES FAIL NORMAL TANK HEAD 
X124 IMPACT FORCES FAIL DEFECTIVE TANK HEAD 
X125 TANK END EXPERIENCES IMPACT FORCES 
X126 IMPACT FORCES FAIL NORMAL TANK END 
X127 IMPACT FORCES FAIL DEFECTIVE TANK END 
X128 TANK WALLS EXPERIENCE IMPACT FORCES 
X129 IMPACT FORCES FAIL NORMAL TANK WALLS 
X130 IMPACT FORCES FAIL DEFECTIVE TANK WALLS 
X135 CRUSH FORCES FAIL TANK SHELL IN TRANSPORTATION ACCIDENT 
X140 SAFETY VALVE FUNCTIONS NORMALLY 
X141 FIRE DURATION SUFFICIENT TO FAIL OVERTURNED TANK SHELL 
X142 FIRE DURATION SUFFICIENT TO FAIL UPRIGHT TANK SHELL . 
X151 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAll NORMAL SHELL 
X152 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL WEAKENED SHELL 
X153 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL DEFECTIVE SHELL 
X154 ACCIDENT FORCES SUFFICIENT TO WEAKEN SHELL 
X155 VALVES INSUFFICIENT TO VENT TANK 
X157 VALVES FAIL TO OPEN 
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TABLE 7.3. Listing of Gate Logic Rectangle Labels for Propane Tank 
Truck Transportation Fault Tree 

A 1 PROPANE RELEASED FROM TANK TRUCK DURING TRANSPORT 
A 10 PROPANE RELEASED FROM TANK TRUCK DURING NORMAL TRANSPORTATION 
A 11 PROPANE RELEASED FROM TANK SHELL DURING NORMAL TRANSPORTATION 
A 12 PROPANE RELEASED FROM OUTLET VALVE AND LINE DURING NORMAL TRANSPORT 
A 13 PROPANE RELEASED FROM DEFECTIVE MAN WAY COVER 
A 15 PROPANE RELEASED FROM LINE GIVEN DEFECTIVE INTERNAL VALVE 
A 16 PROPANE RELEASED FROM DEFECTIVE END CAP 
A 30 PROPANE RELEASED FROM TANK TRUCK DURING TRANSPORTATION ACCIDENT 
A 40 PROPANE RELEASED FROM SAFETY VALVES DURING TRANSPORTATION ACCIDENT 
A 41 PROPANE RELEASED FROM NORMAL VALVES IN FIRE ENVIRONMENT 
A 42 PROPANE RELEASED FROM DAMAGED VALVES 
A 43 FIRE GENERATES PRESSURE RISE IN TANK SUFFICIENT TO ACTIVATE VALVES 
A 44 PROPANE RELEASED FROM OVERTURNED TANK 
A 45 PROPANE RELEASED FROM UPRIGHT TANK 
A 46 PROPANE RELEASED WHEN ACCIDENT FORCES DAMAGE VALVE 
A 47 PROPANE RELEASED WHEN FIRE FAILS SAFETY VALVE 
A 48 FIRE FAILS SAFETY VALVE 
A 49 FIRE DURATION FAILS DEFECTIVE SAFETY VALVE 
A 60 PROPANE RELEASED FROM MANWAY COVER DURING TRANSPORTATION ACCIDENT 
A 63 FIRE FAILS MANWAY COVER GASKET 
A 80 PROPANE RELEASED FROM OUTLET VALVE AND LINE IN TRANSPORTATION ACCIDENT 
A 83 EXTERNAL PIPING SHEARED OFF AT SHEAR SECTION BY ACCIDENT FORCES 
A 84 INTERNAL VALVE INEFFECTIVE 
A 86 INTERNAL VALVE DAMAGED BY ACCIDENT FORCES 
A 88 IMPACT FORCES DAMAGE INTERNAL VALVE 
A 89 FIRE DAMAGES INTERNAL VALVE PACKING 
A100 PROPANE RELEASED FROM TANK SHELL DURING TRANSPORTAITON ACCIDENT 
AllO PUNCTURE PROBE FAILS TANK SHELL IN TRANSPORTATION ACCIDENT 
A120 IMPACT FORCES FAIL TANK SHELL IN TRANSPORTATION ACCIDENT 
A12l IMPACT FORCES FAIL TANK HEAD IN ACCIDENT 
A122 IMPACT FORCES FAIL TANK END IN ACCIDENT 
A123 IMPACT FORCES FAIL SIDE WALLS OF TANK IN ACCIDENT 
A124 IMPACT FORCES SUFFICIENT TO FAIL TANK HEAD 
A125 IMPACT FORCES FAIL DEFECTIVE TANK HEAD 
A127 IMPACT FORCES SUFFICIENT TO FAIL TANK END 
A128 IMPACT FORCES FAIL DEFECTIVE TANK END 
A130 IMPACT FORCES SUFFICIENT TO FAIL TANK WALLS 
A131 IMPACT FORCES FAIL DEFECTIVE TANK WALLS 
A140 FIRE FAILS TANK SHELL IN TRANSPORTATION ACCIDENT 
A14l FIRE DURATION SUFFICIENT TO FAIL TANK SHELL 
A142 FIRE DURATION SUFFICIENT TO FAIL OVERTURNED TANK SHELL 
A143 FIRE DURATION SUFFICIENT TO FAIL UPRIGHT TANK SHELL 
A150 PRESSURE FORCES FAIL TANK SHELL IN TRANSPORTATION ACCIDENT 
A151 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL TANK SHELL 
A152 SAFETY RELIEF VALVES ARE INEFFECTIVE 
A153 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL WEAK SHELL 
A154 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL DEFECTIVE SHELL 
A155 SAFETY RELIEF VALVES FAIL TO OPEN 
A156 SAFETY VALVE IS DEFECTIVE 
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TABLE 7.4. Listing of Basic Events for Propane Rail 
Tank Car Transportation Fault Tree 

X 1 ACCIDENT OCCURS 
X10 PROPANE RELEASED FROM CORRODED TANK SHELL 
Xl' PROPANE RELEASED FROM DEFECTIVE TANK SHELL 
X12 PROPANE RELEASED FROM SAFETY VALVES DURING NORMAL TRANSPORT 
X13 PROPANE RELEASED FROM DEFECTIVE MANWAY COVER DURING NORMAL TRANSPORT 
X16 PROPANE RELEASED FROM DEFECTIVE VALVES DURING NORMAL TRANSPORT 
X20 FIRE OCCURS 
X2l FIRE CONTACTS TANK SHELL 
X22 FIRE DURATION GENERATES PRESSURE RISE SUFFICIENT TO ACTIVATE VALVE 
X23 PROPANE RELEASED FROM DAMAGED SAFETY RELIEF VALVES 
X24 PROPANE RELEASED FROM VALVES DURING TRANSPORTATION ACCIDENT 
X25 PUNCTURE PROBE FAILS MANWAY COVER 
X26 IMPACT FORCES FAIL MANWAY COVER 
X27 CRUSH FORCES FAIL MANWAY COVER 
X28 FIRE CONTACTS MANWAY COVER GASKET 
X29 FIRE DURATION SUFFICIENT TO FAIL MANWAY COVER GASKET 
X3l CRUSH FORCES FAIL TANK SHELL IN ACCIDENT 
X35 PUNCTURE PROBE PRODUCED IN ACCIDENT 
X36 PUNCTURE PROBE FAILS TANK WALLS 
X37 PUNCTURE PROBE CONTACTS TANK WALLS 
X38 PUNCTURE PROBE CONTACTS TANK END 
X39 PUNCTURE PROBE FAILS TANK END 
X40 IMPACT FORCES PRODUCED IN ACCIDENT 
X4l IMPACT FORCES CONTACT TANK END 
X42 IMPACT FORCES FAIL NORMAL TANK END 
X43 IMPACT FORCES FAIL DEFECTIVE TANK END 
X44 TANK IS DEFECTIVE 
X45 IMPACT FORCES CONTACT TANK WALLS 
X46 IMPACT FORCES FAIL NORMAL TANK WALLS 
X47 IMPACT FORCES FAIL DEFECTIVE TANK WALLS 
X50 TANK IS OVERTURNED 
X5l SAFETY RELIEF VALVE OPERATES NORMALLY 
X52 FIRE DURATION SUFFICIENT TO FAIL NORMAL OVERTURNED INSULATED SHELL 
X53 ACCIDENT FORCES ARE SUFFICIENT TO WEAKEN SHELL 
X54 FIRE DURATION SUFFICIENT TO FAIL WEAK OVERTURNED INSULATED SHELL 
X55 IMPACT FORCES CONTACT TANK SHELL 
X56 IMPACT FORCES PARTIALLY REMOVE TANK INSULATION 
X57 FIRE DURATION SUFFICIENT TO FAIL NORMAL OVERTURNED PARTIALLY INSULATED SHELL 
X58 FIRE DURATION SUFFICIENT TO FAIL WEAK OVERTURNED PARTIALLY INSULATED SHELL 
X60 TANK REMAINS UPRIGHT 
X6l FIRE DURATION SUFFICIENT TO FAIL NORMAL UPRIGHT INSULATED SHELL 
X62 FIRE DURATION SUFFICIENT TO FAIL WEAK UPRIGHT INSULATED SHELL 
X63 FIRE DURATION SUFFICIENT TO FAIL NORMAL UPRIGHT PARTIALLY INSULATED SHELL 
X64 FIRE DURATION SUFFICIENT TO FAIL WEAK UPRIGHT PARTIALLY INSULATED SHELL 
X70 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL NORMAL INSULATED SHELL 
X7l FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL WEAK INSULATED SHELL 
X72 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL DEFECTIVE INSULATED SHELL 
X73 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL NORMAL PARTIALLY INSULATED SHELL 
X74 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL WEAK PARTIALLY INSULATED SHELL 
X75 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL DEFECTIVE PARTIALLY INSULATED SHELL 
X76 VALVE FAILS TO OPEN 
X77 SAFETY RELIEF VALVE INSUFFICIENT TO VENT TANK 
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TABLE 7.5. Listing of Gate Logic Rectangle Labels for Propane 
Rail Tank Car Transportation Fault Tree 

A 1 PROPANE RELEASED FROM RAIL TANK CAR 
A10 PROPANE RELEASED FROM TANK CAR DURING NORMAL TRANSPORTATION 
All PROPANE RELEASED FROM TANK SHELL DURING NORMAL TRANSPORTION 
A12 PROPANE RELEASED FROM DEFECTIVE MANWAY COVER DURING NORMAL TRANSPORTATION 
A20 PROPANE RELEASED FROM TANK CAR DURING TRANSPORTATION ACCIDENT 
A2l PROPANE RELEASED FROM SAFETY VALVE DURING TRANSPORTATION ACCIDENT 
A22 PROPANE RELEASED FROM NORMAL VALVES DURING TRANSPORTATION ACCIDENT 
A23 PROPANE RELEASED FROM MANWAY COVER DURING TRANSPORTATION ACCIDENT 
A24 FIRE FAILS MANWAY COVER GASKET 
A30 PROPANE RELEASED FROM TANK SHELL DURING TRANSPORTATION ACCIDENT 
A35 PUNCTURE PROBE FAILS TANK SHELL IN ACCIDENT 
A36 PUNCTURE PROBE FAILS TANK END 
A37 PUNCTURE PROBE FAILS TANK WALLS 
A40 IMPACT FORCES FAIL TANK SHELL IN ACCIDENT 
A4l IMPACT FORCES FAIL TANK END IN ACCIDENT 
A42 IMAPCT FORCES FAIL TANK WALLS IN ACCIDENT 
A43 IMPACT FORCES FAIL TANK END 
A44 IMPACT FORCES FAIL DEFECTIVE TANK END 
A45 IMPACT FORCES FAIL TANK WALLS 
A46 IMPACT FORCES FAIL DEFECTIVE TANK WALLS 
A50 FIRE FAILS TANK SHELL IN ACCIDENT 
A5l FIRE FAILS OVERTURNED TANK SHELL 
A52 FIRE DURATION SUFFICIENT TO FAIL OVERTURNED TANK 
A53 FIRE DURATION SUFFICIENT TO FAIL OVERTURNED INSULATED TANK 
A54 FIRE DURATION SUFFICIENT TO FAIL OVERTURNED PARTIALLY INSULATED TANK 
A55 FIRE DURATION SUFFICIENT TO FAIL WEAK OVERTURNED INSULATED SHELL 
A56 TANK INSULATION IS PARTIALLY REMOVED 
A57 FIRE DURATION SUFFICIENT TO FAIL OVERTURNED PARTIALLY INSULATED TANK 
A58 FIRE DURATION SUFFICIENT TO FAIL WEAK OVERTURNED PARTIALLY INSULATED TANK 
A59 FIRE FAILS UPRIGHT TANK SHELL 
A60 FIRE DURATION SUFFICIENT TO FAIL UPRIGHT TANK 
A6l FIRE DURATION SUFFICIENT TO FAIL UPRIGHT INSULATED TANK 
A62 FIRE DURATION SUFFICIENT TO FAIL UPRIGHT PARTIALLY INSULATED TANK 
A63 FIRE DURATION SUFFICIENT TO FAIL WEAK UPRIGHT INSULATED TANK 
A64 FIRE DURATION SUFFICIENT TO FAIL UPRIGHT PARTIALl.Y INSULATED TIINK 
A65 FIRE DURATION SUFFICIENT TO FAIL WEAK UPRIGHT PARTIALLY INSULATED TANK 
A70 PRESSURE FORCES FAIL TANK SHELL IN ACCIDENT 
A7l FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL TANK SHELL 
A72 SAFETY RELIEF VALVE IS INEFFECTIVE 
A73 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL INSULATED TANK SHELL 
A74 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL WEAK INSULATED TANK SHELL 
A75 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL DEFECTIVE INSULATED SHELL 
A76 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL PARTIALLY INSULATED SHELL 
A77 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL PARTIALLY INSULATED SHELL 
A78 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL WEAK PARTIALLY INSULATED SHELL 
A79 FIRE DURATION CAUSES PRESSURE RISE SUFFICIENT TO FAIL DEFECTIVE PARTIALLY INSULATED SHELL 
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TABLE 7.6. Listing of Selected Propane Tank Truck 
Fault Tree Release Sequences 

Cut Set Com~onents 

X10 
X12 
X13 .. X14 
X17 X20 
X17 X2l 
Xl X110 Xlll X1l2 
Xl X12l X128 X129 

• Xl X12l X125 X126 
Xl X12l X122 X123 
Xl X4l X66 X67 
Xl X4l X42 X49 
Xl X4l X42 X15l X157 
Xl X120 X12l X128 X130 
Xl X1l9 X12l X125 X127 
Xl X1l8 X12l X122 X124 
Xl X80 X8l X82 X12l 
Xl X4l X42 X44 X45 
Xl X4l X42 X43 X44 
Xl X4l X42 X45 X140 X142 
Xl X4l X42 X43 X140 X14l 
Xl X80 X8l X87 X88 X12l 
Xl X4l X80 X8l X89 X90 X12l 

TABLE 7.7. Listing of Selected Propane Rail Tank 
Car Fault Tree Release Sequences 

Cut Set ComEonents 

X10 
Xll 
X13 
X16 
Xl X40 X45 X46 
Xl X40 X41 X42 
Xl X35 X36 X37 
Xl X35 X38 X39 
Xl X20 X28 X29 
Xl X20 X21 X22 
Xl X20 X21 X51 X60 X61 
Xl X20 X21 X50 X51 X52 
Xl X20 X21 X51 X53 X60 X62 
Xl X20 X21 X50 X51 X54 X53 

• Xl X20 X21 X40 X51 X55 X56 X60 X63 
Xl X20 X21 X40 X50 X51 X55 X56 X57 
Xl X20 X21 X40 X51 X53 X55 X56 X60 X64 

.. Xl X20 X21 X40 X50 X51 X53 X55 X56 X58 
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8.0 RELEASE SEQUENCE EVALUATION 

The fault tree can be thought of as a compact notation for summarizing 
several thousand release sequences. The previous section presented the fault 
trees for the shipment of propane by tank truck and rail tank car. As shown 
in Figure 8.1, based on the release sequences determined in Section 7, both 
the frequency of occurrence and the amount of material released (release frac­
tion) must now be determined for each release sequence. The release fraction 
is required as input to the environmental consequence model in Section 9. 
The consequence of each release sequence is multiplied by its probability and 
this product is summed for all release sequences to determine the total risk. 

The fault trees in Section 7 were developed to a point where data on 
basic events could be obtained through analysis or from historical data. 
Probability values are obtained primarily from the information presented in 
Sections 5 and 6 of this report. Other values and general failure data 
are obtained as necessary from the best available source. In many instances, 
only rough estimates were available for certain inputs. Conservative esti­
mates are used for inputs with uncertain values. Risk sensitivity analyses 

EXPECTED RElEASE 
SEQUENCE f RfQUENC Y 

SECTION 8.3 

II SI OF RELEASE 
SEQUENCES 
SECTION 7 

RISK 
OF PROPANE 

SHI PMENIS 
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FIGURE 8.1. Remaining Steps in the Risk Evaluation 

8-1 



were performed to yield insight to the contributions of these events. The 
estimated basic event probabilities are presented in Section 8.1 for truck 
transport and Section 8.2 for rail transport. The individual event probabili­
ties are then used to develop the information on release sequence probabilities, 
which are summarized in Section 8.3. 
Section 8.4. 

8.1 BASIC EVENT PROBABILITIES: TRUCK 

Release fractions are evaluated in 

The following paragraphs provide a sequential description of failure 
probability estimates for events that could contribute to a release during the 
shipment of propane in tank truck and bobtail transports. Since the fault 
tree is made up of several branches, a numbering system was used to help iden­

tify the different branches of the tree. The numbering system, while consec­
utive, is not necessarily continuous. Events numbered X10 through X23 refer 
to tank and fitting failures during normal transportation. All other events 
refer to events leading to a release in a transportation accident. Events 
numbered X41 through X51 refer to failure of, or release from, the safety relief 
valves. Events numbered X61 through X68 refer to failure of the tank manway 
cover. Events numbered X80 through X90 lead to failure of the tank outlet 
valve and connecting lines. Events numbered X110 through X157 refer to failure 

of the tank itself by various accident forces. Since the basic events for the 

bobtail truck are identical to those used in the tank truck fault tree (because 
of design similarities) many of the basic events will have identical probabili­
ties. These events will be noted in the text. Several basic events were 
determined to be impossible occurrences, or were found to be included in other 
events. Although these events were given a value of zero in the analysis, 
they are presented here for completeness. 

The expected frequency of each release sequence is obtained by taking 

the product of the probability of each event in the sequence. The estimates 

of the basic event probabilities are presented below. 
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8.1.1 Tank Truck Transport 

The following basic event probabilities are the values used in this risk 
assessment for the transport of propane in large tank trucks. 

Accident Occurs (Xl) 

The accident rate for truck transport is 1.55 X 10- 6 truck accidents per 
kilometer.(l) For an average shipping distance of 210 km, the expected acci­
dent frequency is 3.25 x 10-4 accidents per shipment. This value is used in 
the analysis. 

Propane Released from Defective Liquid Level Vent Valve (X10) 

Historical accident data obtained from the Office of Hazardous Materials 
(OHM) in the Department of Transportation (DOT) shows a frequency of 
8.0 x 10- 6 releases per shipment from loose or defective fittings. This infor­
mation is presented in Section 5. The value of 8.0 x 10- 6 is thus used for 
this event. 

Propane Released from Corroded Tank Shell (X12) 

DOT data presented in Section 5 show a rail tank car failure rate of 
3.6 x 10-6 releases per shipment due to tank corrosion. This value is assumed 
valid for truck transportation also. The value used for this event is thus 
3.6 x 10-6 . 

Propane Released from Defective Tank Shell (X13) 

DOT data presented in Section 5 show a rail tank car failure rate of 
3.6 x 10-6 releases per shipment due to defective welds. This value is 
assumed valid for truck transportation also and is used for this event. 

Propane Released from Defective Manway Cover (X14) 

Releases from a defective manway cover are included in releases from a 
defective or corroded tank shell. The value used for this event is thus zero . 

Propane Released from Defective Internal Outlet Valve (Xl?) 

The value used for this event is 8.0 x 10- 6 , the same as for event X10 . 
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Propane Released from Defective Piping Connections (X20) 

The value used for this event is 8.0 x 10-6 , the same as for event X10. 

Propane Released from Defective External Valves (X21) 

The value used for this event is 8.0 x 10-6 , the same as for event X10. 

Propane Released from Defective End Cap (X22) 

The value used for this event is 8.0 x 10-6 , the same as for event X10. 

External Valve Is Defective (X23) 

The failure rate of a manual valve (gate, globe or ball valve) is given 
in Reference 2 as about 5 x 10- 5 failures per hour. An average trip speed of 
48 kph is assumed for the tank truck. For an average trip length of 210 km, 
one trip takes about 4.3 hours. This leads to an expected valve failure rate 
per shipment of about 2 x 10-4 failures per shipment. This is the value used 
for this event. 

Propane Released from Liquid Level Valves During Transportation 
Accident (X30) 

The liquid level vent valves are located in the side walls of the tank. 
These valves were thus included in the tank wall failure events for this 
analysis. A value of zero was used for this event. 

Fire Occurs (X41) 

Information from Sandia(l) presented in Section 5.1 shows that fire can 
be expected to occur in 1.6 percent of all truck accidents. The value used 
for this event is thus .016 fires per accident. 

Fire Impinges on Tank Shell (X42) 

It is assumed that all tanks are exposed to fire if a fire occurs. The 
value used for this event is one. 

Truck Overturned (X43) 

The probability of overturn in a truck accident is given in Section 5 as 

.198. This value is used for this event. 
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Fire Generates Pressure Rise in Tank Sufficient to Activate Valve (X44) 

Calculations in Appendix C show that a 2.8 minute fire is sufficient to 
generate a pressure rise in the tank that will activate the safety relief 
valves. Figure 5.1 shows the probability of this fire duration to be .88. 
This value is used for this event. 

Truck Remains Upright (X45) 

The probabilHy of this event is one minus the probability of overturn, 
or .802. 

