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A B S T R A C T

Rail incidents involving release of crude oil from train tank cars is a safety concern. The objectives of this study
are identification and quantification of the impacts of different factors on types and consequences of crude oil
release from trains, and investigation of the impacts of types and consequences of release on the resulting costs.
Two separate multinomial models for types of release (gas dispersion, spillage or both) and consequences of
release (fire, explosion or none), and one joint multinomial model were estimated using 10-year crude oil release
data. Non-accident releases were associated with higher probability of gas dispersion, lower probability of fire
and explosion, and lower costs. Tank car head puncture resistance system and tank car insulation increased the
probability of gas dispersion. Increase in quantity of spillage, increased the probability of fire and explosion,
significantly. Robust linear regression models captured the effects of types and consequences of release on post-
release costs. While sufficient evidence was not found regarding a relationship between types of release and
costs, fires and explosions significantly increased the costs. These findings can assist decision-making regarding
safety improvement of rail-based crude oil transportation.

1. Introduction

Hydraulic fracturing (also called fracking) technology has sig-
nificantly expanded crude oil production in regions with limited his-
torical production and pipeline capacity, such as the Bakken formation
in North Dakota, United States (US). This has increased crude oil
transportation by rail from the production fields to the refineries. The
number of annual train carloads of crude oil in the US increased by
approximately 5100% between 2008 and 2014 [1]. Despite a modest
decrease in crude oil carloads between 2015 and 2016 due to pipeline
capacity changes and international crude oil prices, more than two
hundred thousand carloads of crude oil were moved by rail in 2016 [1].
This constitutes approximately one-fifth of the total hazardous mate-
rials (hazmat) transported by rail in the US [2].

The transportation of large quantities of crude oil by rail potentially
exposes people living in vicinity of railways and the proximate en-
vironment to the ill effects of hazardous materials in case of incidents
leading to release. Various factors can affect the likelihood of incidents
and consequences of crude oil release. Identification of these factors can
assist crude oil shippers, railroad companies and policy makers with
decisions resulting in safer crude oil transportation.

The main objectives of this study were identification of factors that
affect types and consequences of crude oil release from trains, quanti-
fication of these effects, and investigation of the effects of types and
consequences of crude oil release on the resulting costs and damages.
Factors that may impact types and consequences of release included
characteristics of crude oil, tank cars, and release incidents. On January
2, 2014 the Pipeline and Hazardous Materials Safety Administration
(PHMSA) issued a safety alert that crude oil transported from the
Bakken region may be more flammable than traditional heavy crude oil
[3]. A secondary objective of this study was statistically testing the
validity of this PHMSA safety alert.

The investigation in this study involved estimation of two separate
multinomial response models for types of crude oil release (gas dis-
persion, spillage and both) and consequences of crude oil release (fire,
explosion and none), and one joint multinomial response model, for
types and consequences of release. This study used the 2007–2016
PHMSA US rail-based crude oil release data. Estimation of a robust
linear regression model captured the effects of the types and con-
sequences of crude oil release on total post-release costs, including
carrier/property damage, response/clean-up costs, evacuation costs,
injuries/fatalities, and roadway closure.
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A literature review pertaining to shipping of hazmat and crude oil
follows this introduction. The ensuing section presents the research
methodology, dataset and variables descriptions. Results from the
modeling effort and their interpretations are presented next.
Conclusions and a discussion complete this paper.

2. Literature review

Shipping of hazardous materials by different transportation modes
has been around for decades but transportation of large quantities of
crude oil by rail in the US is relatively recent—a result of significant
growth in crude oil production. A review of relevant literature per-
taining to shipping of hazardous materials including crude oil by rail
follows next.

2.1. Shipping of hazardous materials by rail

Many studies on shipping of hazmat focused on risk-based ap-
proaches due to the rarity of incidents involving release of hazmat. In
this context, the usual definition of risk involves multiplication of the
probability of hazmat release on the transportation network and its
consequences. Many studies worked on quantification of risk compo-
nents or utilized risk in different approaches towards safety improve-
ment of rail transportation of hazmat. Some of the proposed counter-
measures regarding hazmat train risk reduction included tank car safety
design enhancement [4–7], hazmat train routing [8], train speed re-
duction [9], placement of hazmat cars in a train-consist [10], and
emergency response improvement.