Propane Released When Crush Forces Fail Safety Valves (X46) 

The safety relief valves are set inside the top of the tank. They are 
thus considered a part of the tank shell for crush analysis and were not 
analyzed separately here. The value used for this event is thus zero. 

Propane Released When Puncture Forces Fail Safety Valves (X47) 

The safety relief valves are set inside the tank itself, and are considered 
a part of the tank shell for puncture analysis. The value used for this event 
is thus zero. 

Propane Released When Impact Forces Fail Safety Valves (X48) 

The safety relief valves are set inside the tank itself, and are considered 
a part of the tank shell for impact analysis. The value used for this event 
is thus zero. 

Fire Duration Sufficient to Fail Safety Valve (X49) 

The valve packing is made of tetrafluoroethylene (TFE), which is assumed 
to be equivalent to teflon in thermal properties. Reference 3 shows that 
teflon fails if the temperature exceeds 280°C. It is conservatively assumed 
that a fire duration of thirty minutes would be required to fail a TFE packing. 
However, the valve would have been activated long before this time (see 
event X44). Therefore, the value used for this event is zero. 
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Fire Causes Pressure Rise Sufficient to Fail Defective Valves (X50) 

The safety relief valves are set inside the tank walls. It is assumed 
that the tank shell will fail before the valves do. The value used for this 
event is thus zero. 

Safety Valve Fails to Open (X51) 

The failure rate for safety relief valves is given in Reference 4 as 
1 x 10- 5 failures per demand. This value is used for this event. 

Impact Forces Fail Manway Cover in Accident (X61) 

The manway cover is thicker than the tank shell and is firmly reinforced. 
It is assumed that the governing failure mode will be buckling and splitting 
of the tank shell rather than failure of the manway cover. Thus, the value 
used for this event is zero. 

Puncture Probe Fails Manway Cover in Accident (X64) 

Following the reasoning used in event X61, the value used for this event 
is zero. 

Crush Forces Fail Manway Cover in Accident (X65) 

Following the reasoning used in event X61, the value used for this event 
is zero. 

Gasket Exposed to Fire (X66) 

Overturn of the tank is required to directly expose the manway cover 
gasket to fire. It is conservatively assumed that all overturn incidents will 
expose the gasket to a fire situation, if fire occurs. The value used for 
this event is .198. 

Fire Duration Sufficient to Fail Manway Cover Gasket (X67) 

It is assumed that the manway cover gasket is composed of stainless steel 
and asbestos. Although no failure data was immediately available on this 
material, it is conservatively assumed that it will fail, as does the TFE 

packing, in event X49 after exposure to a 3D-minute fire. From Figure 5.1, 
the probability of a fire lasting at least 30 minutes is .04. This value is 

used for this event. 
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Pressure Forces Fail Manway Cover in Accident (X68) 

Following the reasoning used in event X6l, the value used for this event 
is zero. 

Impact Forces Contact External Piping (X80) 

The value used for this event is the product of the fraction of side-on 
impacts. (.1448) and a length factor of piping length divided by the length of 
the tank (about one-third). The resultant value, .048, is used for this event . 

Impact Forces Sufficient to Shear Off External Piping at Shear 
Section (X8l) 

It is assumed that all impacts that contact the external piping are suf­

ficient to shear it off. The value used for this event is one. 

Internal Valve Fails to Operate (X82) 

The failure rate for air-operated valves is given in Reference 4 as 
3 x 10-4 failures per demand. This value is used for this event. 

Puncture Probe Damages Internal Valve (X85) 

The internal valve is set inside the tank, and is considered a part of 
the tank shell for puncture analysis. The value used for this event is thus 

zero. 

Crush Forces Damage Internal Valve (X86). The internal valve is set 
inside the tank, and is considered a part of the tank shell for puncture 
analysis. The value used for this event is thus zero. 

Impact Forces Contact Internal Valve (X87) 

It is assumed that any impact forces contacting external piping will also 
affect the internal valve. The value used for this event is one. 

Impact Forces Sufficient to Damage Valve (X88) 

It is assumed that all impact forces contacting the valve and shearing 
off external piping will be sufficient to damage the valve. The value used 

for this event is one. 
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Fire Contacts Valve (X89) 

It is assumed that truck accident fires engulf the entire tank, and thus 
also contact the outlet valve. The value used here is one. 

Fire Duration Sufficient to Fail Packing (X90) 

The valve packing is made of tetrafluoroethylene (TFE), which is assumed 
to be equivalent to teflon in thermal properties. Reference 3 shows that 
teflon fails if the temperature exceeds 280°C. Since the internal valve is 
somewhat protected from direct thermal stress, it is conservatively assumed 
that a fire duration of 30 minutes would be required to fail a TFE packing. 
From Figure 5.1, the probability of a fire lasting at least 30 minutes is .04. 
However, if the tank shell is backed by liquid, to absorb the heat from the 
fire, it may not reach these high temperatures. Thus, the tank must be over­
turned for this failure mode to occur. The value used for this event is the 
product of the probability of overturn (.198) and the probability of sufficient 
fire duration (.04), or 7.9 x 10- 3 • 

Puncture Probe Produced in Accident (XllO) 

Data developed by Sandia(l) show that puncture probes are only produced 
in truck collisions. This event is used to denote a collision occurring, since 
specific puncture situation frequencies are outlined in event Xlll. From 
Sandia data, the probability of a collision, given an accident, is .802. 
This is the value used for this event. 

Puncture Probe Contacts Tank Shell (Xlll) 

From the Sandia report,(l) a probability of a puncture situation given 
a truck transport collision accident can be obtained. An extrapolation of 
the Sandia data presented in Table 5.3 for the tank truck wall thickness of 
1 cm yields a probability for a puncture situation of .224. 

Puncture Probe Fails Tank Shell (Xl12) 

From Section 5 of this report, the probability of puncture in a puncture 
situation is .01. This is the value used for this event. 
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Tank Head Is Defective (Xl18) 

Reference 2 gives a pressure vessel failure rate of about 5 x 10-7 fail­
ures per hour for stationary vessels in continuous use. This rate will be 
increased by a factor of 100 for use in this assessment because of the more 
severe environment of a transport vessel and the cycle fatigue experiences as 
a result of loading and unloading operations. Using the average trip time of 
4.3 hours, the failure rate for a propane tank is estimated to be 
2 x 10-4 failures per shipment. This is the value used for this event. 

lank End Is Defective (Xl19) 

The value used here is 2 x 10-4 failures per shipment, the same as for 
event Xl18. 

Tank Walls Are Defective (X120) 

The value used here is 2 x 10-4 failures per shipment, the same as for 
event X1l8. 

Impact Forces Produced in Accident (X12l) 

Impact forces are assumed present in all tank truck collisions. The 
probability of a collision accident occurring, .802, is the value used for 
this event.(l) 

lank Head Experiences Impact Forces (X122) 

From Table 5.2, the fraction of collisions that are head-on collisions 
is .5904. This is the value used for this event. 

Impact Forces Fail Normal Tank Head (X123) 

Failure threshold analysis indicated that a velocity change of at least 
40 kilometers per hour (kph) is necessary to fail a tank end. Figure 5.2 
shows that the fraction of 36,000-kg truck impact accidents with a velocity 
change greater than or equal to 40 kph is about 1.0 x 10-2 • This is the value 
used for this event. 

Impact Forces Fail Defective Tank Head (X124) 

It is assumed that defective tanks will fail at 3/4 of the failure thresh­
old of normal tanks. From Figure 5.2, the fraction of accidents with a velocity 

8-9 



city change of 38 kph or greater is 1.2 x 10-2 . This value is used for this 
event. 

Tank End Experiences Impact Forces (X125) 

From Table 5.2, the fraction of collisions that are rear-end collisions 
is .2648. This is the value used for this event. 

Impact Forces Fail Normal Tank End (X126) 

Failure threshold analysis indicated that a velocity change of at least 
40 kph is necessary to fail a tank end. Figure 5.2 shows that the fraction 
of 36,000-kg truck impact accidents with a velocity change greater than or 
equal to 40 kph is 1.0 x 10- 2 . This is the value used for this event. 

Impact Forces Fail Defective Tank End (X127) 

It is assumed that the defective tanks will fail at 3/4 of the failure 
threshold of normal tanks. From Figure 5.2, the fraction of accidents with 
a velocity change of 30 kph or greater is 1.9 x 10-2 . This value is used for 
this event. 

Tank Walls Experience Impact Forces (X128) 

From Table 5.2, the fraction of collisions that are side-on collisions is 
.1448. This is the value used for this event. 

Impact Forces Fail Normal Tank Walls (X129) 

Failure threshold analysis indicated that a velocity change of at least 
56 kph is required to fail tank walls in a collision accident. From 
Figure 5.2, the fraction of accidents with a velocity change of 56 kph or 
greater is 4.1 x 10- 3 • This is the value used for this event. 

Impact Forces Fail Defective Tank Walls (X130) ~ 

It is assumed that defective tanks will fail at 3/4 of the failure thresh-
old of normal tanks. From Figure 5.2, the fraction of truck accidents with a • 

velocity change of 42 kph or greater is 8.2 x 10-3 • This is the value used 
for this event. 
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Crush Forces Fail Tank Shell in Transportation Accident (X135) 

Analysis of crush is modeled by an overturned truck trailer under which 
the tank is lodged. Sandia(l) accident environment information (Section 5) 
gives 66,700 N as the maximum static crush loading expected in a truck acci­
dent. Because the weight is distributed over the total length of the tank, 
this results in a distributed crush loading of about 6,600 N/m. The failure 
threshold of the tank is substantially higher than this (about 27,000 N/m). 
It is thus expected that the probability of the tank being failed by crush 
forces is zero. This is the value used for this event. 

Safety Valve Functions Normally (Xl 40) 

In the fire failure sequence, the valve must function normally. Thus, 
the value used for this event is one. 

Fire Duration Sufficient to Fail Overturned Tank Shell (X141) 

From Section 6, a propane tank truck shell has a fire failure threshold 
of about 10 minutes. From Figure S.l, the probability of a fire lasting this 
long in a truck accident is .48. This is the value used for this event. 

Fire Duration Sufficient to Fail Upright Tank Shell (X142) 

The fire failure threshold of a normal upright tank shell was shown in 
Section 6 to be about lS.8 minutes. From Figure S.l, the probability of a 
fire lasting this long in a truck accident is .2S. This is the value used for 
this event. 

Fire Duration Causes Pressure Rise Sufficient to Fail Normal Shell (X1Sl) 

The tanks used for transporting propane by tank truck are designed to 
withstand pressures of 6.9 MPa. They are tested to 3.4 MPa and working pres­
sure is 1.7 MPa. A pressure failure point for a normal tank shell is assumed 
to be 6.9 MPa. Assuming that all valves and relief outlets remain closed, it 
would take a fire of S.9 minutes to raise the internal pressure of the tank 
to 6.9 MPa. These calculations are outlined in Appendix C. From Figure 5.1, 
about 68 percent of the truck accident fires can be expected to last this 

long. Thus, the value used for this event is .68. 
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Fire Duration Causes Pressure Rise Sufficient to Fail Weakened Shell (X152) 

A tank shell that has been weakened by accident forces is assumed to fail 
at 3.6 MPa, normal tank test pressure. The fire duration required for tank 
failure (calculations are shown in Appendix C) is about 3.6 minutes. From 
Figure 5.1, about 82 percent of truck accident fires will last at least this 
long. The value used for this event is .82. 

Fire Duration Causes Pressure Rise Sufficient to Fail Defective Shell (Xl 53) 

A defective tank shell is also assumed to fail at 3.4 MPa. The fire dura­
tion required for tank failure is about 3.6 minutes. From Figure 5.1, the 
probability of a fire lasting this long is .82. This is the value used for 
this event. 

Accident Forces Sufficient to Weaken Shell (X154) 

It is assumed that a velocity change of at least 16 kph is required to 
significantly weaken the tank in an accident. The probability of an accident 
with this velocity change or greater, from Figure 5.2, is .0546. This value 
is used for this event. 

Valves Insufficient to Vent Tank (X155) 

Calculations in Appendix C show that the valves are sufficient to vent 
either an overturned or an upright tank. The value used for this event is 
thus zero. 

Valves Fail to Open (Xl 57) 

The failure rate for safety relief valves is given in Reference 4 as 
1.0 x 10- 5 failures per demand. This value is used for this event. 

8.1.2 Bobtail 

The bobtail is similar in many respects to the tank truck, although 

it does not have a manway cover and has a smaller capacity. Many of the basic 
event probabilities for bobtail transport are thus the same as those for the 
tank truck transport. Since the same numbering system is used in both fault 
trees, the following paragraphs describe only the events whose probabilities 

are different from those used in the tank truck analysis, Section 8.1.1. 
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Accident Occurs (Xl) 

The accident rate for truck transport is 1.55 x 10- 6 truck accidents per 
kilometer.(l) The bobtail truck travels an average 80 km per shipment. The 
expected accident frequency for the bobtail truck is thus 1.24 x 10-4 accidents 
per shipment. 

Fire Generates Pressure Rise in Tank Sufficient to Activate Valves (X44) 

Calculations in Appendix C show that a two-minute fire is sufficient to 
generate a pressure rise in the bobtail tank that will activate safety relief 
valves. Figure 5.1 shows the probability of this fire duration to be .91. 
This value is used for this event. 

Events X61 Through X68 

Because the bobtail transport does not have a manway cover, the values 
for all of these events are zero. 

Impact Forces Contact External Piping (X80) 

The external piping on the bobtail truck is located at the rear end of 
the truck. It is assumed that any rear-end collision will result in impact 
forces contacting the external piping. The value used for this event is the 
probability of a rear-end impact, or .2648. 

Puncture Probe Contacts Tank Shell (Xlll) 

Information presented in Table 5.3 indicates that the probability of a 
puncture situation for the bobtail truck transport wall thickness of 1 cm is 
.221. This is the value used for this event. 

Impact Forces Fail Normal Tank Head (X123) 

Failure threshold analysis indicated that a velocity change of at least 
61 kph is necessary to fail the tank head. From Figure 5.2, the fraction of 
accidents for 13,600 kg trucks with a velocity change of 61 kph or greater 
is 9.7 x 10-3 • This value is used for this event. 
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Impact Forces Fail Defective Tank Head (X124) 

It is assumed that defective tanks will fail at 3/4 of the failure thresh­
old of normal tanks. From Figure 5.2, the fraction of truck accidents with a 
velocity change of 46 kph or greater is 1.94 x 10-2 • This value is used for 
this event. 

Impact Forces Fail Normal Tank End (X126) 

Failure threshold analysis indicated that a velocity change of at least 
61 kph is required to fail a tank end. Figure 5.2 shows that the fraction of 
13,600 kg truck impact accidents with a velocity change greater than or equal 
to 61 kph is 9.7 x 10- 3 • This value is used for this event. 

Impact Forces Fail Defective Tank End (X127) 

It is assumed that defective tanks will fail at 3/4 of the failure thresh­
old of normal tanks. From Figure 5.2, the fraction of accidents with a velo­
city change of 46 kph or greater is 1.94 x 10-2 for a 13,600 kg truck. This 
value is used for this event. 

Impact Forces Fail Normal Tank Walls (X129) 

Failure threshold analysis indicated that a velocity change of at least 
40 kph is required to fail tank walls in a collision accident. From 
Figure 5.2, the fraction of accidents for a 13,600 kg truck with a velocity 
change of 40 kph or more is .0203. This value is used for this event. 

Impact Forces Fail Defective Tank Walls (X130) 

It is assumed that defective tanks fail at 3/4 of the failure threshold 
of normal tanks. From Figure 5.2, the fraction of accidents with a velocity 
change of 30 kph or greater is .0576. This value is used for this event. 

Fire Duration Sufficient to Fail Overturned Tank Shell (X141) 

From Section 6, a normal bobtail tank shell has a fire failure threshold • 
of about 4.5 minutes. Figure 5.1 shows the probability for this fire duration 
as about .87. This is the value used for this event. 
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Fire Duration Sufficient to Fail Upright Tank Shell (X142) 

The fire failure threshold of a normal upright bobtail tank shell was 
shown in Section 6 to be about 6.6 minutes. From Figure 5.1, the probability 
of a fire of this duration is .70. This is the value used for this event. 

Fire Duration Causes Pressure Rise Sufficient to Fail Normal Shell (X151) 

The pressure failure thresholds for the bobtail tank are the same as 
described in event X151 for the tank truck. A fire duration of 4.1 minutes is 
required to overpressurize the bobtail tank. From Figure 5.1, the probability 
of this fire duration is .78. This value is used for this event. 

Fire Duration Causes Pressure Rise Sufficient to Fail Weakened Shell (X152) 

A tank shell that has been weakened by accident forces is assumed to fail 
at 3.4 MPa. The fire duration required for tank failure (calculations are 
shown in Appendix C) is 2.5 minutes. From Figure 5.1, the probability of a 
fire lasting at least this long is .88. This is the value used for this event. 

Fire Duration Causes Pressure Rise Sufficient to Fail Defective Shell (X153) 

A defective tank shell is assumed to fail at 3.4 MPa. A fire duration of 
2.5 minutes is required to generate this internal pressure in the bobtail tank. 
The fraction of fires lasting at least this long is shown in Figure 5.1 to be 
.88. This value is used for this event. 

Accident Forces Sufficient to Weaken Shell (X154) 

It is assumed that a velocity change of at least 16 kph is required to 
significantly weaken the tank in an accident. The probability of an accident 
for a 13,600-kg truck with a 16-kph or greater velocity change is given in 
Figure 5.2 as .1511. This value is used for this event . 

8.2 BASIC EVENT PROBABILITIES: TRAIN 

The following paragraphs provide a sequential description of failure 
probability estimates for events that could contribute to a release during 
the shipment of propane in rail tank cars. Since the fault tree is made up 
of several branches, a numbering system was used to help identify the different 
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branches of the tree. The numbering system, while consecutive, is not neces­
sarily continuous. Events numbered X10 through X16 refer to failures of the 
tank and fittings during normal transportation. All other events refer to 
events leading to a release in a transportation accident. Events numbered 
X20 through X24 refer to failure of, or releases from, the safety relief or other 
valves. Events numbered X25 through X29 refer to failure of the manway cover. 

Events numbered X31 through X77 lead to failure of the tank itself as a result 
of various accident forces. 

Several basic events were determined to be impossible occurrences, or were 
found to be included in other events. Although these events were given a value 
of zero in the analysis, they are presented here for completeness. 

The expected frequency of each release sequence is obtained by taking the 
product of the probability of each event in the sequence. The following basic 
event probabilities are the values used in this risk assessment for the trans­
port of propane in rail tank cars. 

Accident Occurs (Xl) 

The accident rate for rail car transport is 6.21 x 10-6 train accidents 
per train-kilometer.(l) For an average shipping distance of 400 km, the 
expected accident frequency is 2.50 x 10- 3 accidents per shipment. This value 
is used in the analysis. 

Propane Released from Corroded Tank (X10) 

Historical accident data obtained from the Office of Hazardous Materials 
(OHM) in the Department of Transportation (DOT) shows a tank failure rate of 
3.6 x 10- 6 releases per shipment because of tank corrosion. This information 
is presented in Section 5. The value used for this event is thus 3.6 x 10-6 . 

Propane Released from Defective Tank (Xll) 

DOT data presented in Section 5 shows a rail tank car failure rate of 
3.6 x 10- 6 releases per shipment due to defective welds. This value is used 
for this event. 
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Propane Released from Safety Valves During Normal Transportation (X12) 

Calculations in Appendix C show that it is impossible to get a release 
of propane through the safety relief valves as a result of heat input from 
solar insulation. A larger heat source is required to generate the internal 
tank pressure necessary to activate the valves. This event was thus given a 

value of zero for this analysis. 

Propane Released from Defective Manway Cover (X13) 

Releases from a defective manway cover are included in releases from a 
defective or corroded tank shell. The value used for this event is thus zero. 

Propane Released from Defective Valves During Normal Transportation (X16) 

DOT data presented in Section 5 shows a release frequency of 8.0 x 10-4 

releases per shipment from loose or defective fittings. This value is used 
for this event. 

Fire Occurs (X20) 

Information from Sandia{l) presented in Section 5 shows that fire can 
be expected to occur in 18.5 percent of all train accidents. This value is 
the probability of a fire occurring for a 66-car train. The value used for 
this event is .185 fires per accident. 

Fire Contacts Tank Shell (X21) 

The probability of any train fire contacting the car of interest is given 

in Section 5 as .1. This value is used for this event. 

Fire Duration Generates Pressure Rise Sufficient to Activate Valve (X22) 

Calculations in Appendix C show that a 42.6 minute fire is required to 
generate an internal pressure rise in the insulated tank car sufficient to 
activate the safety relief valves. Figure 5.3 shows the probability of a 
fire lasting at least this long to be .265. This value is used for this event. 

Propane Released from Damaged Safety Relief Valves (X23) 

The safety valve is set inside the tank wall. Failure of the valve by 
accident forces is included in the analysis of the tank shell. A value of 
zero is thus used for this event. 
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Propane Released from Valves During Transportation Accidents (X24) 

The valves are located at the top of the tank, within the manway cover, 
and are considered a part of the tank itself for accident analysis. The value 
used for this event is thus zero. 

Puncture Probe Fails Manway Cover (X25) 

The manway cover is thicker than the tank shell, and firmly reinforced. 
It is assumed that the governing failure mode will be buckling and splitting 
of the tank shell rather than failure of the manway cover itself. Thus, the 
value used for this event is zero. 

Impact Forces Fail Manway Cover (X26) 

Following the reasoning used in event X25, the value used here is zero. 

Crush Forces Fail Manway Cover (X27) 

Following the reasoning used in event X25, the value used for this event 
is zero. 

Fire Contacts Manway Cover Gasket (X28) 

Overturn of the tank is required to expose the gasket to fire. It is 
assumed that all overturn accidents will expose the gasket to fire, if fire is 
present. The value used for this event is .25, the fraction of accidents that 

are overturn accidents. 

Fire Duration Sufficient to Fail Manway Cover Gasket (X29) 

The gasket used on the rail tank car manway cover is made of asbestos. 
Following the reasoning used for the tank truck manway cover gasket in tank 
truck event X67, the value used for this event is .04. 

Crush Forces Fail Tank Shell in Accident (X31) 

Analysis of crush is modeled by an overturned flatbed railcar under which 
the propane tank is lodged. However, this situation cannot occur for rail 
tank cars, since the tank itself is the structural member, and is not attached 

to any substructure such as a flatbed trailer. The value used for this event 
is thus zero. 
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Puncture Probe Produced in Accident (X35) 

The coupler on rail tank cars is used in the Sandia model as the example 
of a puncture probe. (1) Since the coupler will be present in all rail tank 
car accidents, the value used for this event is one. 

Puncture Probe Fails Tank Walls (X36) 

From Section 5.2 of this report, the probability of puncture in a puncture 
situation is .18. This is the value used for this event. 

Puncture Probe Contacts Tank Walls (X37) 

From Table 5.6, the probability of a puncture situation for a wall thick­
ness of 1.6 cm is 6.375 x 10-4 . This value is used for this event. 

Puncture Probe Contacts Tank End (X38) 

The probability of a puncture situation can be obtained from Table 5.6 as 
3.6 x 10-4 for the tank end equivalent wall thickness of 3.64 cm. This value 
is used here. 

Puncture Probe Fails Tank End (X39) 

The value used for this event is .82, as described in Section 5.2. 

Impact Forces Produced in Accident (X40) 

Impact forces are produced in 15 percent of all rail car collisions and 
derailments. The probability of a collision or derailment given a train acci­
dent is .90. (1) The value used for this event is thus the product of these 

two numbers, or .135. 

Impact Forces Contact Tank End (X41) 

The probability of particular car orientation in a derailment accident 
is not readily available. However, historical data collected by the American 
Association of Railroads shows that the probability of rear-end and head-on 
collisions, given an accident, is .82. All other accident orientations are 
assumed to impact tank walls. The value of .82 is used for this event. 
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Impact Forces Fail Normal Tank End (X42) 

Failure threshold analysis indicated that a velocity change of at least 
51-kph is required to fail tank ends. Figure 5.4 shows that the fraction of 
rail car accidents with a velocity change greater than or equal to 51-kph is 
1.8 x 10-3 . This value is used for this event. 

Impact Forces Fail Defective Tank Head (X43) 

Defective rail tanks are assumed to fail at 3/4 of the failure threshold 
of normal tanks, or 38.6 kph. Figure 5.4 shows this velocity change to have 
a frequency of occurrence of 5.0 x 10-3 • This is the value used for this 
event. 

Tank Is Defective (X44) 

Reference 2 gives a pressure vessel failure rate of about 5 x 10-7 failures 
per hour for stationary vessels in continuous use. This rate will be increased 
by a factor of 100 for use in this assessment because of the more severe environ­
ment of a transport vessel and the cycle fatigue experienced as a result of 
loading and unloading operations. An average trip speed of 56 kph is assumed 
for the rail tank car. For an average trip length of 400 km, one trip takes 
about 7 hours. Using the average trip time of 7 hours, the failure rate for 
a propane tank is estimated to be 3.5 x 10-4 failures per shipment. This is 
the value used for this event. 

Impact Forces Contact Tank Walls (X45) 

All impacts that do not affect tank ends are assumed to affect tank walls. 
The value used for this event is thus .18. 

Impact Forces Fail Normal Tank Walls (X46) 

Failure threshold analysis indicated that a velocity change of at least 
32 kph is required to fail tank walls. Figure 5.4 shows this velocity change 
or greater occurring with a frequency of 8.0 x 10-3 . This value is used for 
this event. 

8-20 

• 

• 



• 

Impact Forces Fail Defective Tank Walls (X47) 

Defective walls are assumed to fail at 3/4 the velocity change required 
for normal wall failure, or 24 kph. This velocity change occurs with a fre­
quency of 1.6 x 10-2 . This value is used for this event. 

Tank Is Overturned (X50) 

The probability of overturn in a train accident is given in Section 5.0 
as .25. This value is used for this event. 

Safety Relief Valve Operates Normally (X51) 

In the fire failure sequence, the valve must function normally. Thus, the 
value used for this event is one. 

Fire Duration Sufficient to Fail Normal Overturned Insulated Shell (X52) 

Calculations in Appendix C show that a normal insulated tank car requires 
a fire duration of almost 190 minutes before failure occurs. Figure 5.3 shows 
the probability of a fire lasting this long to be .02. This value is used for 
this event. 

Accident Forces Are Sufficient to Weaken Shell (X53) 

It is assumed that any impact with a velocity change of at least 16 kph 
is sufficient to weaken the tank car shell. From Figure 5.4, this event has 
an expected frequency of occurrence of 2.6 x 10-2 • 

Fire Duration Sufficient to Fail Weak, Overturned, Insulated Shell (X54) 

A weak tank car shell is assumed to fail at 3/4 the failure time of a 
normal shell, or 140 minutes. From Figure 5.3, the probability of a fire 
lasting at least this long is .08. This value is used for this event. 

Impact Forces Contact Tank Shell (X55) 

It is assumed that any impact forces generated in a train accident will 
contact the tank car shell. The value used for this event is one. 

Impact Forces Partially Remove Tank Insulation (X56) 

It is assumed that all side and/or raking collisions will partially 
remove tank insulation. The amount removed is calculated in Appendix C. The 
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probability of a side/raking collision given an accident is given as .315. (1) 
This value is used for this event. 

Fire Duration Sufficient to Fail Normal, Overturned, Partially Insulated 
Shell (X57) 

Calculations in Appendix C show that a normal partially insulated tank 
will fail after exposure to a 50-minute fire of 1010°C. The probability of 
this fire duration is given in Figure 5.3 as .22. This value is used for this 
event. 

Fire Duration Sufficient to Fail Weak, Overturned, Partially Insulated 
Shell (X58) 

A weak tank car shell is assumed to fail at 3/4 the failure time of a 
normal shell, or 38 minutes. The probability of a fire lasting at least this 

long is given in Figure 5.3 as .34. This value is used for this event. 

Tank Remains Upright (X60) 

The probability of this event is one minus the probability of overturn, 
or .750. 

Fire Duration Sufficient to Fail Normal Upright Insulated Tank (X6l) 

Calculations in Appendix C show that a normal upright insulated tank will 
fail in about 200 minutes if exposed to a 1010°C fire. Information in 
Figure 5.3 shows the probability of a fire lasting this long as less than .01. 
The value used for this event is .01. 

Fire Duration Sufficient to Fail Weak Upright Insulated Shell (X62) 

A weak tank car shell is assumed to fail at 3/4 the failure time of a 
normal shell, or 150 minutes. The probability of a fire lasting about this 
long is given in Figure 5.3 as .07. This value is used for this event. 

Fire Duration Sufficient to Fail Normal Upright Partially Insulated Shell 
(X63) 

Calculations in Appendix C show that an upright tank car that is partially 

insulated will fail after a 60-minute exposure to a 1010°C fire. The proba­

bility of this fire duration is given in Figure 5.3 as .17. This value is used 
for this event. 
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Fire Duration Sufficient to Fail Weak Upright Partially Insulated Shell (X64) 

A weak tank car shell is assumed to fail at 3/4 the failure time of a 
normal shell, or 45 minutes. Figure 5.3 shows the probability of a fire lasting 
at least this long as .33. This value is used for this event. 

Fire Duration Causes Pressure Rise Sufficient to Fail Normal Insulated 
Shell (X70) 

The tanks used for transporting propane by rail tank car are designed to 
withstand internal pressures of up to 5.9 MPa (bursting pressure) and are 
tested to 2.3 MPa. It is assumed that if a normal rail tank car reaches its 
design pressure of 5.9 MPa, it will fail. Assuming that the relief valve and 
all other tank outlets remain closed, it would take a fire duration of 
280 minutes to raise the internal pressure of the insulated tank to 5.9 MPa. 
The probability of this fire duration is given in Figure 5.3 as .001. This 
value is used for this event. 

Fire Duration Causes Pressure Rise Sufficient to Fail Weak Insulated 
Shell (X7l) 

A weak tank shell is assumed to fail at the tank pressure of 2.3 MPa. 
Assuming that all tank outlets remain closed, it would take a fire duration 
of 130 minutes to raise the internal pressure of the insulated tank to 2.3 MPa. 
The probability of this fire duration is given in Figure 5.3 as .10. This 
value is used for this event. 

Fire Duration Causes Pressure Rise Sufficient to Fail Defective Insulated 
Shell (X72) 

A defective shell is assumed to have the same pressure failure threshold 
as a weakened shell. The value used for this event is .10, the same as for 
event X7l . 

Fire Duration Causes Pressure Rise Sufficient to Fail Normal Partially 
Insulated Shell (X73) 

A normal shell is assumed to fail at a pressure of 5.9 MPa. The partially 

insulated shell will reach this internal pressure more quickly than a fully 
insulated shell because of a greater heat flux. The time required to raise 
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the internal pressure of this tank to 5.9 MPa when exposed to a 1010°C fire 

is about 60 minutes (see Appendix C). Figure 5.3 shows the frequency of 
occurrence of a fire of this duration to be about .15. This value is used 
for this event. 

Fire Duration Causes Pressure Rise Sufficient to Fail Weak Partially 
Insulated Shell (X74) 

A weak tank shell is assumed to fail at the tank test pressure of 2.3 MPa. 
A partially insulated tank exposed to a fire of 1010°C will reach this internal 
pressure after about 30 minutes. The probability of this fire duration is 
given in Figure 5.3 as .50. This is the value used for this event. 

Fire Duration Causes Pressure Rise Sufficient to Fail Defective Partially 
Insulated Shell (X75) 

A defective shell is assumed to have the same pressure failure threshold 
as a weakened shell. The value used for this event is .50, the same as for 
event X74. 

Valve Fails to Open (X76) 

The failure rate for safety relief valves is given in Reference 4 as 
1.0 x 10-5 failures per demand. This value is used for this event. 

Safety Relief Valve Insufficient to Vent Tank (X77) 

Calculations in Appendix C show ~hat the valve is sufficient to vent 
either an overturned or an upright tank. The value used for this event is 
thus zero. 

8.3 RELEASE SEQUENCE PROBABILITIES 

The basic event probabilities presented in Sections 8.1 and 8.2 provide 
the basis for evaluating the probability of each release sequence identified 
in the fault trees. The probabilities of some of the release sequences for 

propane tank truck shipments are shown as an example in Table 8.1. A list of 
release sequence probabilities for rail tank car propane shipments is shown 

in Table 8.2. Only the release sequences with a frequency of occurrence 

greater than 1012 per shipment are listed in the table. All release sequences 
were retained in the actual risk calculation. 
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TABLE 8.1. Release Sequences and Probabilities for Propane 
Tank Truck Shipments 

.. Release Sequence 
Probabi 1 i t,l Release Seguence 

8.000E-06 X10 
3.600E-06 X12 
3.600E-06 X13 
6.400E-ll X17 X20 
6.400E-ll X17 X21 
5.839E-07 Xl X110 Xlll X1l2 
1.550E-07 Xl X121 X128 X129 
6.976E-07 Xl X121 X125 X126 
1.540E-06 Xl X121 X122 X123 
4.118E-08 Xl X41 X66 X67 
3.536E-ll Xl X41 X42 X151 X157 
9.610E-ll Xl X120 X121 X128 X130 
3.180E-1O Xl X1l9 X121 X125 X127 
7.070E-1O Xl X1l8 X121 X122 X124 
3.753E-09 Xl X80 X81 X82 X121 
3.670E-06 Xl X41 X42 X44 X45 
9.050E-07 Xl X41 X42 X43 X44 
1.042E-06 Xl X41 X42 X45 X140 X142 
4.942E-07 Xl X41 X42 X43 X140 X141 
1 .251 E-05 Xl X80 X81 X87 X88 X121 '. 1.581E-09 Xl X41 X80 X81 X89 X90 X121 

• 
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TABLE 8.2. Release Sequences and Probabilities for Propane 
Rail Tank Car Shipments 

Release Sequence 
Probabil ity Release Sequence 

8.000E-04 X16 
3.600E-06 X10 

3.600E-06 Xll 
2.003E-06 Xl X40 X45 X46 
1.569E-07 Xl X40 X41 X42 

1.596E-08 Xl X35 X36 X37 
1.226E-08 Xl X35 X38 X39 
4.630E-07 Xl X20 X28 X29 
1.227E-05 Xl X20 X21 X22 
3.472E-07 Xl X20 X21 X51 X60 X61 
2.315E-07 Xl X20 X21 X50 X51 X52 
8.124E-08 Xl X20 X21 X51 X53 X60 X62 
2.917E-07 Xl X20 X21 X50 X51 X54 X53 
2.510E-07 Xl X20 X21 X40 X51 X55 X56 X60 X63 
1.083E-07 Xl X20 X21 X40 X50 X51 X55 X56 X57 
1.267E-07 Xl X20 X21 X40 X51 X53 X55 X56 X60 X64 
4.352E-07 Xl X20 X21 X40 X50 X51 X53 X55 X56 X58 

8.4 RELEASE FRACTIONS 

The final step in the evaluation of release sequences is the determination 
of release fractions. For the purposes of this risk analysis, the lists of 
release sequences were divided into six categories and release characteris-
tics were assigned to each. The total probability of anyone release category 
is the sum of the individual release sequence probabilities leading to that 

category of release. Tables 8.3 and 8.4 show the release sequences from 

Tables 8.1 and 8.2, respectively, divided into the various release categories, 
along with assigned release characteristics. The six release rate categories 
are described in the following paragraphs: 
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TABLE B.3. Release Sequences for Propane Tank Truck Shipments 
Grouped According to Release Category 

Release 
Sequence 

Probabilit~ Release Seguence 

" Group 1 - Continuous Slow Leak (2.20 x 10- 3 m3/sec) 
B.000E-06 X10 

.. 3.600E-06 X12 
3.600E-06 X13 
6.400E-11 X17 X20 
6.400E-11 . X17 X21 
3.753E-09 Xl XBO XBl XB2 X121 

Group 2 - Continuous Leak (1.9 x 10-2 m3/sec) 
1. 251 E-05 Xl XBO XBl XB7 XBB X121 

Group 3 - Release from Safety Relief Valves 
3.670E-06 Xl X41 X42 X44 X45 
9.061E-07 Xl X41 X42 X43 X44 

Group 4 - Continuous Slow Leak, Fire Present (9.16 x 10- 3 m3/sec) 
4.11BE-OB Xl X41 X66 X67 
1.5B1E-09 Xl X41 XBO XBl XB9 X90 X121 

Group 5 - Immediate Release of Total Tank Contents 
5.B3BE-07 Xl X110 Xl11 X1l2 
1.550E-07 Xl X121 X12B X129 
6.976E-07 Xl X121 X125 X126 
1.540E-06 Xl X121 X122 X123 

.... 
9.610E-11 Xl X120 X121 X128 X130 
3.1BOE-1O Xl X119 X121 X125 X127 

10 7.070E-1O Xl Xl1B X121 X122 X124 

Group 6 - Immediate Release of Total Tank Contents, Fi re Present 
3.536E-11 Xl X41 X42 X151 X157 

1.043E"'-06 Xl X41 X42 X45 X140 X142 
4.942E-07 Xl X41 X42 X43 X140 X141 
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TABLE 8.4. Release Sequences for Propane Rail Tank Car Shipments 
Grouped According to Release Category 

Release 
Sequence 

Probability Release Sequence 

Group 1 - Continuous Slow Leak (2.20 x 10- 3 m3 jsec) 
8.000E-04 X16 
3.600E-06 X10 
3.600E-06 Xll 

Group 2 - Continuous Leak (1.96 x 10- 2 m3 jsec) 

Group 3 - Release from Safety Relief Valves 
1 .227E-05 Xl X20 X21 X22 

Group 4 - Continuous Slow Leak, Fire Present (9.16 x 10- 3 m3jsec) 
4.630E-07 Xl X20 X28 X29 

Group 5 - Immediate Release of Total Tank Contents 
2.003E-06 Xl X40 X45 X46 
1.596E-07 Xl X40 X41 X42 
1.596E-08 Xl X35 X36 X37 
1.226E-08 Xl X35 X38 X39 

Group 6 - Immediate Release of Total Tank Contents, Fire Present 
3.472E-07 Xl X20 X21 X51 X60 X61 
2.315E-07 Xl X20 X21 X50 X51 X52 
8.124E-08 Xl X20 X21 X51 X53 X60 X62 
2.917E-07 Xl X20 X21 X50 X51 X54 X53 
2.510E-07 Xl X20 X21 X40 X51 X55 X56 X60 X63 
1.083E-07 Xl X20 X21 X40 X50 X51 X55 X56 X57 
1.267E-07 Xl X20 X21 X40 X51 X53 X55 X56 X60 X64 
4.352E-07 Xl X20 X21 X40 X50 X51 X53 X55 X56 X58 
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• The first release category represents a continuous slow leak from an equi­
valent 2.5-cm diameter opening. These release sequences do not generally 
occur as a result of transportation accidents. The release rate for this 
category is 2.20 x 10- 3 m3/sec of propane. (a) This release is postulated 
to occur either as a result of a defective weld or corrosion in the tank 
itself, or from a release through a defective internal valve that travels 
on through defective or missing external hardware. 

• The second release category represents a continuous outflow from an opened 
or damaged valve. These release sequences occurred as a result of mechani­
cal forces (impact or puncture). Accidents with fire present are not 
included here. The rate of release of propane is assumed to be the equi­
valent of that emanating from the area of a 7.6-cm diameter opening. 
The release rate for this category of release sequences is 
1.96 X 10-2 m3/sec of propane. There were no releases of this class from 
the rail tank car. 

• A third release category is the outflow of propane from activated safety 
relief valves in an accident where fire is present. This release is 
modeled as a continuous leak. The release from the valves of the over­
turned tank is greater than that for the upright tank. The larger release 
rate is used in this case. This corresponds to a release rate of 
5.23 x 10-2 m3/sec for the large tank truck; a rate of 3.62 x 10- 2 m3/sec 
for the bobtail; and a rate of propane release of 1.04 x 10- 1 m3/sec for 
the rail tank car. 

• The fourth release category is that of a small, continuous leak of propane 
in an accident situation with a fire present. The propane is released, 
as in release category #2, from a 2.5-cm diameter opening. The elevated 
temperature results in a larger release rate of 9.16 x 10-3 m3/sec. 

• A fifth release category is a release of propane from a major mechanical 
failure (impact or puncture) of the propane tank. These represent major 
accident sequences where a fire is not initially present, although the 

(a)This rate is calculated from equations given in Reference 5 for determining 
the maximum flow or propane through an orifice. 
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released propane may later be ignited. It is assumed that the total 
contents of the tank are released almost immediately. 

• The last category of release corresponds to an explosive rupture of the 
propane tank, caused by an overpressurization of the tank or a weakening 
of the tank walls by fire. These represent major accident sequences 
where a fire (not caused by the propane cargo) is the cause of tank • 
failure. It is assumed that the total contents of the tank are released 
almost immediately. 
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FIGURE 9.1. Event Tree 

A continuous release of propane with immediate ignition corresponds to 
release categories three and four. These releases normally result in a 
torching effect, where the propane flame burns until the fuel is exhausted. 
These flames do not usually contact the tank itself. However, there is a 
possibility that the torch may be directed so that it impinges on the tank 
walls. In this case, tank rupture may eventually occur as a result of a 
weakening of tank walls that are not backed by liquid propane. 

A continuous release with dispersion represents the first and second 
release categories described in Section 8.4. The vapor cloud formed by 
these release sequences could either harmlessly disperse, or ignite, creat­
ing a detonation or deflagration. 

The major health effects of the release scenarios considered in this 
report are direct flame exposure, explosion effects (overpressure and frag­
mentation), radiant heat flux, and secondary fires. Consequences to the pub­
lic are measured in terms of expected fatalities. The number of fatalities 
from each major health effect is estimated by determining a size and shape 
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9.0 EVALUATION OF THE CONSEQUENCES OF PROPANE RELEASES 

In Section 8, individual release sequences were identified and evaluated 
by determining their expected frequency of occurrence and the corresponding 
release fraction. At this point, a risk number could be obtained by multi­
plying the individual release sequence probabilities and release fractions 
together, and summing over all release sequences. The resulting risk number, 
however, would not be in a suitable form for comparison with other societal 
risks, which is one of the objectives of the risk assessment. 

To express the risk in a more useful form, conversion factors must be 
developed to allow modification of the consequence portion of the risk number 
(in this case, to fatalities). The purpose of this section is to develop 
these conversion factors. Areas that must be evaluated include: health 
effects of a propane release, demography, meteorology, and quantity of the 
release dispersed. The final portion of this section will show how these 
factors are applied to obtain the risk number. 

9.1 HEALTH EFFECTS 

The release sequences developed in Sections 7 and 8 represent major path­
ways for the release of propane during transportation. The potential sequences 
of events following a release are depicted in Figure 9.1. This section 
describes these events, their physical characteristics, and resultant conse­
quences. In this analysis, the consequences are generally restricted to risks 
to the general public. The treatment of the risks to vehicle drivers and 
emergency response personnel will be discussed in Section 10. 

The release categories determined in Section 8.4 are represented by 
various branches of the event tree shown in Figure 9.1. An immediate release 
with dispersion corresponds to the fifth category of release, a release from 
a major mechanical failure of the propane tank. This release, as shown, 
could dissipate into the atmosphere, resulting in no significant consequences, 
or could ignite at some point, causing damages related to a detonation or 

def1agration. An immediate release could also be ignited instantaneously, as 
in release category six, an explosive rupture of the propane tank. 
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(range and geometry) for each effect and applying this information to a uni­
form population density. The fatality mechanisms used to estimate the con­
sequences of a propane release are described in Section 9.2. The U.S. 
population model used here is described in Section 9.3. Required meteorology 
and vapor dispersion models are described in Sections 9.4 and 9.5, respectively. 

9.2 FATALITY MECHANISMS 

The fatality mechanisms described in the following subsections are used 
to estimate the consequences of a propane release. Each mechanism is assigned 
a priority in the consequence calculations based on the fatality percentage 
attributed to it. Those mechanisms with higher fatality percentages are cal­
culated first; all other consequence calculations exclude those areas affected 
by the higher priority mechanisms, to avoid double-counting fatalities. 