Nayak et al. [11] presented a set of methods for quantifying risk
components in hazmat rail transportation. This included development
of measures for accident rates based on track class, severity of an ac-
cident based on accident speed and the probability and mean amount of
release based on accident speed. Anderson and Barkan [12] provided
railroad accident rates based on track classes, for use in rail-based
hazmat risk assessment. To consider the exposure of population near
the routes to the possibility of hazmat release in route choice for
hazmat-carrying trains, Zografos and Androutsopoulos [13] presented a
system for assessing alternative routes for hazmat shipment in terms of
travel time, risk and evacuation implications. Glickman et al. [8] also
considered an alternate routing strategy that took accident risk into
account. Iranitalab and Khattak [14] estimated train-level and car-level
statistical models for probability of release of hazmat in hazmat-car-
rying train incidents for countermeasure/policy determination and risk
assessment. With the same objectives, Iranitalab et al. [15] proposed
statistical models for probability of hazmat release from hazmat-car-
rying trains and trucks in crashes at highway-rail grade crossings.

Verma and Verter [10] described three measures for hazmat trans-
portation risk: expected consequence, incident probability, and popu-
lation exposure. Based on these measures, they discussed different risk
management strategies such as optimization frameworks, tank-car de-
sign, and hazmat car placement. Raj and Pritchard [16] described a risk
analysis protocol developed by Federal Railroad Administration (FRA)
to assess the risks to the US population arising from the transportation
of different types of hazmat by rail. Verma [17] developed a risk as-
sessment approach to consider the differentiating characteristics of
trains and train accidents considering train-length, train-decile position
of hazmat car, the sequence of events leading to hazmat release, and the
associated consequence release through Bayes theorem and logical
diagrams. Verma [18] formulated a bi-objective optimization problem
to address the interests of two hazmat transportation stakeholders:
regulatory agencies and railroad companies. Hazmat-specific expected
risk was used as a measure to minimize while deciding on the amounts
of hazmat carrying among pairs of origin and destination.

Saccomanno and El-Hage [19,20] studied tank car derailment, a
common cause of hazmat release in train incidents. They developed
models for predicting derailments for different tank car positions in a

train, considering operating speed, the cause of derailment, and the
number of tank cars following the point of derailment (residual train
length). Liu et al. [21] analyzed severity of tank car derailments in
freight-train accidents, in terms of number of derailed tank cars and
found residual train length, derailment speed, distribution of train
power and proportion of loaded cars effective on derailment severity.
Liu et al. [7] developed an optimization method combining two hazmat
release risk reduction strategies, prevention of broken rails and tank car
safety design. Barkan et al. [22] identified the speed of derailment and
number of derailed tank cars as proxy variables that were highly as-
sociated with release of hazmat in train accidents.

2.2. Shipping of crude oil by rail

Liu [23] proposed a method for optimal safety risk management of
rail transportation of crude oil. The model accounted for track segment
specific characteristics (segment length, track class, method of opera-
tion, and annual traffic density), train-specific characteristics (train
length, train speed, and tank car safety design), and population density
along each segment. He measured segment-specific risk by the expected
number of affected persons. Barkan et al. [24] proposed enhanced tank
car safety design for transporting petroleum, including thicker and
more puncture-resistant tank constructed of stronger steel, full-height
head shields, robust top-fittings protection, and thermal protection
system. Oke et al. [25] presented a medium-term market equilibrium
model of the North American crude oil sector to evaluate different
strategies for mitigating the environmental and public-safety risk due to
crude oil transport by rail. They reported that an integrated policy of
restricting rail loads, increasing pipeline capacity, and lifting US crude
oil export ban can address medium-term risk of crude oil transport by
rail.

Following PHMSA's safety alert regarding the possible extra
flammability of the sweet light crude oil of the Bakken region relative to
traditional heavy crude oil, several studies investigated the chemical
characteristics of this crude oil. Lord et al. [26] reviewed these studies
and concluded that due to significant variability in criteria and proce-
dures used in selection, acquisition, and analysis of crude oil samples,
the available information was of insufficient quality to enable a
meaningful comparison of crude oils. According to Lord et al., current
methods for crude oil hazard classification and packing were often in-
adequate. This provided the motivation to investigate the validity of
PHMSA's safety alert in this research.