Typically, the general public does not reside immediately adjacent to 
major transportation pathways. General public fatalities attributable to 
propane releases will thus occur at moderate distances from a release occurring 
on this pathway. To model this, a l5-meter exclusion zone on either side of 
the transportation pathway centerline will be assumed for all releases. The 
uniform population density assigned to the remaining areas will not be applied 
to this exclusion zone. Instead, the exclusion zone is assigned a population 
density of zero. The risk to the population that would normally be inside 
this exclusion zone, such as the tank truck and other drivers and emergency 
response personnel, will be discussed in Section 10. Figure 9.2 depicts this 

- PATHWAY CENTERLI NE - -

FIGURE 9.2. General Public Exclusion Zone 
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3D-meter exclusion zone. The wind direction for all dispersed releases will 
be assumed to be normal to the transportation pathway. 

9.1.1 Direct Flame Exposure 

It is assumed that any person coming into direct contact with flames from 
a propane fire will not survive. However, portions of the general public will 
be shielded from the flames at the time of ignition by building structures or 
automobiles. Others will be able to evacuate the immediate area. It is 
thus assumed that, because of shielding from the flames or evacuation only 
10% of the available population will be directly exposed to the fireball. 

The term IIfireball ll implies a spherical shape for the flame geometry. 
In the case of an immediate release, the actual flame geometry may vary some­
where between a sphere and a hemisphere. A hemispherical fireball will expose 
more ground area to direct flame contact than will a spherical fireball. To 
ensure a conservative fatality estimate, a hemispherical fireball will be used, 
with a radius given by Equation (9_1).(1) 

r = 1.93 mO· 32 (9-1) 

In this equation, the mass of the propane vapor available for immediate com­
bustion is represented by II mll, given in kilograms. The amount of vapor 
immediately generated at the time of release is a function of the temperature 
of the liquid propane. Table 9.1 lists the percentage of liquid that instan­
taneously flashes to vapor for several temperatures. These temperatures 
reflect expected propane temperatures for several of the release scenarios. 

TABLE 9.1. Vapor Flash Percentages(2) 

Temperature Percent Flash 

21.1°e 35 
B6.4°e 41 
51.3°e 55 
55.3°e 57 
57.Boe 59 
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The area encompassed by the flame is given by: 

A = nr2 (9-2) 

where r is the fireball radius, in meters. Again, because of shielding effects 
and potential evacuation, only about 10% of the available population is exposed 
to this fireball. All those within the fireball area are assumed fatalities. 

Equation (9-1) is only valid for those releases where ignition immediately 
follows the release itself. If ignition is delayed for a short period of 
time, the fireball geometry is controlled by the dispersion of the vapor cloud. 
In the case of a dispersed vapor cloud, the fireball (or more appropriately, 
the flame area) is assumed to be defined by the flammable region of the cloud. 
Determination of the flammable region is based on dispersion models, discussed 
in Section 9.5. When dispersion occurs, the probability of ignition decreases 
from one to some value which is dependent upon the area of the flammable 
region. The probability of finding an ignition source (P) for several ranges 
of flammable cloud area is given in Table 9.2. (3) To facilitate computation 
by a computer, Table 9.2 has been approximated by Equation (9-3): 

p = 0.525 exp (- l~OJ + [1 - exp (- 8~)] [1 - exp 0 3(1 09 :-0.4))] (9-3) 

where A is the area of the flammable region in m2 • It should be noted that 
the terms in Equation (9-3) have no phYSical interpretation. Propane is 
easily ignited. Thus, the probability of ignition decreases as the area of 
the cloud increases, since ignition will most likely occur before the larger 
areas can be achieved. 

Direct flame hazards also exist for continuous releases. When an 
ignition source is immediately available, a continuous release will typi­
cally result in a torching effect. In this case, the propane is consumed 
immediately upon release and the flames are normally confined to a small 
local area. Direct flame contact presents little hazard under these circum-

stances. However, torching can lead to a more significant hazard as the 
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TABLE 9.2. Plume Ignition Probability 

Area Range (m2) 

<30 
30 - 100 

100 - 300 
300 - 1 ,000 

1,000 - 3,000 
3,000 - 10,000 

10,000 - 30,000 
3Q,000 - 100,000 

100,000 300,000 
300,000 - 1,000,000 

1,000,000 - 3,000,000 
3,000,000 - 10,000,000 

Probabilit.l of Ignition 

0.5223 
0.1173 
0.0969 
0.0884 
0.0615 
0.0479 
0.0287 
0.0183 

0.0094 
0.0052 
0.0022 
0.0011 

in That Range 

flame impinges on the propane tank. The heat from the direct flame contact 
may weaken the tank and allow it to rupture, releasing major amounts of propane 
and creating fireballs similar to those created by an immediate release. Vapor 
flash percentages will be higher than those for ambient temperature releases 
(see Table 9.1). For this analysis, it has been assumed that 50% of the tank 
contents are depleted by torching prior to tank rupture. Fireball geometry 
is calculated by Equation (9-1), the same method as was used for immediate 
releases with no dispersion. Differences in fireball size for the immediate 
and continuous releases are the result of different values of mass, m, 
remaining at the time of release. 

A more significant flame hazard results when a continuous release is 
allowed to disperse and delayed ignition occurs. As in the case of an 
immediate release with dispersion, the flame geometry is controlled by the 

establishment of a flammable region of vapor. Again, models describing the 
dispersion of propane and the establishment of flammable areas are discussed 
in Section 9.5 of this report. The probability of a dispersed continuous 

release reaching an ignition source follows the same prediction formula as 

an immediate release (see Equation 9-3). 
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Dispersion models for continuous releases generally provide geometry 
parameters for steady-state isopleths only. Isopleths are lines of constant 
concentration and are used to identify the boundaries of the upper and lower 
flammability limits. The flammability limits define the fireball geometry and 
probability of ignition. Steady-state isopleths are established within minutes 

J following a release. It is assumed here that sufficient amounts of propane 
exist to allow the attainment of steady-state conditions. 

However, the calculation of consequences based on these steady-state 
isopleths is misleading because the probability of reaching steady-state con­
ditions (even for the short periods of time involved here) is quite low. It 
is much more likely that the dispersed cloud will find an ignition source 
before reaching the maximum or steady-state size. This phenomena relates back 
to information given in Table 9.2. To more closely approximate reality, the 
steady-state isopleth area for continuous releases with dispersion is divided 
into 15 increments. Each increment represents a flammable cloud size that 
must be passed through to reach maximum or steady-state isopleth area. Cal­
culating the risk from each increment and then adding these risks together 
arrives at a release risk more closely approximating what might be expected 
of an actual release. As in the case of an immediate release, fatality of 
those exposed to direct flame contact is 100% of the population in the fire­
ball area. However, only 10% of the available population is exposed to the 
fireball, because of shielding effects and evacuation efforts. 

9.1.2 Explosion Effects 

Explosion effects can be divided into two categories. These are over­
pressure and fragmentation. Overpressure effects are those deleterious effects 
caused by a radially expanding blast wave or pressure wave centered about the 
point of initiating energy release. The initiating energy release may be the 
result of a chemical reaction or a mechanical reaction, hereafter referred to 
as a detonation or an explosive rupture, respectively. In this report, a 
chemical reaction, or detonation, refers to an explosion occurring after a 
vapor cloud has been formed. The flame front moves at supersonic speeds, 

creating pressure or shock waves. A mechanical reaction, on the other hand, 

refers to the explosion forces associated with tank rupture. The flame front 
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moves at subsonic speeds (deflagration) and does not create pressure waves. 
Any shock wave or blast effects are a result of tank rupture. Fragmentation 
accounts for those effects caused by flying objects set in motion by the blast 
wave. The objects may be pieces of the propane tank or secondary objects in 
the neighborhood of the explosion. 

Overpressure effects are estimated by assigning fatality percentages based 
on lines of constant overpressure magnitude (LCOM). It is assumed that 100% 
of the population within the 6.9 x 10 4 Pa LCOM will die. The 6.9 x 104 Pa limit 

was chosen from Figure 9.3, where it defines the limit of probable total destruc­
tion. (4) Areas inside the 1.7 x 10 4 Pa LCOM are assigned a fatality percent-
age of 10%. The 1.7 x 10 4 Pa limit was chosen from Figure 9.3, where it 
represents the limit of serious structural damage. Distances tQ the 
6.9 x 104 PA and 1.7 x 10 4 PA LCOM are found by calculating an equivalent TNT 
magnitude of the blast and using a scaled range approach. (5) The distance 

to any LCOM can be found by multiplying the scaled range value by the TNT 
equivalent of the blast raised to the one-third power. For example, if the 
TNT equivalent is 2.7 kg the distance to the 6.9 x 10 4 PA LCOM is 6.1 m. 
Figure 9.3 has been approximated by Equation (9-4) to ease the implementation 
of later calculations by computer. 
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X -1.4362 
P = 82.88 m6-:TI (9-4) 

The key to defining blast effects on the basis of peak overpressure now lies 
in calculating the TNT equivalent of the blast. For chemical reactions, 
Equation (9_5)(a) is used to predict the TNT equivalent mass. (5) 

TNT Eq. = m = E (9-5) 

mp = mass of the propane; kg , 
~H = propane heat of combustion; 1.196 x 107 cakl 

cp 1 g 
~Hc = TNT heat of combustion; 1.109 x 106 cak TNT g 

Partial combustion and physical differences between TNT and gaseous explosions 
are accounted for by the unitless term, E. The value of E has been empirically 
derived to be 0.1 for explosions of the type expected from propane releases.(5) 
The point of detonation is difficult to define for vapor clouds, such as those 
resulting from propane dispersion. Vapor cloud detonations are simulated in 
this report by dividing the overall TNT equivalent mass into eleven discrete 
charges. The LCOM establishment results from the simultaneous detonation of 
all eleven point charges when they are placed on the downwind centerline of 
the vapor cloud, as shown in Figure 9.4. 

Tank rupture, or mechanical reaction, can also cause overpressure effects. 
The same methods are used here to define the affected area and fatality per­
centages as were used in the chemical explosions. However, the TNT equivalency 
of a rupture is substantially different, being based upon the rupture pressure 

(a) adapted from TNT Eq. 
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and physical dimensions of the tank. In all cases, rupture is assumed to be 
caused by a weakening of the tank wall by thermal stresses. (a) Safety valves 

are assumed to be functioning properly, thus limiting the tank pressure to 
the rating of the valves. Safety valve ratings, tank diameters, and TNT 
equivalent masses are listed in Table 9.3. 

Fragmentation can also represent a significant explosion hazard. Fragments 
created during the rupture of a tank will most likely be portions of the tank 
itself and will be confined to a region of impact of 610 meters radially from 
the explosion. (1) Although the direction of fragment flight is unknown, 
there are a limited number of tank pieces that will act as missiles. To 
account for the fact that few people within a 610 m radius can actually be 
affected by tank fragments the fatalities due to rupture fragments are esti­
mated to be all of those persons within an area equal to 610 meters times the 
length of the tank, as shown in Figure 9.5. In the case of a detonation the 

(a)Fai1ure of the tank by overpressurization has not occurred historically and 
will not be analyzed for consequences here. It is assumed that the con­
sequences of tank overpressurization, if it should occur, are sufficiently 
similar to other consequences presented here to forego additional analysis. 
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TABLE 9.3. TNT Equivalent Masses for Tank Rupture 

Mode Valve Rating Diameter TNT Eguiva1ent 

Bobtail Transport 1.86MPa 1.84 m 10.0 kg 

Tank Truck 1.86 MPa 2.18 m 17.0 kg 
Rai 1 Car 1.93 MPa 3.02 m 48.9 kg 

POI NT OF RUPTURE 

I 
100% FATALITIES 

6l0m ~"--TANK LENGTH 

FIGURE 9.5. Fragmentation Fatality Area 

fragments will be composed of secondary fragments from nearby objects. Since 
the dimensions and number of nearby objects cannot be predicted, the fatalities 
attributed to secondary objects will be estimated by the same methods used 
for overpressure fatalities. The defining LCOM for secondary fragments is 
0.3 psi, which from Figure 9.2 is seen to be the limit of miss1e generation. 
A 0.1 fatality percentage is assigned to persons inside this LCOM. 

9.1.3 Radiant Heat Flux 

Fatalities from radiant heat are estimated by determining a distance from 
t the fireball at which the threshold of 2nd degree burns exists. The threshold 

for 2nd degree burns has been estimated at 5 ca1/cm2 .(6) It is assumed that 
anyone within the area described by this distance will experience 2nd degree 

burns on all exposed surfaces. The amount of exposure varies from person to 
person and from season to season. An average of 27% exposed skin has been 



chosen, corresponding roughly to both arms and the face. Figure 9.6, esti­
mated from data presented in Reference 6, shows the probability of fatality 
versus the amount of 2nd degree burns. (6) From this figure it can be seen 
that 2nd degree burns over about 27% of the body should result in a 10% 
chance of death. 

Methods for predicting the distance to the burn threshold depend upon the 
type of release and the fireball geometry. For tank ruptures or immediate 
releases without dispersion, the fireball is assumed to be hemispherical. 
This simplifies heat flux calculations since hemispherical geometry can be 
assumed throughout. To calculate heat flux magnitude, a flame temperature of 
22000K is assumed(5). This is the approximate combustion temperature of 
propane. The surface area of the fireball is given by Equation (9-6): 

A = 2nr2 
s (9-6) 

The value of r can be found by applying Equation (9-1). Total time integrated 
heat flux for the fireball is now given by Equation (9_7):(7) 
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where 

As = flame surface area in m2 

T = flame temperature in oK 
cr = Stephan-Boltzman constant - 1.3537 x 10-10 ~~1 - S - °K4 

E = gas emissivity 
t = fireball duration in seconds 

The value of E is dependent upon the geometry of the fireball and generally 
ranges between 0.3 and 0.1. To maintain the conservatism of this study 
it has been assigned a constant value of 0.3. The expected duration (t) 
of the fireball is given by Equation (9-8) where as in Equation (9-1), m is 
the mass of the flammable propane in kilograms.(l) 

t = 0.299 mO' 32 (9-8) 

The distance to the 2nd degree burn threshold (r2) can now be determined using 
Equation (9-9): 

(9-9) 

where 

rl = fireball radius in meters 
Ql = total heat flux given in Equation (9-7) 
Q2 = heat flux required to cause 2nd degree burns. 

The previous analysis will apply to releases with a hemispherical con­
figuration. This excludes any releases involving dispersion. In these, a 
slightly different approach must be taken. Flame surface area must now be 
estimated by assuming the fireball to have the same shape as the flammable 
region just prior to ignition. To greatly simplify the calculations the 
region area will be approximated by an ellipsoid. The major and minor axes 
of the volume will be defined by the downwind and crosswind distances found 

by the applicable dispersion models. The height of the cloud is estimated 
by assuming a constant ratio between it and the crosswind width. This ratio 
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was generated by the dispersion model used in this study. The average ratio 
was determined to be 0.133. Therefore, the height of the cloud (z) is given 
by Equation 9-10 as follows: 

z = 0.133 y (9-10) 

where z is the cloud height and y is the crosswind width at the widest point. 

With these parameters identified, the surface area of the flame (A) can now 
be calculated using Equation (9-11).(8) 

A % TI(x+y)z (64 - 3[~~~~) 
64 - 16 [~] x+y 

+ TIXY 

Total heat flux from the fireball is found using Equation (9-7). 

(9-11 ) 

Finding the distance to the 2nd degree burn threshold also becomes more 
difficult. It is assumed that the distance to the burn threshold from the 
fireball perimeter will be constant at all points. In addition, the surface 
described by the burn threshold will have the same shape as the fireball. 
Using these two assumptions, the burn threshold surface area (A 2 ) can be 
found by: 

where 

Al = flame surface area 
QI = total heat flux 
Q2 = 2nd degree burn threshold 

(9-12) 

Using the same ellipse eccentricity and height-width relationship as for 
the fireball, the distance to the 2nd degree burn threshold can be calculated 
by applying iteration techniques to Equation (9-11). Dimensions determined by 
this method are then applied to a standard ellipse area formula to arrive at 
the total land area subjected to 2nd degree burn radiation. As in the case of 
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direct flame contact, much of the general public will be shielded from the 

effects of radiant heat flux. Taking into account such factors as the number 
of persons indoors and shielding by exterior objects, the exposure factors 

given in Table 9.4 have been assigned to persons inside the 2nd degree burn 

area. The definitions of the population zones are discussed in Section 9.3. 

TABLE 9.4. Factors for Radiant Heat Exposures 

9.1.4 Secondary Fires 

Population Zone 

Urban 
Other Urban 

Rural 

Exposure Factor 

1.564 x 10- 3 

0.1233 

0.1875 

In this report, secondary fires are considered to be an additional effect 

of radiant heat flux. As such, the techniques for calculating the number of 

secondary fires are essentially the same as calculating radiant heat fatali­

ties. The major difference is the magnitude of radiant heat intensity neces­

sary to cause damage. For exposed skin, a threshold value of 5 cal/cm2 caused 

2nd degree burns. For secondary fires, the threshold intensities are defined 

in a different manner. Figure 9.7 depicts the intensities necessary to 

initiate spontaneous combustion for various materials versus exposure time. (9) 

For this study, all structures will be assumed to be constructed of whitewood. 

Threshold intensities will then be based on the dashed line in Figure 9.7. 

To facilitate computer application, this curve has been approximated by the 

following equation: 

= In(t/4000) 
I - 5.5(1-e-O'I995t) (9-13) 

The units for intensity (I) are cal/cm 2-s and t is given in seconds. The 

value of t can be found using Equation (9-8). The secondary fire threshold 

is now defined as: 

Q = It (9-14) 
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FIGURE 9.7. Radiant Exposures to Ignite Various Materials 

and this term is used in Equations (9-9) and (9-12), in the same manner as 
described earlier, to define the areas exposed to secondary fire hazard. 

The number of secondary fires started in the exposed area is estimated 
by multiplying the distance to the fire threshold times a building density 
factor. The building densities used in this study are presented in Table 9.5. 

To compensate for building materials other than whitewood and the effect 
of low angles of incidence, the building densities listed in Table 9.5 have 
been reduced to 0.35, 0.9, and 0.2 buildings/km. Table 9.6 presents the 

probability of various fatality levels versus the number of building fires 
s ta rted . (1 0) 
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TABLE 9.5. Building Densities 

Population Zone 

Urban 
Other Urban 
Rural 

Building Density 

35 Bu;ldings/km 
9 Buildings/km 
2 Buildings/km 

TABLE 9.6. Estimated Probability of n Deaths from j Secondary Building Fires 

n j=O 1 
Probabilit~ of n Deaths from j Fires 

2 3 4 5 6 7 

0 1.0 0.99 0.98 0.97 0.96 0.95 0.94 0.93 
1 0.0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 
2 0.0 0.0035 0.007 0.01 0.014 0.018 0.021 0.025 
3 0.0 3.0E-4(a) 6.0E-4 9.0E-4 1.2E-3 1 .5E-3 1.8E-3 2.1E-3 
4 0.0 1 .5E-4 3.0E-4 4.5E-4 6.0E-4 7.5E-4 9.0E-4 1 . 1 E-3 
5 0.0 1 .OE-4 2.0E-4 3.0E-4 4.0E-4 5.0E-4 6.0E-4 7.0E-4 

10 0.0 2.5E-5 5.0E-5 7.5E-5 1.OE-4 1.3E-4 1 .5E-4 1 .8E-4 
15 0.0 8.0E-6 1.6E-5 2.4E-5 3.2E-5 4.0E-5 4.8E-5 5.6E-5 

(a)Read 3.0 x 10-4 

9.3 DE~10GRAPHY 

To determine the number of people affected by a release of propane during 
a transportation accident, the U.S. population distribution must be character­
ized. The United States (excluding Alaska and Hawaii) was divided into the 
nine Census Bureau regions shown in Figure 9.8. The population densities were 
grouped into three classes: urban areas, "other urban" areas and rural areas. 
An urban area is a city or connecting cities with a total population of 50,000 
and contingent areas of population of 2,500. Other urban areas are classified 
as areas that are not included in urban areas and have populations equal to 
or greater than 2,500 persons. Rural areas are assumed to be all those areas 
not included in the previous two categories. 
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FIGURE 9.8. Map of the U.S., Showing Census Divisions and Regions 

The total population and land area of each region in 1974 was obtained 
from Bureau of the Census information. (11) Land areas for urban areas (both 
urban and other urban) in 1970 and urban population data for 1974 were obtained 
from other Census Bureau reports. (12,13) Rural population and land area 

figures were obtained by subtracting numbers for the urban areas from the total 
figures for anyone region. The population densities and land areas for each 
region are shown in Table 9.7. 

This risk assessment, however, is based on a 1985 shipping model. It 
was thus necessary to extrapolate population and land areas to 1985. A report 
by J. P. Pickard(14) predicts that between 1975 and 2000, 77% of the population 

growth in the U.S. will occur in urban regions. Using the 1985 population 

projections given in Reference 10, 77% of the total growth was distributed 
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TABLE 9.7. 1974 Census Data 

Po~u1ation Land Area (km2) Dens i t~ (Peo~le/km7) Land Area (%) 

.. New fng1and 

Total 12,150,000 172 ,515 70.4 100.0% 

Urbanized Areas 7,666,000 6,843 1,120.0 4.0% 

Other Urban 1,409,000 4,281 329.0 2. 5~; 

Rura 1 3,075,000 161,391 17.3 93.5% 

Middle Atlantic 

Total 37,401,000 266,110 140 100.0% 

Urbanized Areas 27,510,000 13,996 1,970 5.3% 

" Other Urban 2,928,000 3,386 865 1 . 3~; 

Rura 1 6,963,000 248,728 28 93.4% 

East North Centra 1 

Total 40,824,000 643,053 62.7 100.0% 

Urbanized Areas 24,818,000 18,443 1,350.0 2. 9~; 

Other Urban 5,309,000 6,355 835.0 l. 0% 

Rural 10,697,000 618,255 17.3 96.1% 

West North Central 

Total 16,682,000 1,339,670 12.5 100.0% 

Urbanized Areas 6,876,000 6,716 1,020.0 0.5;, 

Other Urban 3,517,000 5,344 658.0 0.4% 

Rural 6,289,000 1,327 ,610 4.7 99.17, 

South Atlantic 

Total 33,206,000 722,030 46.0 100.0?; 

Urbanized Areas 15,196,000 13,773 1,100 1.9% 
Other Urban 4,454,000 8,224 542 1.1°(, 

Rural 13,556,000 700,033 19.4 97.00/ 

East South Central 

Total 13,387,000 471,287 28.4 100.0?; 

Urbani zed Areas 4,457,000 5,281 844 1.1% 

Other Urban 2,550,000 5,924 430 l. 3% 

Rural 6,380,000 460,082 13.9 97.6% 

West South Central 

Total 20,584,000 1,136,710 18.1 100.0~ 

Urbanized Areas 10,199,000 11,305 902 1.0°!' 
Other Urban 3,846,000 7,469 515 0.7'1, 

Rural 6,539,000 1,117,936 5.fl 98.3% 
- .. Mountain 

Total 9,411 ,000 2,237,467 4.2 100.0;'. 
Urbanized Areas 4,176,000 4,098 1,019 0.2% 
Other Urban 1,879,000 3,190 589 0.1% , 
Rural 3,356,000 2,230,179 l.5 99.n. 

Pacific 

Total 26,649,000 838,813 30.4 100.0?: 

Urban i zed Areas 19,282,000 13,067 1,476 1.6'% 

Other Urban 2,767,000 4,527 611 0.57" 

Rural 4,600,000 821,219 5.6 97.9% 
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between urban and other urban areas by the ratio of their 1974 populations. 
The remainder was added to the rural population. Figure 3.4 in Population 
and the American Future(15) predicts that urban land area will grow approxi­

mately 25% between 1974 and 1985. This enabled the calculation of 1985 land 
area values. As before, rural land area was found by subtraction. Projected 
1985 data are given in Table 9.8. 

9.4 METEOROLOGY 

The diffusion climatology along the transport route must be incorpo­
rated into any risk analysis where the atmosphere is an important pathway 
for exposures to nearby populations. The important atmospheric variables 
are: 1) wind direction, which indicates the initial direction of travel; 
2) wind speed, which indicates the rate of transport; and 3) atmospheric 
stability, which indicates the rate of dilution and plume rise potential. 
Certain characteristics of release (e.g., height and temperature) are also 
important in the evaluation of the atmospheric pathway. 

Assuming a postulated accident with a surface release and little or no 
release-related plume rise, the immediate and greatest impact will be in 
the region surrounding the location of the event. Transport and diffusion 
are often determined by local influences. Wind speeds and directions show 
considerable variation that cannot always be summarized by large geographic 
regions. Local influences include topography (surface roughness, channeling), 
heat island effects, and proximity to large bodies of water. The inclusion 
of such influences in the present analysis is not feasible, principally 
because the information is not available either from a data base or from 
current modeling capabilities. 

For estimates of long-term diffusion averages, the average persistence 
of winds by sectors are used. Considering wind direction persistences alone, 
the actual sector annual-average air concentrations can be considerably higher 

or lower than an average. Based on reported values from 129 weather bureau 
surface stations in the continental U.S., the concentrations range on the order 

of from half to 5 times the average. The air concentrations near a particular 
population center can be expected to vary by the same factor depending on the 
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TABLE 9.8. Projected 1985 Census Data 

Poeu1ation band Area (km2) pensitx (2eoE1eLkm2 ) Land Area (%l 

• New England 

Total 13.997.000 172,510 81.1 100.0% 
Urbanized Areas 8,867,000 8,525 1,040 4.9% 

Other Urban 1,630,000 5,333 306 3.1% 

., Rural 3,500,000 158,652 22.1 92.0% 

Middle Atlantic 

Total 41,930,000 266,110 158 100.0% 
Urbanized Areas 30,662,000 17,436 1,760 6.6% 
Other Urban 3,263,000 4,218 774 1.6% 
Rural 8,005,000 244,456 32.7 91.8% 

East North Central 

Total 47,042,000 643,053 73.2 100.0% 
Urbanized Areas 28,762,000 22,976 1,260 3.6% 
Other Urban 6.153.000 7,917 177 1. 2% 
Rural 12.127,000 612,160 19.8 95.2% 

West North Central 
Total 17,995,000 1 ,339,670 13.4 100.0% 
Urbanized Areas 7,545,000 8,367 902 0.6% 
Other Urban 3,859,000 6,657 580 0.5% 
Rural 6,591.000 1.324,646 5.0 98.9% 

South Atlantic 
Total 36,942.000 722,030 51.2 100.0% 
Urbani zed Areas 17,421,000 17,157 1.020 2.4% 
Other Urban 5,106.000 10.245 498 1.4% 
Rural 14,415,000 694,628 20.8 96.2% 

East South Central 
Total 13,793,000 471,287 29.3 100.0% 
Urbanized Areas 4,656.000 6,579 708 1. 4% 
Other Urban 2,664.000 7,380 361 1.6% 
Rural 6,473,328 457,328 14.2 97.0% 

West South Central 
Total 22,804,000 1,136,710 20.1 100.0% 
Urbanized Areas 11,440,000 14,083 812 1.2% 
Other Urban 4,314,000 9,305 464 0.8% 
Rural 7,050,000 1,113,322 6.3 98.0% 

... 
Mountain 

Total 10,286,000 2,237,467 4.6 100.0% 
Urbanized Areas 4,641,000 5,105 909 0.2% 
Other Urban 2,088,000 3,974 524 0.2% .-
Rural 3,557,000 2,228,388 1.6 99.6% 

Pacific 
Total 33,257.000 838,813 39.6 100.0% 
Urbanized Areas 23.732.000 16.278 1,460 1. 9% 

Other Urban 3,406,000 5,640 604 0.7% 

Rural 6,120.000 816,895 7.5 97.4% 
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direction of the population center from the selected route. Such a factor 
could be quite important in determining the effects of releases near large 
population centers. Over a sufficiently long route, the effects of different 
wind direction persistences may tend to cancel if there is a random relation­
ship between the prevailing wind directions and population centers. The alter­
native of picking a route based on known diffusion climatologies to minimize 
risk could be beneficial; however, at the present time it is not included in 

the model. 

The meteorological data used in this analysis are shown in Table 9.9. 
The values were developed from micrometeorological data collected for diffusion 
calculations for reactor sites. Seven sets of micrometeorological data were 
selected from about 26 compilations from reactor sites to account for the 

range of conditions that could reasonably occur along the route. The use of 
a single averaged distribution allows for the typical range of wind speeds 
without undue weighting to any particular site. Although this result cannot 
be expected to necessarily represent any particular portion of the route, it 
does represent the type of conditions that may be encountered on the average. 

TABLE 9.9. Average Wind Speed/Stability Characteristics 

Wind SQeed Pasguill Stabilit~ Classification 
Uk P·Lk 

m/sec k Pk B(J=lJ D(j=2J J E(j=3J F(j=4 ) 

1 1 0.255 0.136 0.202 0.299 0.363 
3.5 2 0.508 0.243 0.274 0.272 0.211 

7 3 0.161 0.190 0.290 0.339 0.181 
10 4 0.052 0.240 0.312 0.358 0.090 
18 5 0.024 0.276 0.348 0.356 0.020 
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9.5 ATMOSPHERIC DISPERSION OF PROPANE VAPORS 

Atmospheric dispersion and vaporization models are required to determine 
• the extent of a propane vapor cloud from a release without immediate ignition. 

Both immediate and gradual releases with dispersion are considered here. 

There are two components of propane vaporization in any LPG spill. One 
is flash vaporization, an almost instantaneous vaporization of propane due to 
the drop from tank to atmospheric pressure. The other component is vapori­
zation of gas from pools formed by the spilling, liquid propane. 

In an immediate release of propane from a tank car failure, an initial 
vapor cloud is formed by flash vaporization. At ambient temperatures (20 0 e), 
this cloud would contain about 35% of the tank contents. The propane that 
is not flash-vaporized forms a liquid pool. Additional vapor is formed by con­
tinuous evaporation from this liquid pool. In modeling the vapor cloud disper­
sion from an immediate propane release, it was assumed that the initial vapor 
cloud formed by flash vaporization presents the greatest hazard since the cloud 
from pool evaporation would cover a smaller area than the initial cloud. Thus, 
in an immediate propane release, only the cloud resulting from flash vapori­
zation was considered in the dispersion calculations. The dispersion of this 
cloud can be simulated using a Gaussian puff equation. 

For continuous liquid releases, both flash vaporization and evaporation 
from a pool must be considered. The amount of propane instantaneously 
vaporized due to a reduction in pressure (at ambient temperature) is 35%. 
The remaining propane contributes to pool formation, and subsequently 
evaporates due to heat input from the ground surface. The total contribution 
to the vapor cloud is the sum of the emission rates from flash vaporization 
and pool evaporation. 

However, surface vaporization has been studied by Shaw and Briscoe,(16) 
Reid and Smith(17) and others. Their work indicates that the liquid propane 
will spread until the total evaporation of the pool is equal to the input rate 
to the pool. Shaw and Briscoe(lS) present models representing heat transfer 

and subsequent vaporization from a semi-infinite slab, taking into account the 
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initial soil and LPG boiling temperatures (Ts ' Tb), soil conductivity (ks ) 
soil diffusivity (~S) and the LPG latent heat (L): 

M - -a 

where M is the emission rate per unit area as a function of time, t. 
also express the spill radius (r) independent of vaporization rate as: 

where: 

_ /Z (8 9 B\1/4 (t3/ 4) 
r-/ 3 \ 7T I 

B is the spill rate in m3 S-l 

g is the gravitational acceleration. 

(9-15) 

They 

(9-16) 

Combining these expressions for times typical of the time required to empty 
the release propane tanks by the chosen continuous releases suggests that for 
the low liquid release rates specified, a conservative but realistic vaporiza­
tion rate would simply be the liquid release rate. This rate was used in the 
dispersion calculations. 

The simulation models used to provide estimates of the areas of propane 
flammable gas concentrations from "immediate and continuous releases are 
discussed in Appendix D. The models are Gaussian diffusion models for continu­
ous plumes and instantaneous puffs (representing propane leaks and catas­
trophic spills). 

9.6 ESTIMATED EXPOSURE FREQUENCY 

The information presented in the previous subsections can be used as con­
version factors to modify the release sequence probabilities and release rate 
categories developed in Section 8. The remainder of this section will show 
how these factors are applied in the risk calculation. The risk calculation 
proceeds along two parallel and interrelated paths. One path characterizes 
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the consequences of an accidental release, and the other path determines the 
frequency of occurrence for each event in the consequence analysis. 

As discussed in Section 3, risk is expressed by the equation: 

R. = (Q. x P.) x '" (C. x P ) , , , L." , ,q q 
q 

(9-17) 

where q represents a number of indices as indicated below. 

The terms inside the first set of parentheses represent the product of 
the amount of material released in the ith release sequence (Qi) times the 
expected frequency of occurrence of the release sequence (Pi)' All the infor­
mation needed to evaluate these terms was developed in Section 8. The two terms 
in the second set of parentheses represent the consequences of a unit release 

(C" ) and the expected frequency of encountering a given set of environmen-,q 
tal conditions (Pq). The primary purpose of previous parts of this section 
has been to determine the factors required to evaluate the consequences of 
a release. The information required to determine the expected frequency of 
a given environmental consequence has also been presented; the development 
of the frequency of occurrence term is shown below. 

The analysis presented in this section treated the wind speed, weather 
stability class and population class as distributed variables. The expected 
frequency of encountering a given set of environmental conditions can be 
expressed as: 

where: 

j is 

k is 

P. k J, ,Q, ,m 

the atmospheric stability classification index 
the wind speed index 

Q, is the population density index in zone m of the U.S. 

m is the zone index for the shipping routes 
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The notation j/k indicates that the expected frequency of encountering the 
jth stability class is a function of the wind speed existing at the time of 

release. Similarly, the expected frequency of encountering the ~th popula­

tion density is dependent on the expected frequency that a shipment will pass 

through zone m. 

The values for the "p" in Equation (9-18) are obtained from the fol­

lowing tables: 

Pk - Table 9.9, column 3 

Pj / k - Table 9.9, columns 4-7 

p~/m - Table 9.8 
Pm - Table 4.2 

By specifying a value for j, k, ~, and m, one can obtain the expected fre­
quency that an environmental condition will be experienced during a shipment. 

Associated with that frequency is a corresponding value for the release envi­

ronmental consequences. The relationship is best summarized by the following 

equation for the environmental term in the risk equation: 

where: 

A . k is the area within the isopleth of flammable concentration n ,J , 
limits (E/Q) n,j,k 

(9-19) 

(E/Q)n . k is the time integrated air concentration received in A . k ,J, n,J, 
per kilogram released. 

N~/m is the population density in the release plume (Table 9.9). 

The subscripts and the values for P in Equation 9-19 have been defined fol­

lowing Equation 9-18. The product (C. x P ) has units of population 1,q q 
fatalities. 

9-26 

, 
• 

., 



• 

Equation 9-19 summarizes the information presented in this section. In 
Section 10, these results will be used in conjunction with the release 
sequences developed in Section 8 to obtain the risk of shipping propane in 
the United States for the year 1985 • 
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10.0 THE RISK OF SHIPPING PROPANE BY TRUCK AND TRAIN 

In this section, the risk of shipping propane by truck and train will be 
discussed. The risk was calculated using the methodology presented in 
Section 3. The probability of an accidental release occurring during transport 
was determined in Section 8, and the consequences of each release type were 
discussed in Section 9. Section 10.1 presents the risk of shipping propane 
in the reference year, 1985, based on the shipping system model given in 
Section 4. Major contributors to the overall risk are discussed in Section 10.2 
and the results of sensitivity studies will be presented in Section 10.3. 

10.1 RISK EVALUATION OF PROPANE SHIPMENTS 

Because of the complex nature of the shipping system model, the risk 
analysis was divided into three parts, each part corresponding to one of the 
three propane tank types. The figures that were used for calculations in 
the analysis are shown in Table 10.1 for each propane tank (bobtail, tank truck 
and rail car). The risk involved with shipping propane was determined separ­
ately for the bobtail truck, the tank truck and the rail tank car. These 
risks were then summed to determine the overall transportation system risk. 

Based on the information presented in Table 10.1, accidents involving 
tank truck transport shipments of propane will be expected to occur at a rate 
of 320 every year; accidents involving bobtail trucks would be expected at a 
rate of 250 every year. Train accidents involving propane shipments (in the 
assumed rail tank car) would be expected to occur at a rate of about 60 every 
year. 

TABLE 10.1. Simplified Propane Shipping System Model 

Propane 
Material Number of Average Transport Amount/ Shipped/year Shipments/ Shipment Accident/ Tank Type Mode Container (m3) (million m3) ~ear Distance {km} km 

MC-331 Truck 43.0 42 980,000 210 1.55 x 10-6 Tank Truck 
MC-331 Truck 10.6 21 1,980,000 80 1.55 x 10-6 

Bobtail 
DOT-112J340W Rail 127.2 3 25,000 400 6.21 x 10-6 Rai 1 Tank Car 
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Based on the release sequence probabilities determined in Section 8, a 
release of any amount of material from propane trucks, under both normal trans­
p'ortation and transport accident conditions, is to be expected at a rate of 
about 110 per year. Releases from propane rail tank cars would occur about 
40 times a year. However, only those releases that occur during a transporta­
tion accident or involve a major tank defect include sufficient propane to 
present the potential for danger to the public. These significant releases 
can be expected at the lower rate of about fourteen events per year for truck 
transport and about one event every two years for rail tank car transport. Not 
all of these significant releases result in fatalities. For truck transport, 
an expected rate of accidents resulting in one or more fatalities is about 
2.2 accidents per year. For rail transport in the insulated tank car an 
expected rate of accidents resulting in one or more fatalities is about .1 
accidents per year, or one event every ten years. These results are summarized 
in Table 10.2. 

All of the figures presented in Table 10.2 are directly related to the 
number of shipments expected each year and the average shipping distance. 
Should the declining supply of petroleum products affect propane shipments, 
the expected accident rates and overall risk would decrease. The probability 
values that were used to obtain the shipping system risks in Table 10.2 are 
presented in Table 10.3. These values were derived in Section 8 of this report. 

TABLE 10.2. Summary of Propane Shipping System Risks 
Significant Events per Year 

Shipping Transport Accidents Releases of Propane Release of Propane Resulting in 
Container Mode (events/.l'ear) (events/.l'ear} (events/:tear } >1 Death 

MC-331 Truck 320 40 8.9 1.6 
Tank Truck 

MC-331 Truck 250 70 5.4 0.6 
Bobtai 1 

DOT-112J340W Rail 60 40 0.4 0.1 
Rail Tank Car 
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TABLE 10.3 .. Probability Values Used to Obtain Risk 

Probability of Probability of Probabi 1 i ty of 
Shipping Transport an Accident Release si1nificant Release 
Container Mode {acc. rateLkm} ~~er shiEment) ~er shiEment) 

MC-331 Truck 1.55 x 10-6 3.7 x 10-5 9.1 x 10-6 
Tank Truck 

MC-331 Truck 1.55 x 10-6 3.4 x 10-5 2.7 x 10-6 
Bobtai 1 

DOT-112J340W Rai 1 6.21 x 10-6 1. 61 x 10-3 1.68 x 10-5 
Rail Tank Car 

Risk spectrum curves for the three propane tank types are shown in 
Figure 10.1, along with the risk spectrum for the entire shipping system for 
the reference year. These risk curves portray total risk to the public from 
all release types. The shipment of propane in tank trucks contributes the 
greatest portion to the total system risk. The large contribution to the 
total risk from tank truck transport stems partly from the large number of 
shipments made each year by this tank type. On a per shipment basis, however, 
rail tank cars are found to have the highest risk, about three times that of 
tank trucks. The local delivery units are found to have the lowest risk on 
a per shipment basis. 

As discussed in Section 3, the risk spectrum differentiates between an 
event that occurs once a year and results in one fatality and the event that 
occurs once in a thousand years but results in 1000 fatalities. The total 
risk number, on the other hand, is the sum of the frequencies of occurrence 
and the consequences of all accidents that can be experienced in the postulated 
shipping system. The total risk to the public of propane shipments in 1985 
is estimated at about 15 fatalities per year. About 11 fatalities per year 
are the result of tank truck operation, 3 fatalities per year result from 
bobtail transport of propane, and less than half a death per year stems from 
the movement of propane by rail. 

The total public risk from propane shipment accidents is compared to the 
risk from other kinds of accidents and natural disasters in Table 10.4. These 
risks refer to the specific shipping system model used in this report. Changes 
in the assumed system require a recalculation of risk. 

10-3 



10~--------------------------, 

V"l 

~ ~ 1 TOTAL I-

'\ ---' « 
~ ,.. 
u... \ TANK 
u..J 

\ TRUCK 0::: 
0 

\ . ~ ::E 

, '- "'-. 0::: 10-1 0 , " ~ .~ * z 
z ' ..... \ ......... , . 
t.:) 

'\ j',-z 
~ 
=> 

'\ BOBTAIL \\ V"l 
u..J 

10-2 0::: 

\ \ 0::: « 

/"'-
w 

\ >--V"l 
RAIL 

, 
\ I-

" Z 
u..J TANK ''"-\ > 
!:!::' CAR 
>-

10-3 \"'- \ u 
z w 
=> \ \. 0 

\ \, u..J 
0::: 
u... 
Cl 

\ w 

\ ~ 
::E 

10-4 
I-

\ V"l 
LLJ 

I 
I 

10-5 
1 10 100 1000 

N, FATALITIES 
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TABLE 10.4. Average Total and Individual Risk from Various Accidents 
and Natural Disasters 

Tota 1 Ri sk Individual 
Event (fatalities/~ear) Risk(a) 

All Accidents 103,030(b) in 2,000 

Motor Vehi c 1 e 46,700(b) 1 in 5,000 
Accidents 

Air Crashes 1,552(b) 1 in 140,000 

Dam Fa il ures 35(c) 1 in 6,300,000 

Gasoline 28(d) in 7,900,000 

Propane Shipments 15 in 15,000,000 
Air Crashes 6(e) in 33,000,000(f) 

(persons on ground) 
-3(g) 

Meteorites l.Ox 1 in 2 x lOll 10 

(a)Based on total U.S. population (220,000,000). 
(b)Based on 1975 statistics. (1) 
(c)Average for dam failures 1889-1972. 
(d)From Reference 2. (1) 
(e)Average for years 1960-1973. 
(f) Based on population at risk. 
(g)From Reference 1. 

The results of this study indicate that the risk to the public of shipping 
propane is higher than the risks involved with shipping nuclear materials, but 
is generally lower than the risk spectrum presented for man-caused and natural 
disaster events. 

Further perspective on the total risk to the public from transporting 
propane may be gained by examining some of the benefits provided by this energy 
material. Propane and other liquefied petroleum gases are a significant source 
of fuel in the United States, supplying about 3 percent of total U.S. energy 
demand in 1976. Propane may be directly substituted for natural gas, and is a 
clean-burning fuel. (3) 

Propane is also a staple on farms, where it is used for crop drying, flame 

weeding, tobacco curing, stock tank heating, and frost protection. It also 

powers trucks, pumps, standby generators, and other farm equipment. Commercial 
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establishments, such as hotels, motels, and restaurants, use propane much like 
the homeowner. Industry relies on it for soldering, heat-treating, annealing, 
vulcanizing, and many other uses. 
allow propane to be used indoors. 
in congested areas. 

As an engine fuel, its minimal emissions 
This same feature makes it a desirable fuel 

The LPG industry serves about thirteen million customers, including homes, 
farms, individuals, businesses, and government groups. LP-gas is essentially 
a rural fuel, and roughly 1-1/2 million farms depend on the fuel for a variety 
of uses. Industry market calculations show approximately 60 million people 
dependent on LP-gas for one use or another. (4) 

10.2 MAJOR CONTRIBUTORS TO OVERALL RISK 

During the analysis of the three propane tank types, the release sequences 
determined in Section 8 were grouped into six categories, corresponding to the 
six release fractions and rates described in Section 8.4. The hazards from 
transporting propane stem from the flammable nature of the cargo and resulting 
effects. In evaluating the consequences of each release category, four effects 
of the released propane were addressed: explosion, including over-pressure 
effects; direct flame exposure; radiant heat effects, including damage from 
secondary fires; and missile damage. 