2.3. Summary

Rail-based hazmat transportation safety studies majorly focused on
risk assessment approaches and optimization techniques for decision-
making. While a significant body of literature worked on quantifying
components of hazmat risk, this review did not uncover any studies
focused on types and consequences of crude oil release from trains.
Different factors can affect types and consequences of such releases,
while previous published papers did not attempt to identify and
quantify these effects. This information is very important in effective
decision making towards improving safety of crude oil transportation
by rail. Also, this review indicated that previous studies did not in-
vestigate how types and consequences of crude oil release from trains
affect the post-release monetary and non-monetary costs. Such in-
formation can assist prioritization of countermeasures/policies for
safety improvement. The statistical modeling methods of this study
were not used in the hazmat transportation literature, and a reliable
performance in this study can introduce them to this field of study for
future consideration, especially in hazmat risk assessment.

3. Methodology

This section introduces the statistical approaches used in this study
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by first discussing multinomial response models (used for separate and
joint modeling of types and consequences of release of crude oil), and
then discussing continuous outcome models (used in modeling post-
release costs).

3.1. Multinomial response models for types and consequences of release

In the literature of hazmat transportation, consequences of release
are commonly captured by approaches based on estimating the affected
area and quantifying the costs/damages based on what exists in the
area (e.g. population, environment, public/private property, etc.).
Different measures such as traditional risk, population exposure, per-
ceived risk, conditional risk, expected disutility, etc. are examples of
such approaches [27]. While these measures are applicable to crude oil,
this study has a different perspective. It is based on crude oil release
data, and attempts to identify patterns among types and consequences
of crude oil release cases from trains, based on the characteristics of
crude oil, tank car, and release incidents. The former approaches de-
velop frameworks to quantify the consequences based on physical as-
pects of railroads and trains, chemical features of hazmat, and char-
acteristics of the affected areas, while this study considers what has
occurred in terms of a dataset, and uses statistical modeling to estimate
the relationships and associations between the aforementioned factors
and the types and consequences of release. The advantage of this ap-
proach is that it captures what has happened in the past providing
potentially more accurate measures, while the former approaches may
be able to model unusual cases better (due to smaller similarity with the
data points).

Two modeling approaches were considered: estimating two separate
multinomial models for types and consequences of release; and esti-
mating one joint model for types and consequences of release, assuming
a joint probability distribution for these two variables. The motivation
for considering both approaches was the possibility of presence of a
correlation between types and consequences of release. Fig. 1 shows the
outcomes of the release incidents based on the dataset (for example,
there was not any gas dispersion incidents that led to fire in the da-
taset). In the separate approach, the response variables in the two es-
timated models were multinomial and indicated the type or con-
sequence of crude oil release. One model with spillage (base level), gas
dispersion, and simultaneous spillage and gas dispersion as categories
of the response variable was estimated. The categories for the con-
sequences model included fire, explosion and none (base level).

Multinomial logit models were used with characteristics of crude oil,
tank car, and release incidents as the explanatory variables. In the joint
approach, the response variable was constructed as a combination of
the types and consequences of release. Based on the possible combined
outcomes for the new response variable applicable to the dataset (refer
to Fig. 1), this variable had 5 levels: (1) spillage with no consequence;
(2) spillage and fire; (3) spillage and explosion; (4) gas dispersion and
no consequence; (5) both types of release and no consequence. Again,
multinomial logit models with a similar set of explanatory variables
were used in the modeling.

Multinomial logit models are common multi-category nominal re-
sponse statistical models popularly used for modeling categorical re-
sponse variables, e.g. modeling choice behavior as a categorical out-
come in economics [28]. They are also known as multinomial
regression or baseline logit models [29]. Assuming the nth observation
with a categorical outcome i, the utility function for this outcome is
defined as Eq. (1).

= + = + +U V α β Xɛ ɛin in in i i in in (1)

In this equation, Vin is the observable part of the utility function for
nth observation with a categorical outcome i, αi is an intercept, βi is a
vector of model coefficients, Xin is a vector of observable factors that
influence the outcome (characteristics of crude oil, tank car, and release
incidents), and ɛin is an error term that accounts for unobserved effects.
An assumption of the error terms being independent and identically
distributed with a generalized extreme value distribution results in the
multinomial logit model as shown in Eq. (2) [30,31]. In this equation,
Pn(i) is the probability of occurrence of outcome i for observation n.
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Multinomial logit models, as the most common multi-class response
statistical model, are based on a set of assumptions that their violation
in the data may result in biased and unreliable results and conclusions.
To avoid such bias, the violation's possibility was tested by estimation
of other models that do not have some or all of the assumptions (nested
logit, mixed logit, and multinomial probit). The results and conclusions
were almost the same as the multinomial logit models, indicating that
the assumptions are not being violated. Multinomial logit models are
commonly estimated using the Maximum Likelihood (ML) method.
However, in some conditions, such as presence of complete or quasi
separation (an explanatory variable separates the data between 0 and 1

Fig. 1. Types and consequences of crude oil release.
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for the response variable [29]), ML may be biased. The bias-reduction
method developed by Firth [32] and adapted to the multinomial case
by Kosmidis and Firth [33] is one solution for this issue and was utilized
in this paper due to detection of signs of bias including abnormally
large estimated standard errors for some of the coefficients [29] in the
ML-estimated models. These coefficients mostly belonged to the ex-
planatory variables with small variability.