For both truck and rail transport, it was found that the release sequences 

that involved dispersion of the propane had the greatest potential for pro­
ducing fatalities. 

These release sequences primarily include failure of the tank itself by 
impact or puncture mechanisms. The failure of the tank in an impact or puncture 
accident situation was assumed to result in a release of the entire tank 
contents to the atmosphere, forming a large vapor cloud. The flarrlmable area 

of the resultant cloud was large enough to affect many of the general public, 

and this resulted in the most severe consequences when ignited. It was 
found that in an accident where the propane is immediately ignited, or a fire 
is involved in the accident, consequences were more localized, and less likely 

to result in fatalities to the general public. However, these explosion and 

immediate fire sequences could result in fatalities to the population immediately 
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surrounding the ruptured tank truck. This population would include truck 
drivers, emergency response teams (most commonly firefighters), and people in 
other vehicles involved in the accident. 

Statistics on traffic accidents of hazardous material carriers in 1975(5) 
show that out of about 1,150 accidents, about 40 drivers or relief drivers 
were killed. This leads to an estimated driver fatality rate of three per­
cent, given that a hazardous material carrier accident has occurred. To obtain 
a conservative estimate of the number of drivers killed in propane accidents, 
it is assumed that all of the recorded driver deaths occurred in propane 
accidents, and that all were as a result of fire or explosion caused by the 
propane. Using the accident rates shown in Table 10.2 for significant releases, 
this leads to a driver fatality rate of about one every 2 years for tank truck 
and bobtail transport. The way in which a train is put together is assumed 
to preclude driver deaths. That is, the propane tank car will most likely be 
placed somewhere near the middle of the train to avoid potential catastrophic 
effects from the hazardous material should an accident occur. 

An estimate of the number of people involved in a truck accident is given 
in Reference 2 and portrayed in Figure 10.2. Bureau of Motor Carrier statistics 
were also analyzed in Reference 2 to determine the probability that an occupant 
of a vehicle involved in a tank truck accident would be killed if a fire 
resulted. This value was determined to be 0.4.(2) Coupling these values with 
the 14 truck accidents per year resulting in a significant release gives an 
approximate value for the expected number of fatalities in a propane truck 
accident in addition to the drivers and the general public. These values 
are shown in Table 10.5. The total expected fatalities per year to vehicle 
occupants is about five. In addition to the general public, about five or 
six deaths per year from propane truck accidents may thus be expected to 
account for drivers and other people in the immediate vicinity of the accident. 

Transport of propane by rail tank car will affect. in addition to the 
general public, emergency response teams or firefighters. As explained prev­
iously, the train operator is assumed to be far enough away from the accident 

itself to allow escape. Also, unlike the highway environment, there is no 
significant additional traffic to consider. This leaves only the accident 
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TOTAL NUMBER OF VEHICLE OCCUPANTS 

FIGURE 10.2. Estimated Total Number of Vehicle Occupants Involved in Heavy 
Truck Accidents Plotted as a Function of Accident Frequency 

TABLE 10.5. Estimated Fatalities of Vehicle Occupants in an Accident 
with a Significant Release 

Expected 
Average Number Fraction of Accidents per Year Average Fatality Fatalities 

of PeoQle Total Accidents with Significant Release Rate in Fire Accidents Qer Year 

0.20 14 0.4 1. 12 

0.65 14 0.4 3.64 

3 0.04 14 0.4 0.22 

4 0.003 14 0.4 0.02 

5 0.007 14 0.4 0.0039 

6 0.0002 14 0.4 0.0011 

7 0.00008 14 0.4 0.0004 

8 0.00006 14 0.4 0.0003 

-

• 

response teams. Assuming that a group of from ten to fifteen firefighters will ~ 

respond to an accident, and that, as in the highway environment, a fatality 
rate in a fire accident is forty percent, an estimate of the number of fire-

fighters killed per year in propane train accidents may be derived. For the 
significant release event every 2 years from propane train transport, an 

expected 1 to 2 firefighters may be killed in addition to members of the 

general public. 
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The actual fatality-causing mechanisms experienced varied with population 
distributions, largely because of shielding effects. Shielding factors were 
based on the density of structures within a particular population area. In 
urban areas, direct flame contact and explosion effects caused the majority of 
deaths. Radiant heat effects played a minor role in causing public fatalities. 
In "other urban" areas, explosion effects and radiant heat caused most of the 
fatalities. Direct flame contact was not a major danger in these areas. Rural 
areas followed the same general pattern of "other urban" regions. These results 
are shown in Table 10.6. 

TABLE 10.6. Approximate Percentage Contributions to Total Risk to the 
General Public of Various Fatality Mechanisms(a) 

Urban Areas 

Tank 
Truck 

Bobtai 1 
Ra i 1 

Tank Car 

Other Urban Areas 

Tank 
Truck 

Bobtail 

Rail 
Tank Car 

Rural Areas 

Tank 
Truck 

Bobtai 1 

Rail 
Tank Car 

Total 
Destruction 
(explosion/ 

flame) 

32 

34 

32 

22 

22 

23 

31 

33 

26 

Direct 
Flame 
Contact 

21 

16 
23 

3 

3 

4 

2 

O. 1 

4 

Severe 
Damage 

\ 

(overpressure 
effects) 

34 

36 

33 

23 

24 

24 

32 

37 

26 

Missile 
Damage 

7 

7 

7 

5 

5 

5 

7 

8 

6 

(a)Percentages may not add to 100 because of rounding error. 
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Radiant 
Heat 

(including 
secondary fires) 

4 

4 

4 

46 

46 

44 

28 

21 

38 
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being able to shield themselves from the flames by hiding in buildings or 
running away. To ascertain the importance of this parameter to the final 
risk number, two sensitivity studies were performed. The first study set 
the value of this parameter at zero, where none of those exposed to the area 
of direct flame would die. Although risk did decrease slightly, the change 
was not significant. The second study set this parameter at 100 percent; 
that is, all those within the flammable region would die. In this case, the 
total risk number was increased by about thirty percent over the base case. 
A direct relationship between this parameter and total risk was not evident 
because it was not a major mechanism of fatality in suburban and rural areas, 
and because other fatality mechanisms are involved in the calculation of total 
risk. 

Other uncertainties in this report stem from the calculation of proba­
bility values used in Section 8. The area presenting perhaps the greatest 
uncertainty here is the amount of package defects present for any propane 
shipment. Leaks through valves and piping systems represented a large source 
of propane release. Eliminating these releases (that is, assuming that no 
package defects exist) eliminates all releases of propane during normal 
transportation. This essentially reduces the risk of transporting propane 
to releases occurring during transportation accidents only. However, because 
normal releases do not have severe consequences, adjustments to this parameter 
did not substantially affect the total system risk. 

It was assumed in this analysis that all propane tanks when exposed to a 
fire fail from metal overheating when the tank is half full. To test the 
effects of this assumption on risk, a sensitivity analysis was performed 
assuming the tanks failed at 3/4 full and 1/4 full. The results of these 
studies showed the total risk to be insensitive to this assumption, although 
the risk from that particular release sequence was altered. This is primarily 
because the release sequence involving failure of a tank by fire was of a 
very low probability and had localized consequences. This release sequence 
thus did not contribute substantially to public risk. 
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Total risk values were increased by about 18 percent by the absence of head 
shields on rail tank cars. Although head shields did reduce the normal incidence 
of puncture accidents by about 40 percent, they had little effect on impact 
accidents, which were also included in the release sequence involving a mechani­
cal failure of the tank. Since at higher accident velocities the impact failure 
mechanism governs, there was not found to be a direct correspondence between 
the amount of reduction of puncture incidence and total risk reduction. 

A tank truck with insulation and a rail tank car without insulation were 
also analyzed in sensitivity studies. The addition of insulation to the tank 
truck decreased the risk of the release sequence of tank failure by fire by 
almost 70 percent. However, there was no change in the other release sequences. 
Similarly, the analysis of an uninsulated rail tank car resulted in an increased 
tank fire failure risk of over fifteen times the base case. Again, however, 
the risk from other release sequences was not changed. The lack of insulation 
increased the total risk of shipping propane by rail by only 6 percent. This 
is explained by the fact that initial failure of the tank by fire accounts for 
less than 1 percent of the system risk in rail transport. Almost 80 percent 
of the risk stems from failure of the tank by impact or puncture. 

Because the release of propane from a tank failed by overpressure or by 
metal overheat results in localized consequence, and is a fairly low prob­
ability event, large changes in risk for this sequence did not have much of 
an impact on total system risk. 

Several states are attempting to institute regulations that outlaw the 
transport of hazardous materials within a heavily populated region. To gain 
an understanding of how such a regulation'might impact the risks of shipping 
propane, a sensitivity study on the amount of travel within an urban region 
was performed. Since it is believed unrealistic to totally outlaw hazardous 
material shipments through cities, an approximate figure of 20 percent of the 
base case travel through urban areas was assumed. This assumption resulted 
in a substantial public risk reduction. Consequences of dispersed releases 

were drastically reduced, primarily because of the decrease in available popula­

tion for experience of the effects of released propane. The results of this 

analysis and other sensitivity studies are shown in Table 10.7. 
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TABLE 10.7. Total Public Risk Sensitivity Cases for Propane Shipments 

Estimated Annual Frequency of 
Occurrence of One or More Fatalities Total Public Risk Level 

Description of Sensitivity Case Relative to Base Case Relative to Base Case 

Base Case - Total System 1.00 (2.35) 1.00 (15.04) 
Base Case - Bobtail 1.00 (0.62) 1.00 (2.92) 
Base Case - Tank Truck 
Base Case - Rail Tank Car 

No Secondary Fires 
TNT Yield - 1.0(a) 

Direct Flame - % kill _ O.O(b) 

Direct Flame - % kill - 1. o(b) 

No Package Defects(b) 
Ten Times Package Defects(b) 
Tank Fails at 3/4 Full 
No Head Shields(c) 
Insulated Tank Trucks(b) 
Uninsulated Rail Cars(c) 
20% Travel in Urban Regions 

(a)Based on bobtail base case alone. 
(b)Based on tank truck base case alone. 
(c)Based on rail tank car base case alone. 

1. 00 (1. 59) 
1. 00 (0.17) 

1. 00 
2.81 
0.93 
1.36 
0.97 
1.04 
1.00 
1. 18 
0.99 
1.07 
0.83 

1.00 (11.43) 
1. 00 (0.81) 

1.00 
4.81 
0.97 
1. 28 
O.gg 

1.09 
1. 00 
1.18 
0.99 
1.06 
0.59 

A comparison of the results of this analysis to previous risk assessment 
work is of interest. Although only transport of propane by truck was included 
in these previous studies, they can serve as a basis of comparison. The risk 
assessment by Simrnons(6) determined a fatality rate of about one or two a year 
as a result of propane truck shipments. This agrees fairly well with our value 
of 2.3 events per year that will result in at least one fatality. A risk 
assessment by Arthur D. Little(7) found a range of 0.24 to 3.5 events per 
year that will result in at least one fatality (after being adjusted for 
the difference in number of shipments assumed). Differences in basic 
assumptions and methodologies between these studies explain variations among 
the analyses. 
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APPENDIX A 

PROPERTIES OF PROPANE 

Propane exists as a colorless flammable gas at atmospheric pressure and 
normal ambient temperatures. It is a member of a group of petroleum products 
called liquefied petroleum gases (LPG). These gases comprise a spectrum of 
products, including commercial propane, propane HD-5, commercial butane and 
butane-propane mixtures. Ethane, a related material, is also a major LP-gas 
product. About 70% of LPG products are derived from natural gas processing 
and 30 percent from refinery operations. Because many of the LP-gases vary 
in chemical composition, the physical properties of the products also vary 
within a limited range.(l) Physical properties of propane are summarized in 
Table A.l. Vapor pressures of typical LP-gas mixtures are shown in Figure A.l. 

Propane is most widely used as a fuel for rural and suburban home heating 
systems and gas appliances. It is also used as a fuel for intraplant trucking 
and other transportation operations. Propane has been used extensively as a 
refrigerant in chemical, petroleum refining and gas processing operations, 
and as a selective solvent for removing asphaltic components from the higher­
boiling fractions of crude oils. (2) 

Propane is soluble in ether, alcohol, and other Lp-gases and is slightly 
soluble in water.(2) It has a slight natural gas odor and usually has added 
odorants to facilitate detection in case of a leak. Propane vapor is heavier 
than air. It is not irritating to eyes, nose and throat areas, but will cause 
dizziness or difficulty in breathing if inhaled. Concentrations in air of 
greater than ten percent cause dizziness in a few minutes; a one percent gas 
concentration will cause the same symptoms after a ten minute exposure. 
Exposure to very high concentrations of propane vapor can cause asphyxiation. (3) 

However, propane is not considered to be a toxic gas. The 1968 American 
Conference of Governmental Industrial Hygienists has recommended a threshold 
limit value of 1000 ppm for propane. This value represents a concentration 
in air to which nearly all workers may be exposed, day after day, without 
adverse effects. (1) 
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TABLE A.l. Approximate Properties of Propane 

Vapor Pressure in MPa at 

21 C 
38 C 
41 C 
54 C 

Specific Gravity of Liquid at 16 C 
Molecular Weight(a) 

Initial Boiling Point at 0.10 MPa, degrees C 

Weight per Cubic Meter of Liquid at 16 C, kg 
Specific Gravity of Vapor (air = 1) at 16 C 
Ignition Temperature in Air, degrees C 
Maximum Flame Temperature in Air, degrees C 
Specifi~ Heat Ratio, gas @ 16 C, 0.10 MPa, 

Cp/Cvt b) 

Specific Heat of Liquid, Joules/kg-K, 
at 16 C 

Limits of Flammability in Air, percent of 
vapor in air-gas mixture: 

a) lower 
b) upper 

Source: Reference 4. 
(a)From Reference 2. 
(b)From Reference 5. 

Commercial Propane 

0.91 
1. 41 
1.49 

2.07 
0.509 

44.096 

-46 
507.21 

1. 52 
493-604 

1980 

1.065 

2461.84 

2.15 
9.60 

The Gas Processors Association has published a list of specifications 
for LP-gases to ensure a certain level of quality control for this spectrum 
of products. (6) These specifications are reproduced in Table A.2. 

The primary hazard in transporting propane stems from its flammable 

nature. Some of the more important properties of the material for assessing 
the safety of current systems and means of hazard control are enumerated 
below. The values for these properties may be found in Table A.l and 

Figure A.l. 
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FIGURE A.l. Vapor Pressures of Typical Butane-Propane Mixtures(?) 

• Vapor pressure of a product is important for container design and release 
consequence analysis. The vapor pressure is directly related to the 
stresses that a container undergoes during transport of the material. 
The vapor pressure is also a factor in determining the rate of vaporiza­
tion of a propane spill, and can indicate the extent of the vapor cloud 
that may be formed. 

• The specific gravity of propane is greater than air. This means that 
released propane vapors will tend to gather in low elevation areas, such 
as valleys, and will resist dispersion by wind to a certain degree. 

• Flame temperature is a factor in the fire hazard of propane. It is 
directly related to the amount of radiative heat that affects nearby 
objects. 

• Limits of flammability specify the range of concentration of propane 
required to support a flame. Liquid propane, for instance, will not 
burn, being too rich a concentration to support a fire. 
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TABLE A.2. GPA Liquefied Petroleum Gas Specifications 

Product Characteristics 

Compos i tion 

Vapor Pressure at 37.8 C, 
kPa, max. 

Volatile Residue: 

Temperature at 95% Evapo­
ration, deg. C max. 

Butane and Heavier, liquid 
volume percent max. 

Pentane and Heavier, liquid 
volume percent max. 

Residual Matter: 

Residue on Evaporation of 
1 do m 1, max. 

Oil Stain Observation 

Volatile Sulfur, grains per 
100 cu ft, max. 

Commercial 
Propane 

Predominantly 
propane andl 
or propylene 

1434 

-38.3 

2.5 

0.05 mk 

pass (1) 

15 

Product Designation 
Cormlerc i a 1 

Commercial B-P 
Butane Mixtures 

Predomi nantly 
butanes andl 
or butylenes 

483 

2.2 

2.0 

15 

Predominantly 
mixtures of 
butanes andl 
or butylenes 
wi th propane 
and/or 
propylene 

1434 

2.2.2 

2.0 

15 

Propane 
HD-5 

Not less than 90 
liquid volume 
percent propane; 
not more than 5 
liquid volume per­
cent propylene 

1434 

-38.3 

2.5 

0.05 ml 

pass (1) 

10 

(a) As acceptable product shall not yield a persistent oil ring when 0.3 ml of solvent residue 
mixture is added to a filter paper in 0.1 increments and examined in daylight after 2 minutes 
as described in ASTM 0-2158, a testing procedure. 

Source: Reference 4. 
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APPENDIX B 

PROPANE TANK TRUCK, BOBTAIL TRUCK AND RAIL 
TANK CAR DESCRIPTIONS 

Propane is classified as a hazardous substance by the Department of Trans­
portation (DOT) and must be transported in containers meeting DOT specifica­
tions. The following sections describe the containers assumed for this study, 

~~ and the reasons these specific systems were chosen. 

B.l TANK TRUCK 

Federal regulations require that liquefied petroleum gases be transported 
either in MC-330 or MC-331 specification tank trucks. (1) However, the MC-330 
specification has been obsolete for over fifteen years. Although existing 
MC-330 trucks may be used to transport propane, all new construction must 
follow the MC-331 specification. 

The only real difference between the MC-330 and the MC-331 is that the 
older style truck has a less effective release prevention valve system. DOT 
now requires, however, that the MC-330 trucks must have the newer internal 
valve system (to be described later in this section) installed in all liquid 
discharge lines at their next regular inspection. These inspections are 
required at five year intervals. (2) 

Because the MC-330 tank truck is being revised to fit the MC-331 specifi­
cations more closely, and all new construction (since September 1, 1965) is 
required to conform to MC-331 design, it was assumed that all propane trans­
ported by truck was moved in an MC-331 tank truck. An illustration of the 
specific MC-331 tank truck system chosen for this study is shown in Figure B.l. 
This particular specification tank truck may also be used to haul anhydrous 
ammonia. 

MC-331 tanks are constructed in accordance with the ASME code. Tanks 
must be seamless or welded steel construction and are uninsulated. Typical 

tank dimensions and material properties (and those used in this analysis) are 
shown in Table B.l. 
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TABLE B.l. Tank Truck Dimensions and Material Properties 

Container Diameter 
Container Length 

2.18 m 
10.30 m 

Container Wall Thickness .01 m 
Surface Area 
Container Material (3) 

Yield Stress (Oy) 
Ultimate Stress (outs) 
Elastic Modulus 
Water Weight Capacity 
Maximum Permitted ( 1) 

Filling Density 
Propane Weight 

a t Maximum Fi 11 
Tank Working Pressure 
Tank Test Pressure 

86 m2 

SA 517 Gr. E 
690 MPa 
793 MPa 

2.07 x 105 MPa 
43.91 m3 

45% Water Weight Capacity 

1.89 x 105 N 

1. 72 MPa 
3.45 MPa 

The water weight capacity of MC-331 tank trucks can vary. In this report, 
a tank truck is defined as any MC-331 vehicle with greater than 13.25 m3 water 
weight capacity. Any tank of this size or larger is required to have a man­
ho1e,(4) which is usually located in the rear head of the tank. The manway 
opening is about 39 cm in diameter and is reinforced with a 51-cm diameter, 
4-cm thick steel ring welded to the tank material. This ring is drilled to 
receive the studs that secure the 51-cm diameter, 3-cm thick manway cover and 
seal to the cargo tank.(5) 

The tank truck has two other outlets at the top of the tank. These are 
the safety relief valves, with an 8-cm diameter. The valves are spring-loaded 
and are required to be set to discharge within a particular pressure range. 
The Fisher H730 valve was assumed as a typical safety relief valv~. The 
start-to-discharge setting of these valves is approximately 1.86 MPa.(6) A 
schematic of a spring-loaded safety relief valve (which is used in all propane 
tanks) is shown in Figure B.2. The area of the valve that limits propane 
flow through the valve is labeled as A2. The valve itself fits inside the 
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FIGURE B.2. Schematic of Safety Relief Valve 

tank, communicating directly with the vapor space. Each valve is requi red 
to have a protective cap that prevents the entrance of dirt or water i nto 
the valve, but does not impede the flow of propane through the valve. (4) 

The MC-33l cargo tank is also provided with liquid level vent val ves. 
These valves are used to give a positive visual indication of t he l i qu id 
reaching the maximum allowable fill level within the tank. Liquid level vent 
valves are bleed valves, used to ensure that propane tanks are not overfilled. 
An O-ring seal prevents leakage from around the top of the valves . These 
val ves are set within the side walls of the MC-33l tank, at the l evel of the 
maximum legal propane fill. (6) 

The only other outlets communicating directly with the tank content s 

are t he openings that lead to loading and unloading lines. It is requi red 
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that each liquid or vapor discharge opening of a size over 1-1/4-inch diameter 
in the MC-33l cargo tank be equipped with a remotely-controlled internal shut­
off valve. The critical shut-off parts of the valve must be located within 
the tank. The parts of the valve are arranged so that if, in an accident, 
the internal valve is sheared off below the flange, or the container pipe 
coupling, the shutoff assembly will remain intact. The valve assembly system 
has a section exterior to the tank that is designed to break under undue 
strain.(4) 

The internal valves at the liquid opening of the tank have an 8-cm dia­
meter; those at vapor openings have a 5-cm diameter in the assumed system. 
The internal valves have three functions: they serve as primary shut-off 
valves, excess flow valves and as back pressure valves. The valves are nor­
mally in a closed position. A lever must be pulled to open the valve during 
loading and unloading operations. The internal valve can also be actuated by 
remote control. The internal valves contain a built-in excess flow valve. 
If the flow of propane through the valve exceeds the rating of the excess flow 
spring, the valve closes to reduce the chance of uncontrolled vapor or liquid 
discharge. The valve1s mechanism is self-closing, allowing quick closure when­
ever the operating lever is released. 

Internal shut-off valves that can be remotely operated are required on 
any liquid or vapor discharge opening with greater than a 3-cm opening.(4) 

The release prevention systems included in this valve result in releases from 
the valve only if it is defective or damaged. 

There are several basic piping systems in the MC-33l cargo tank. The 
sprayfill pipe enters the tank vertically, near the bottom of the tank. 
Within the tank, it extends to the top, where it bends forward. Propane is 
loaded through this pipe and is sprayed forward at very low temperature. The 
excess vapor is condensed back to liquid, eliminating the need for a vapor 
line to take off excess vapor. The vapor line is intended to withdraw vapor 
from the top of the tank and return it to a storage tank, if necessary. The 
unloading, or liquid withdrawal line connects at the bottom of the tank. Each 

of these lines is connected to the tank by an internal valve. An internal 
valve also connects to the pumping system used on the cargo tank.(7) 
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The exterior piping and valve system consists of a series of angle valves 
and globe valves connected by pipe and sealed off with an end cap. Each por­
tion of liquid piping that can be closed off at both ends by valves or end caps 
must be provided with a hydrostatic relief valve. (4) These valves are typi­

cally 1 cm in diameter and have a start-to-discharge pressure of about 
2.75 MPa.(6) 

The packing for the internal valve is made of tetrafluoroethylene (TFE). 
Seals are made of synthetic rubber, as are the seat discs.(8) It is assumed 
that these materials are also used in the other valves. 

MC-331 cargo tanks are tested at least once every five years. The tank 
is given a hydrostatic pressure test to one and one half times the design 
pressure. The tank is also inspected for corrosion, bad dents and other 
weaknesses. (9) 

B.2 BOBTAIL TRANSPORT 

The bobtail cargo tanks are also MC-331 specification tanks. However, 
they are typically less than 13.25 m3 in water weight capacity, and are not 
required to have the manhole and manway cover with which the tank truck is 
equipped. Bobtail cargo tanks are used primarily for local deliveries of pro­
pane. Because these tanks are structured somewhat differently from the larger 

tank trucks, they were analyzed separately. 

Bobtail cargo tanks come in a variety of styles and sizes. Some are 
single-barreled tanks, while others are built with a twin barrel configura­
tion, having two tanks side by side. The designs vary because the tanks are 
often built according to state and local codes. However, all tanks must still 
conform to the MC-331 codes, described in more detail in the preceding section. 
An illustration of the bobtail truck transport is shown in Figure B.3. Typical 
tank dimensions and material properties are outlined in Table B.2. 

There are three major differences between the bobtail tank truck and the 
larger tank truck. First of all, the bobtail has no manhole. Secondly, it 
is much smaller than the large tank truck and is used pr~marily for local 
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FIGURE B. 3. Propane Bobtail 



TABLE B.2. Bobtail Truck Dimensions and Material Properties 

Container Diameter 
Container Length 
Container Wall Thickness 

Surface Area 
Container Material(3) 
Yield Stress (Oy)(lO) 

Ultimate Stress (outs)(lO) 

Elastic Modulus 
Water Weight Capacity 
Maximum Permitted(l) 

Filling Density 

Propane Weight at 
Maximum Fill 

Tank Working Pressure 

Tank Test Pressure 

1.83 m 
4.70 m 

.01 m 
29.73 m2 

SA 202 Gr. B 
324 MPa 
586 MPa 

2.07 x 10 5 MPa 
10.60 m3 

45% Water Weight Capacity 

46,706 N 
1.72 MPa 
3.45 MPa 

propane deliveries. Finally, most of the piping and valves on the bobtail 
transport are located at the rear end of the truck, rather than underneath, 
as on the large tank truck, although the pumping system is located underneath 

the bobtail tank. The basic valves included are the same, including the 
internal and safety relief valves. These items are all specified in the 
MC-331 code, and discussed in the previous section. The exterior piping and 
valve systems of the bobtail tank truck are shown in Figure B.4. 

B.3 RAIL TANK CAR 

Federal regulations require that liquefied petroleum gases be transported 
in DOT-105A300W, DOT-112A340W, or DOT-114A340W specification tank cars. (11) 

However, the DOT-114A340W specification car is a general service tank that is 
allowed to transport materials other than LPG or anhydrous ammonia. The use 
of DOT-105A300W tank cars for propane transportation has been steadily declin­
ing since 1965, while the use of DOT-112A340W tank cars has been increasing. 

In 1970, the DOT-105A300W, which is a small tank car, comparable in capacity 
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FIGURE B.4. Propane Bobtail Piping Details 



to the tank truck, hauled only 10% of the carloads of propane moved by this 
specification tank car and the DOT specification l12A340W tank car. Because 
of the larger capacity of the l12A340W tank, this corresponds to the 105A300W 
tank car moving only about 4 percent of the propane moved by these two car 
types.(12) The declining use of the 105A300W tank car and the multipurpose 

design of the 114A340W car led to the consideration of only the l12A340W tank 
car in this analysis. 

The current l12A340W tank car is uninsulated. By December 31, 1980, 
however, all existing and newly built specification 112 and 114 tank cars 
used to transport flammable LP-gases are required to have both thermal and 
tank head protection. These tank cars must also be equipped with special 
couplers that are designed to resist vertical disengagement.(13) Because 

the shipping system analyzed in this report is that postulated for 1985, it 
is this new specification l12J340W tank car that is used in this study. 

The l12J340W tank car must be equipped with insulation, with head shields 
to resist puncture of the tank heads and with a coupler restraint system. 
The thermal protection system must prevent the release of lading (except 
through the safety relief valve) when the car is subjected to a pool fire for 
100 minutes and/or a torch fire for 30 minutes. The protective head shields 
must be able to withstand impacts with a velocity change of 28.96 kph or 
less. (14) 

The tank car basically consists of a carbon steel shell and the manway 
cover outlets. Unlike the tank trucks, all of the tank outlets on the rail 
car are gathered in one location at the top of the car. An illustration of 
the specific l12J340W rail tank car system postulated in this study is shown 
in Figure B.5. Typical tank dimensions and material properties are listed in 
Table B.3. 

All the valves and other outlets communicating with the tank car are 
located at the manway cover. The safety relief valve is about 8 cm in dia­
meter, and operates like the tank truck safety relief valve pictured in 
Figure B.2. The safety relief valve must be mounted on the manway cover. The 
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TABLE B.3. Rail Tank Car Dimensions and Material Properties 

Container Diameter 
Container Length 
Container Wall Thickness 
Surface Area 
Container Material(15) 

Yield Stress (0 ) y 
Ultimate Stress (0 t ) u s 
Elastic Modulus 
Water Weight Capacity 
Maximum Permitted(ll) 

Fill i ng Dens ity 
(Insulated Cars) 
April-Oct. 
Nov.-March 

Propane Weight at 
Maximum Fill 

Container Weight 
Total Loaded Weight 

of Container 
Tank Test Pressure 
Tank Rupture or 

Burst Pressure 

3.02 m 
18.24 m 
1.91 cm 

180 m2 

AAR TC-128 Gr. B. 
345 MPa 
558 MPa 

2.07 x 10 5 MPa 
126.81 m3 

46.75% 
48.51% 

6.34 X 105 N 
5.36 X 105 N 

1 .17 x 106 N 
2.3 MPa 

5.9 MPa 

total valve discharge capacity must be sufficient to prevent a pressure buildup 
in excess of 82.5% of tank test pressure, or 68.9 KPa above start-to-discharge 
pressure, whichever is higher. The safety valve is set to begin relieving 
pressure when the internal tank pressure reaches about 1.93 MPa. (11) 

All other piping and valve systems are also located within the manway 
cover dome, or bonnet, that covers the manhole. The manway opening is nor­

mally at least 46 cm in diameter. The manway cover gasket is made of asbestos. 
The tank car valves are mounted on the manway cover. The manway cover itself 
is 6 cm thick. A view of the l12J340W tank manway bonnet is shown in 
Figure B.6. A schematic of the manway bonnet and valves is shown in 

Figure B.7. 
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255 
275(A) 
275(B) 
280(A) 
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296 . 
318 
335 
336 
339 
351 
361 
372 
450 
453 
454(A) 
454(B) 

DESCRIPTION 

BONNET COVER HANDLE 
SAFETY VALVE ASSEMBLY 
% " CHECK VALVE 
3" CHECK VALVE 
2" ANGLE VALVE 
%" ANGLE VALVE · 
THERMOMETER WELL 
GAUGING DEVICE ASSEMBLY 
MANWAY BONNET COVER 
MANWAY BONNET 
MANWAY COVER PLATE 
MANWAY NOZZLE 
HINGE 
SEAL PIN 
PIPE BRACKET 
PIPE GUIDE 
DISCHARGE PI PE 
TEST TUBE 

FIGURE B.7. Loading and Un loading Arrangement for Liquefied Petroleum 
Gases and Anhydrou s Ammonia Cars 
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Tank car valves are not like the internal valves described for the tank 
trucks. They operate as excess flow valves only, and are located in the 
loading and unloading pipes that communicate with the interior of the car. 
These valves automatically close against an outward flow of propane when an 
external valve is broken off. However, they are not effective for stopping 
leaks, since a certain minimum flowrate is required to activate the valves. 
The valves have gaskets made of asbestos or stainless steel. More detailed 
specifications on the piping and construction of the 112J340W tank car are 
outlined in Reference 16. 
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APPENDIX C 

FAILURE THRESHOLD DETERMINATION FOR PROPANE TANKS 

This appendix describes the methods used to estimate the propane tank 
truck and rail tank car failure thresholds presented in Section 6 of this 
report. Three transport systems were analyzed: 

• 44 m3 capacity MC-331 tank truck 
• 10.6 m3 capacity MC-331 bobtail transport 
• 129 m3 capacity DOT 112J340W rail tank car. 

A complete description of these transport systems is presented in Appendix B. 
Values for the physical properties of propane used in this appendix were taken 
from Appendix A. 

As explained in Section 6 of this report, only four accident forces 
were found to be severe enough to significantly threaten the propane tanks: 
impact, puncture, crush and fire. This appendix will show how the tank fail­
ure thresholds for each of these forces were determined. The results of these 
calculations represent approximate values of failure thresholds obtained using 
elastic and energy absorption theories of structure behavior. The failure 
estimates obtained using these methods are believed to be less than the actual 
strength of the container if tests to failure had been performed. Localized 
failures, such as pipe failures, and the behavior of the metal at the point 
of local weakening, were not addressed in this report. Failure threshold 
values should thus not be used for purposes other than those for which they 
are used in this analysis. 

C.1 IMPACT 

Impact, in this analysis, is defined as a collision between an LPG-carrying 
tank and a rigid, unyielding, flat surface. The collision with an unyielding 
surface results in the energy of impact being absorbed by the tank structure. 
Failure thresholds are calculated for both side and end impact. In this analy­
sis, damage to the undercarriage is neglected. 
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It has been established that tank rupture is governed by interaction of 
the LPG with its containment.(l) An energy solution is required to define the 
inelastic behavior of the tank as it approaches failure. A five percent 
diametrical expansion is assumed as the rupture failure criteria. Five percent 
expansion is an approximate observed value noticed in pressure vessel burst 
tests. It is also assumed that the pressure decreases linearly from the impact 
end of the car, which corresponds to a deceleration over an extended time period. 

where 

The pressure for tank rupture is given by 

Outs = material ultimate stress 
t = tank wall thickness 
d = tank diameter 

Substituting the appropriate values from Appendix B, 

Prupture 

Tank Truck 
6.9 MPa 

Bobtail 
7.0 MPa 

The pressure for tank yield is given by 

where 

0y = material yield stress 

= 0y (2dt ) P yi eld 

Rail Car 
5.9 MPa 

Substituting the appropriate values from Appendix B, 

Tank Truck 

6.0 MPa 

Bobtail 

3.9 MPa 

C-2 

Rail Car 

3.6 MPa 

(C-la) 

(C-lb) 

• 

.. 

,,;' 



'. 

The equivalent length (H) of the LPG column is given by 

where 

WLPG = weight of the LPG 
PLPG = density of the LPG 
A = cross-sectional area of the carrier cs 

Substituting appropriate values from Appendices A and B, 

Tank Truck 
10.1 m 

H 

Bobtail 
3.5 m 

Rail Car 
17.7 m 

(C-2) 

The location height (h) for the plastic expansion region (Figure C.l) is 
given by 

h = -H Pyield + H 
Prupture 

IMPACT PYIELD END _-I'-~~--'---L...;.~I--=-:::"=':'-______ ---I--

'---- h __ ---I~ 

x 

FIGURE C.l. Graphical Location of Equivalent Static Head Required 
to Produce a Localized 5% Diametrical Change 
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Substituting the appropriate values, 

by 

\vhere 

Tank Truck 
1.33 m 

h 

Bobtail 
158 m 

Rail Car 
6.76 m 

The work done by the LPG on the tank, per unit length of tank, is given 

p(x) represents the following time-averaged approximation of the 
pressure: 

P(x) = Ii P + [p + (p - P ) (h - x)] t 2 yield yield rupture yield h ~ 

P = preaccident internal gage pressure (assume 1.55 MPa) o 

(C-4a) 

(C-4b) 

Combining Equations (4a) and (4b) and substituting the appropriate terms, 

Tank Truck w = .282 (4.93 .342x)(1.33-x) (x in m, w in N-m) (C-5a) 

Bobtail w = .166 (3.88 - .990x)(l.58-x) (x in m, w in N-m) (C-5b) 

Rail Car w = .106 (3.19 - .166x)(6.76-x) (x in m, w in N-m) (C-5c) 

h=1.33 
Tank Truck Wt = wdx = f .282 (4.93 - 3.42x)(1.33-x) dx 

o 

h=1.58 
Bobtail Wt = wdx = f .166 (3.88 - .990x)(1.58-x) dx 

o 

C-4 

(C-6a) 

(C-6b) 
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c, 

~I 

Rail Car 

Tank Truck 
1.19 x 106 N-m 

h=6.76 
~ .106 (3.19 - .166x)(6.76-x) dx 
o 

Bobtail 
7.00 x 105 N-m 

Rail'Car 
6.85 x 106 N-m 

(C-6c) 

Equating the work term (Equation C-6) with the tank kinetic energy (KE) yields 

1 wLPG V 2 = 
2 g 0 

KE = W t (C-7) 

Solving Equation (C-7) yields the following accident velocities for end 
impact failure of a propane tank: 

Vo - Average Preaccident Velocity (End Impact) 

Tank Truck 
40 kph 

Bobtail 
61 kph 

Rail Car 
51 kph 

A defective tank is assumed to fail at 3/4 of this velocity. 

Side impact is also analyzed by using energy techniques. The work neces­
sary to compress the LPG from the allowable fill pressure (Po) to the critical 
pressure (P . ld) ;s equated to the change ;n tank kinetic energy. The acci­Yle 
dent velocities are determined assuming a nearly full LPG tank and neglecting 
the static head of the liquid. 

The work per unit length to compress the LPG from Po to Pyield ;s given 
by 

W = 1 (p + p ) i1P A 
2 \ yield 0 k cs (C-8) 
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where 
W = work per unit length 

= gage pressure required to yield tank P yi e 1 d 
Po = 
l1P = 

preaccident internal gage pressure 

k = 

P . 1 - P 
yle d 0 (2) 

LPG bulk modulus (270 MPa) 
Acs = cross-sectional area of the carrier 

Equating the work (Equation C-8) with the tank kinetic energy (KE) yields 

W 
1 LPG V 2 = KE = W 
2 9 0 

(C-9) 

Substituting the appropriate values, Equation (C-9) yields the following 
velocities for tank yield in a side impact environment: 

Vo - Average Preaccident Velocity (Side Impact) 

Tank Truck Bobtail Rail Car 
56 kph 40 kph 32 kph 

Again, a defective tank is assumed to fail at 3/4 of this velocity. 

C.2 PUNCTURE 

The probability of a puncture failure in an accident environment can be 
determined from the information presented in Section 5 of this report, if data 
on tank wall thicknesses are available. The values used for the two tank 
trucks are those given in Appendix B. However, the rail tank car has head 
shields placed on the ends of the tank that are intended to act as energy 
absorbers in case of an accident where the cars decouple. An lI equ ivalent 
thickness ll of the shield and tank wall could be used with the probability data 
in Section 5 relating puncture and car wall thickness. This lI equ ivalent 

thickness" of the car would replace the existing tank and shield, yet offer 
the same impact resistance. 

The puncture energy required for a ductile shell(3) is given by 
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• where 

Puncture Energy = Atn (C-10) 

A and n are dependent on the material and car mounting technique used 
t = thickness 

From the AAR report No. RA-05-1-17,(4) n is found to be 1.333. Therefore, 

t 1 .333 = t1.333 + t1.333 
eq shield car (C-11) 

t = 1.27 cm shield 

tcar = 1.91 cm 

teq ~ 3.64 cm 

This value is used for the thickness of the tank ends. The wall thick­
ness used for the rail tank car is that given in Appendix B. 

C.3 CRUSH 

The loading configuration assumed for the crush environment is shown in 
Figure C.2. The crush load is assumed to be uniformly distributed along the 
entire length of the tank and is assumed to result from the weight of a heavy, 
relatively flat object; e.g., a flat car. The point considered for stress 
calculations was the top of the tank directly beneath the crush load. The 
tank bottom will most likely be supported in a relatively compliant fashion, 
such as by soil or gravel forces. Such support will tend to prevent exces­
sive flexure strains due to hydrostatic and crush loading. Since hydrostatic 
loading has little influence on stress levels at the top of the tank, it was 
neglected in this analysis. 
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FIGURE C.2. Crush Loading Configuration 

The stiffening of the elliptical tank heads was also neglected in this 
analysis. This assumption is probably conservative, since end stiffness will 
most likely tend to II shelter ll mid-tank regions for most crush loading environ­
ments. 

LPG shipments are made with relatively full tank cars. Some void space 
is left in order to allow for thermal expansion of the liquid. In a crush 
environment, the tank deflection will tend to reduce this void, and an 
increased gas pressure will result. The degree of pressure increase will 
depend on the volumetric stiffness of the gas with respect to pressure and 
the volumetric stiffness of the tank with respect to pressure and crush loading. 

For a given pressure and crush loading, the circumferential tensile 
stress at the inside surface of the tank is:(5) 

where 
R = tank radius 
t = tank thickness 

PR 1.908 FR 
a = t + t 2 

P = internal pressure (gage) 
F = crush loading (force/length) 
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The crush load was assumed to be applied quickly enough to preclude pres­
sure relief due to pressure relief valve actuation. In addition, gas behavior 
was assumed to be adiabatic and the LPG was assumed to be incompressible. 
Pressure-volume relations in this case take the following form: 

where 
V. 

1 
= 

Cp/Cv = 
/:,V p = 
/:,V F = 

Po = 

(p + 1 atmos) 
(Po + 1 atmos) 

initial gas volume 
specific heat ratio 
volume change due to 
volume change due to 
initial gas pressure 

( C-13) 

for LPG (1.131) 

pressure increase 
crush loading 
(gage) 

It can be shown that the term relating volumetric increase and pressure 
takes the form: 

where 

lIVp PR 
V. = IT (2.5 - 2v) 

1 

E = Young's modulus of tank material, 2.07 x 10 5 MPa 
v = Poisson's ratio (.3 assumed) 

(C-14) 

The term relating volumetric change resulting from crush loading is some­
what more complex. Using techniques similar to those found in Reference 5, 
it can be shown that the transverse tank motion in the first quadrant of 
Figure C.2 takes the form: 
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oS = FR3 ~e sin e + 1 cos e - sin2 e cos 2 e] 
x DE 'IT 'IT 2 4 (C-15a) 

oS = FR3 [- ! _ sin 2 e + sin e + sin e cos e e cos e] 
y DE 4 8 'IT 2 'IT 

(C-15b) 

where 

Et3 
DE = she 11 stiffness = ----.::;.-=--..---

12(1 - \l) 

It should be emphasized that equations l5a and 15b apply only for 0 ~ e ~ 'IT/2. 
Deflections for other ranges of e may be determined from symmetry. 

By use of Equations (C-13) through (C-15), tank pressures were determined 
in an iterative fashion for various initial pressure conditions and crush 
load values. With these pressure values, stress values were computed by use 
of Equation (C-12). 

The results of these calculations are shown in Figure C.3 for the tank 
trucks and Figure C.4 for the rail tank car. Various percentages of void 
volume were considered. These percentages correspond to gas volumes at various 
temperatures (indicated in Figures C.3 and C.4) when the tank is filled to its 
authorized limit, as specified in the code of federal regulations. (6) The 
failure threshold used for both tank trucks is 690 MPa, while that used for 
the rail tank car is 345 MPa. 

C.4 FIRE 

There are two basic fire failure modes considered in this report for an 
LPG tank engulfed in a fire. First, the tank car can fail because of over­
heating of the unwetted shell, which is the part of the tnak in contact with 
vapor space. In this failure sequence, safety valves operate normally, open­
ing once internal tank pressure reaches the relief valve setpoint. The valves 
are sufficient, in this case, to vent the tank, preventing excessive pressure 
buildup. 
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The second failure mode considered is that of overpressurization of the 
tank. When engulfed in a fire, the temperature of the liquid inside the tank 
begins to rise, increasing internal pressure. If the safety relief valves 
are blocked from venting the tank, are defective in a way that prevents release 
of lading, or are insufficiently sized to handle the required discharge of 
propane, the internal pressure will continue to increase until the tank fails. 

Several values are required to determine the fire duration necessary to 
fail a tank by either of the above failure sequences. First, the heat flux 
from an accident fire must be determined to find the rate of temperature 
increase of the propane inside the tank. This calculation is performed in 
Section C.4.1. It is also necessary to know the amount of propane that flows 
through the safety relief valves once the setpoint pressure is reached. These 
values are calculated in Section C.4.2. Finally, the times to failure for each 
tank are calculated in Sections C.4.3 and C.4.4 for the failure sequences 
described above. 

C.4.l Heat Flux Calculations 

Heat flux calculations were performed for insulated and uninsulated LPG­
carrying rail and truck containers exposed to a lOlO°C fire. The cars were 
assumed to be filled to their authorized limits and be of the dimensions listed 
in Appendix B. The tanks were also assumed to be totally engulfed by the fire, 
resulting in conservative failure estimates. 

By examining the portion of the heat flux due to conduction through the 
insulation and assuming that the outer wall is at the fire temperature and 
neglecting the thermal resistance due to radiation, a conservative estimate of 
the heat flux is given by 

(C-16) 

C-12 

• 



'. 

'. 

... 

where 

qc = heat per unit area - transmitted by conduction 
TLPG = temperature of the LPG (assume 38°C) 

k = thermal conductivity of the insulating material 
t = insulation thickness (assume .0254 m) 

Several insulators (Deltaboard insulation and Thermolag, Chartek 59 and 
De Soto thermal coatings) were proposed as being effective thermal shield 
systems. (7) However, only thermal properties for the Deltaboard were avail­
able. The conductivity for Deltaboard (rock wool - bulk density = 240 Kg/m3) 
was extrapolated from data found in Marks Handbook for Mechanical Engineers,(8) 
and was estimated to be .08437 w/moC. 

Substituting the appropriate terms, Equation (C-16) reduces to: 

( lOlOOC - 380C) ( w ) w qc = .0254 m .08437 m-oc = 3230 m2 (C-17) 

This value represents the heat flux for a tank insulated with 2.54 cm thick 
De 1 taboa rd. 

A conservative estimate of the heat flux for a non-insulated region can 
be made by neglecting the conduction resistance. 

where 

qr = heat per unit area - transmitted by radiation 
El = emissivity of the fire (assume .9) 
E2 = emissivity of the tank wall (assume .8) 
T2 = temperature of the LPG (assume 38°C) 
a = Stephen - Boltzman constant (5.669 x 10-8 2w 4) 

m oK 

Substituting these values, Equation (C-18) becomes 
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= 5 669 (~+ _1 _ 1)-1 rj('010 + 275)4 _{38 + 275)4] = 113 kw (C 19) 
qr • .9.8 r 1 00 ~ 100 m2 -

The average flux can be represented by weighting the percentage of areas 
that are insulated and uninsu1ated. 

where 

qt = qc (percent area insulated) + qr (percent area with insulation removed) 

(C-20a) 

qt = total heat flux 

qc = 3230 ~ 
m 

q = 113 kw 
r m2 

At = total surface area 
A = area with insulation removed 

r 

(C-20b) 

Substituting these values, Equation (C-20) becomes 

rt - Ar) Ar (kW) qt= 3.230 At + 113 At m2 (C-21a) 

or 

q = 3.230 1 - - + 113 - -( Ar) Ar (kW) 
t At At m2 

(C-21b) 

Figure C.5 compares the effect of varying conductivites as influenced 
by the amounts of insulation removed. 
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FIGURE C.5. Heat Flux as Influenced by Amount of Insulation 
Removed at a Fire Temperature of lOlO°C 

C.4.2 Flow of Propane Through Safety Relief Valves 

There are two cases of flow through a safety relief valve that must be 
considered. One is where the tank is overturned as a result of accident forces. 
In this case, the valve will essentially be venting liquid, since the vapor 
space will be forming at the top of the tank. The second case is where the 
valve is discharging propane vapor when the tank is upright. 

A method for determining the liquid flow through a safety relief valve 
is given in Reference 9. The maximum flow relation for liquid propane through 
an orifice is shown in Figure C.6. The safety relief valves on the trucks 
have a set pressure of 1.86 MPa (270 psig); the rail tank car valve has a set 
pressure of 1.93 MPa (280.5 psig). From Figure C.6, a relationship for the 
maximum flow possible through each valve can be obtained. 
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For the truck tanks, 

where 

ML ;: 14,159.4 Pa-s-m (2900 21b ) 
CL A2 ft -sec 

For the rail tank car, 

ML = 14,647.6 Pa-s-m (3000 21b ) 
CL A2 \ ft -sec 

ML ;: maximum flow of liquid propane through the valve 

A2 = cross section of limiting area of valve (see Figure B.2) 

CL = liquid flow coefficient for the orifice (assume .65) 
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Substituting the appropriate values, 

Tank Truck 
26.6 kg/sec 

Bobtail 
18.4 kg/sec 

Rail Car 
53.1 kg/sec 

The flow of propane vapor through the safety relief valve is also obtained 
by methods outlined in Reference 9. The maximum vapor loss through the safety 
relief valve is given as 

where 

where 

Cv = vapor flow coefficient for the orifice (assume .80) 
A2 = cross section of limiting area of valve (see Figure B.2) 
Vc = acoustic velocity of vapor at temperature T 
Vc = specific volume of vapor at pressure P = .59Po and temperature 

T = .97 To 

v = IKgRT c 

k = ratio of specific heats (Appendix A) 
g = gravitational constant 
R = gas constant 
T = .97 To 

For the tank truck and the bobtail, 
Po = 1.86 MPa, To = 328°K 

For the rail tank car, 

Po = 1.93 MPa, To = 331°K 
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Substituting the appropriate values, 

Tank Truck 
12.9 kg/sec 

r\ 
Bobtail 

8.6 kg/sec 
Rail Car 

25.3 kg/sec 

We must now determine whether the safety relief valves are sufficiently sized 
to vent the tank of liquid if it is overturned. 
tank, derived in Reference 9, is 

The safe condition for the 

~L/q > 1.30 x 10-3, for the tank truck (C-25a) 

~L/q > 4.48 x 10-4, for the bobtai 1 (C-25b) 

ML/q > 7.01 x 10-4, for the rail car (C-25c) 

where q = the input heat flux to the tank. 

Substituting the appropriate values from Section C.4.1, and remembering 
that the rail car is insulated, it is found that the safety relief valves have 
sufficient capacity to vent the tank of compressed liquid and will prevent 
excessive pressure increases if functioning properly. 

C.4.3 Fire Durations Required to Fail Tanks by Overheating of the 
Unwetted She 11 

This section considers the fire duration necessary to fail a propane tank 
by overheating of the unwetted shell. The LPG tank is assumed to be totally 
engulfed by the fire. LPG tanks have been known to be essentially totally 
enveloped in some fire accident scenarios. 
engulfment assumption will be used in fire 
Legal filling requirements initially limit 

Therefore, the conservative total 
failure threshold calculations. 
the liquid to about 85 to 95 per-

cent of the tank volume, with propane vapor occupying the remaining space. 

As the temperature of the liquid increases, the liquid volume increases. The 
rate of expansion is dependent upon the heat flux (qA) to the tank and the 

properties of the liquid. The liquid continues to expand, causing the inter­

nal pressure to rise. When the start-to-discharge pressure of the safety 
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relief valve is reached, the valve begins to release propane. If the flow 
capacity of the valve is sufficient. the pressure will stabilize at a pOint 

_I within the range of the valve settings and the liquid level will begin to fall. 

Propane vapor is a poor conductor of heat. Thus, the part of the tank 
- that is backed by vapor will be uniformly heated by the fire and will even­

tually reach a weakened state in which it can no longer withstand the relatively 
low internal pressure at the relief valve setting. At this point, the tank 
will rupture. Full-scale tests on rail tank cars reveal that the tanks fail 
from localized weakening of the shell when the tank is about half full of 
liquid.(lO) Thus, it is assumed that the tanks will rupture at half-full. 
Thermodynamic properties of propane for these calculations were taken from 
Reference 11. 

Fire duration calculations are performed in two steps. First, the time 
required to reach a shell-full condition and then to raise the internal pres­
sure of the tank to the safety relief valve setpoint must be found. Then, 
the time to relieve the tank of half its contents is determined, at which 
point tank rupture is assumed to occur. 

To find the time required to reach a venting condition, the following 
relations are used: 

where 

and 

q = heat input required to raise the temperature and pressure of 
the propane to a desired state 

~T = rate of temperature increase 
~h = difference in enthalpy between initial and final states 

Mtot = total amount of propane in tank. 

q/Q = t 
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where 
Q = heat flux to tank from fire 
t = time (seconds) 

Using the thermodynamic properties of propane, lading descriptions from 
Appendix B, and Equations (C-26) and (C-27), the time to venting is found for each 
tank, and is shown in Table C.l. Note that for the rail tank car, the cases 
of a partially insulated and an uninsulated car are also analyzed. 

The heat flux for a partially insulated rail car can be found if the 
amount of insulation removed is known. A side-on raking collision is assumed 
to remove an area of one meter high times the length of the tank, or about 
10% of the tank surface area. 

In calculating the time required for the tank to reach half-full, we must 
differentiate between the overturned and upright tank because of the flow rate 
differences between liquid and gaseous discharge. However, each calculation 
will require three steps. First of all, the rate of venting must be determined. 
These values may be obtained from Section C.4.2. Secondly, when the valves 
first open, they are venting liquid. The pressure increase coupled with the 
limited tank volume has resulted in a subcooled state for the propane. This 
subcooled liquid must be vented before the propane can again reach a saturated 
state at the higher temperature and pressure of venting conditions. The time 
required to vent this subcooled liquid must be determined. Finally, the time 
required to empty half of the remaining tank contents must be found. This 
value is related to the rate at which propane is discharged from the valve. 
The maximum discharge rate is used to keep calculations conservative. How­
ever, although the trucks have more than one safety relief valve, it is 
assumed that only the equivalent of one valve is releasing propane at the 
maximum rate. 

The time required to raise the temperature of the propane lading from the 
temperature at shellfull conditions to full venting pressure/temperature 

conditions is found by using Equations (C-26) and (C-27). The results are 
tabulated in Table C.l. 
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TABLE C.l. Time to Shellfull and to Venting Conditions for Propane Tanks 

Rail Car 
Rail Car Partially Rail Car 

She1lfull Tank Truck 6gbtai1 Insulated Insulated Uninsu1ated 

~h(Wk~) 22.9 22.9 6.7 6.7 9.1 

M (kg)(a) 19,720 4,760 61,400 61,400 60,750 tot 
q (w-h) 452,268 109,168 412,143 412,143 553,424 
Q (w) (a) 92723 z060 3z349.170 580 z700 21548.520 20 z258,810 

t (min) 2.8 2.0 42.6 9.7 1.6 

Venting 

~h(Wk~) 3.4 3.4 21.8 21.8 19.4 

q (w-h) 66,250 15,990 1,336,490 1 ,336,490 1,176,710 
M (kg) 318 77 52994 5!994 5,351 

t (sec) 24.5 5.9 8,285.4 1,887.9 209.1 
(2.3 hours) (31.5 min) (3.5 minutes) 

(a)These values are the same in the venting calculations 

The amount of subcooled propane (M) that must be vented before the pro­
pane can regain saturated conditions is 

where 

M = V (_1 -~) vl v2 
(C-28) 

V = volume of propane tank 
vl = specific volume of saturated propane at shellfull conditions 
v2 = specific volume of saturated propane at venting temperature and 

pressure 

These amounts are also tabulated in Table C.l. It was found in 
Section C.4.2 that the valves are sufficiently sized to handle these propane 
flows, particularly within the given time requirements. It is assumed that 

the tanks now fail when half of the remaining propane has been discharged. 
Using the equivalent of one open valve for each tank, the times to half-full 
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and total times to failure are tabulated in Table C.2. These are the failure 
thresholds used for fire failure by weakening of the tank metal. 

C.4.4 Fire Durations Required to Fail Tanks by Overpressurization 

This section considers the fire duration necessary to produce an internal 
tank pressure that fails the propane tanks. This failure sequence is postu­
lated to occur when the safety relief valves are defective or somehow damaged 
or blocked in an accident situation. If the safety relief valve is prevented 
from venting propane, the tank will become full of liquid and will remain 
she11fu11. The pressure then rapidly increases until the burst strength of 
the tank is exceeded.(12) Equation (C-26) is used to calculate the rate of 

temperature increase of the propane. The final temperature is found by knowing 
the desired final pressure (of rupture) and using the thermodynamic properties 
of propane. The following equation is used to calculate the temperature of 
propane at some chosen pressure: 

where 
p is in mm hg 
t is in °C 

10910 P 
1090 (11 ) 

= 7.33829 - (t + 287.8) (C-29) 

TABLE C.2. Time to Failure for Propane Tanks 

Overturned Tanks Upright Tanks 
Time to Total Time Time to Total Time 

Half-full to Failure Half-full to Failure 
(minutes) (minutes) 

Tank Truck 6.8 10.0 12.6 15.8 

Bobtai 1 2.4 4.5 4.5 6.6 

Rail Car (insulated) 51.3 189.4 60.9 199.0 

Rail Car (partially 
i nsu1 ated) 17.4 58.6 36.5 77.7 

Ra i1 Car 
(uninsu1ated) 17.4 22.5 36.5 41.6 

C-22 

• 

.. 

... 



II 

The design pressure for each of the propane tanks, along with assumed pressure 
failure thresholds and times to failure are shown in Table C.3. These are the 
failure thresholds used for fire failure by overpressurization of the tank. 
The test pressure, rather than the design pressure, is used for the rail tank 
car simply because of the long time-to-failure of an insulated car. 

C.4.5 Other Pressure Failure Thresholds 

This section will present calculations used to find pressure failure 
thresholds for tank pressure buildups during normal transportation as a result 
of solar insolation. 

TABLE C.3. Time to Failure for Propane Tanks by Overpressurization 

Tank Truck 
Normal 
Defective 
Weakened 

Bobtai 1 
Normal 
Defective 
Weakened 

Rail Car 
Insulated (Normal) 
Insulated (Weak/Def.) 

Rail Car 
Partially Insulated 
(Normal) 
Partially Insulated 
(Weak/Def. ) 

Rail Car 
Uninsulated (Normal) 
Uninsulated (Weak/Def.) 

Rupture Pressure/ 
Test Pressure 

(MPa) 

6.9/3.4 

6.9/3.4 

5.9/2.3 

5.9/2.3 

5.9/2.3 

C-23 

Assumed Pressure 
Failure Threshold 

(MPa) 

6.9 
3.4 
3.4 

6.9 
3.4 
3.4 

5.9 
2.3 

5.9 

2.3 

5.9 

2.3 

Time to 
Failure 

(minutes) 

5.9 
3.6 
3.6 

4.1 

2.5 
2.5 

280.0 
130.0 

60.0 

30.0 

7.9 

3.7 



There exists the possibility that sunshine heating up a propane tank 
during normal transportation could result in an internal pressure increase. 
The maximum solar input to the tank surface is estimated to be about 
694 Joules/meter2-sec.(13) It is assumed that a rectangular area (the tank 

diameter multiplied by tank length) will be absorbing this sunlight. The 
thermal input to each tank, q, is thus 

q 

Tank Truck Bobtail 
15,600 watts 5,960 watts 

Rail Car 
38,260 watts 

Using Equation (C-26), the expected rate of temperature rise can be found. 
The rate of temperature rise from solar insolation, 6T, for each tank is 

Tank Truck 
1.75°C/hr 

6T 

Bobtail 
2.78°C/hr 

Rail Car 
1.38°C/hr 

Since sunlight is expected to affect the tanks for a maximum of only ten 
to twelve hours, the temperature increase will not be enough to even cause 
shellfull conditions. 

The probability that a truck accident will occur during hours of signifi­
cant insolation (between 8:30 A.M. and 5:30 P.M.) may be obtained from Bureau 
of Motor Carrier Safety data as 0.50. (14) It is assumed that cloudy days 

occur about one-third of the time, dampening heating effects. For the tank 
trucks, the chances of sunshine causing any increase in tank pressure is thus 
(0.50)(2/3), or .33. However, as shown above, this pressure increase is not 
enough to activate the safety relief valves. 

There is no data readily available on the time of day occurrence of rail 
accidents. It was assumed that all rail accidents occur during maximum 
insolation hours. Thus, the probability of sunshine causing any pressure 
increase is (1)(2/3), or .66. However, as for the tank trucks, this pressure 

increase is not sufficient to activate the safety relief valves. 
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APPENDIX D 

PROPANE DISPERSION MODELS 

This appendix describes the simulation models used to provide estimates 
of propane flammable gas concentrations from immediate and continuous releases. 
The models presented in Section D.l are Gaussian diffusion models for contin­
uous plumes and instantaneous puffs (representing leaks and catastrophic 
spills). Section D.2 discusses the empirical diffusion parameters used in 
the models, and Section D.3 details calculations of flammable cloud mass and 
area. For the purposes of this analysis, it is assumed that the vaporized 
propane cloud, with a molecular weight of 44 and cooled by a diabatic expan­
sion, remains negatively buoyant with respect to air. The density of the pro­
pane vapor is modeled by restraining vertical dispersion similar to that of 
a trace gas in a stable atmosphere. 

D.l DISPERSION EQUATIONS 

Two Gaussian dispersion equations are used to describe dispersion down­
wind of an accident site. Initial conditions and inputs for each case studied 
consist of propane emissions, fixed meteorological conditions (wind speed and 
stability), and a spill type. Concentrations for a continuous release of LPG 
were calculated by specifying a continuous emission rate and using a continu­
ous plume model. Catastrophic spills were simulated by a fixed mass emission 
in a Gaussian puff model. 

In the puff equation, the size of a hemispheric cloud formed from the 
flash vaporized liquid release was considered as an area source and was 
modeled as a virtual point source. Virtual pOint source modifications allow 
the use of point source equations in evaluating area emission sources. By 
determining the distance upwind of the area source, a point source could be 
located that would have a crosswind plume spread equal to the area source 
width at the area source edge.(l) In other words, since crosswind plume 
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standard deviation 0y is proportional to distance x, at a distance upwind of 
the area of emission, xo' a point could be found such that: 

(0-1 ) 

where: 

w is the source width. 
0y is the crosswind dispersion parameter. • 

Resultant concentrations from an instantaneous tank car failure were 
calculated using the Gaussian point source puff equation: 

= Q (2 n3)-!2 expo _ 1 [(X - ut)2 + y2 + Z2] 
C ° ° ° 2 ° 2 ~ ~ (0-2) x y Z x y Z 

where: 

C = concentration (mass/length2) 
Q = total emissions (mass) 

x,y,z = downwind, crosswind, and vertical distance (length) 
u = mean wind speed over the period of calculation (length/time) 
t = time after release (time) 

0x,Oy'Oz = downwind, crosswind and vertical dispersion parameters. 

The maximum distance at which the instantaneous cloud is flammable can be 
determined from Equation (0-2) by determining the distance at which: 

where: 

C max = maximum concentration at puff center 
CLFL = flammability limit 

° = standard deviation of the puff mass (a function of x) 

The flammable cloud area is calculated as described in Section 0.3. 
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In the continuous leak case, the Gaussian point source diffusion equation 
is given by: 

C = Q .. exp _ 1 [ y2 + Z2~ TIOOU . 2(J7 (1T 
y z y z 

(0-4) 

Calculational methods for the area within isopleths are provided in the follow­
ing sections. Equation (0-4) represents dispersion of a continuous release 
under steady-state conditions; area calculations for the continuous release 
are thus not time dependent. 

0.2 DISPERSION PARAMETERS 

The calculation of concentrations using instantaneous puff or continuous 
plume equations requires the use of empirical dispersion parameters determined 
from experiments of trace gas dispersion in air. This section describes the 
two collections of dispersion data used in this study along with the modifi­
cations used to extend the relations to the dense gas case. 

In the instantaneous puff equation used to simulate the effects of dis­
persion from a catastrophic release of propane, dispersion parameters are 
given in the crosswind, downwind, and vertical directions and are defined as 
0y' Ox and oz' The parameters used are of the form: 

(0-5) 

where x represents the downwind distance. The coefficients (a,b) vary with 
atmospheric stability. The downwind and crosswind.parameters are related 
by: (2) 

(0-6) 

To correct for the decreased vertical spread of the gas cloud due to the 
negative buoyancy, the vertical dispersion parameter, 0z' is assumed to vary 
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with distance using coefficients for stable atmospheric conditions. (3) The 
coefficients used for the simulations(4) are given in Table 0.1. 

Dispersion of continuous plumes proceeds at a lower rate than that of 

the puff, due to less axial mixing. The set of dispersion parameters used in 
the continuous leak case is given in Table 0.2. (1) The high cloud density 
was again treated by assuming that stable mixing occurred in the vertical 
direction. Parameters given in the table represent plumes of approximately 
3 to 10 minutes duration. Plumes lasting for longer periods are on the average 
more disperse, making this a conservative assumption in the dispersion simula­

tions. 

TABLE 0.1. Dispersion Equation for an 
Instantaneous Propane Release 

a~ 
Stabilit~ a b a b 

A(a) 0.14 0.92 
B 0.14 0.92 
C 0.06 0.92 0.05 0.61 
0 0.14 0.92 
E 0.04 0.91 
F 0.92 0.89 

(a)Pasquill stability categories 
Reference 4 
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TABLE 0.2. Dispersion Equati on for a Continuous 

0y.. °z 
Stability" a b a 

A(a) 0.37 0.90 
B 0.28 0.90 
C 0.21 0.90 0.06 
0 0.15 0.90 0.44 
E 0.10 0.90 
F 0.07 0.90 

(a)Pasqui11 stability categories 
Reference 4 

0.3 CLOUD AREAS AND MASS 

Propane Release 

b 

0.78 for x < 1200 m 
0.51 for x > 1200 m 

Areas of different concentration isop1eths are important in predicting 
the hazard zones for spills of hazardous materials. For propane concentrations 
of approximately 9% and 2% determine the limits of flammability. An approxi­
mation for isopleth areas of a continuous steady-state plume were found as a 
function of spill size and wind size in Reference 4. Areas for the instanta­
neous clouds were calculated as the area of an ellipse. The semi-major and 
semi-minor axes are defined by solving the Gaussian puff equation for cross­
wind cloud extent, y, to the flammability level and assuming that the down­
wind extent of the cloud, x, is given by x = 4y, consistent with the 
re1ati,onship of cry and crx in Equation (0-6). In this case, area (A) is given 
by 

A = (4ny)2 (D-7) 

for clouds centered around the point x = ut. 

The mass of propane mixed in air between the upper and lower flammability 
limits is found using the Gaussian assumption that mass is normally distributed 

around the cloud center of mass. For both continuous and instantaneous clouds, 
the crosswind distance from plume center to the isop1eths representing the 

D-5 



flammability limits is expressed in units of 0, the cloud standard deviation. 
An error function is then used to determine the fractional mass within each 
flammable limit isopleth. 
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