Model interpretation in this study utilized odds ratios. For example,
in the separate consequences model, odds for explosion are the prob-
ability of explosion divided by the probability of no explosion in an
incident of crude oil release. For c-unit increase in a continuous ex-
planatory variable, x, the odds ratios are defined as in Eq. (3) and can
be interpreted as “the odds of explosion vs. no consequences (the base
level) change by OR times for every c-unit increase in x, holding the
other variables constant”. If x is a categorical explanatory variable, the
value of c is 1, and the interpretation will be “the odds of explosion vs.
no release consequence change by OR times as large for x= 1 than for
x= 0, holding other variables constant” [29,34]. The interpretation of
odds ratios for other levels of the separate models and for the joint
model is in a similar manner.

= =+OR Odds
Odds

ex c

x

cβi
(3)

3.2. Continuous response models for post-release costs

Linear regression models were used, with costs as continuous re-
sponse variables, and types and consequences of release, and two other
factors, Non Accident Release (NAR) and quantity released, as ex-
planatory variables. The objective of estimation of these models was
testing whether the types and consequences of release of crude oil
significantly affect the post-release costs and quantifying the possible
effects.

One issue with such a statistical approach for modeling costs of
release incidents is the distributional assumptions of a regular linear
regression (Normal error distribution) do not necessary hold, and a
heavy-tailed error term distribution is expected (due to presence of
numerous small and non-costly reported incidents as opposed to few
very costly release incidents). One remedy is to remove influential
observations from the data prior to model estimation. Another ap-
proach, termed “robust regression”, is to use a fitting criterion that is
not as vulnerable as least squares to influential data points [35]. While
there are different methods for robust regression, the most common
type is M-estimation, which can be considered as a generalization of the
ML estimation [35]. This approach is utilized in this study and is im-
plemented by the iterated re-weighted least squares. More information
and details are available in [36,37].

4. Data and variables

Ten-year data (2007–2016) of crude oil release incidents from trains
in the US was extracted from the PHMSA database through the Incident
Reports Database Search tool [38] using “Crude Oil” as the shipping
name of hazmat (field 14). This resulted in 450 release incidents with a
total of 663 released tank cars. Missing values in the variables that were
used in the modeling resulted in less than 3.8% decrease in the dataset's
size, leading to a final set of 638 tank cars.

Table 1 presents the variables and their respective statistics. The
bakken variable indicated whether the crude oil was shipped from the
Bakken region and should have been categorized as Bakken light sweet
crude oil or not. This variable was formed based on the origin state of
the shipment (North Dakota or Montana). The packing group in-
formation was available in the dataset. Packing group I, II and III re-
present great, medium and minor danger, respectively. The criteria for
assigning packing group for crude oil is based on flash point and initial
boiling point of the crude oil, that shippers should obtain through

laboratory tests [39]. Information regarding tank head puncture re-
sistance system and tank insulation was extracted from the tank car
specification marking [40], that was available in the dataset. Tank head
puncture resistance system is capable of sustaining coupler-to-head
impacts of the relative speed of 18 mph, usually accomplished by the
installation of separate head shields or full-head tank jackets made of 1/
2-inch-thick steel on each end of the tank car [41]. Tank insulation is
used to moderate the temperature of crude oil during transportation
[41].

FRA provides the definition of Non-Accident Releases (NARs) as:
“The unintentional release of a hazmat while in transportation, in-
cluding loading and unloading while in railroad possession, that is not
caused by a derailment, collision or other rail related accident. NARs
consist of leaks, splashes, and other releases from improperly secured or
defective valves, fittings, and tank shells, and include venting of non-
atmospheric gases from safety relief devices.” NARs were detected in
the data based on the provided narrations.

Post-release costs, available in the dataset, included carrier/prop-
erty damage, response/clean-up costs, evacuation costs, injuries/fatal-
ities, and roadway closure (costs of evacuation were assumed $250.00
per person-day [42], monetary costs of not-hospitalized injury as the
only type of injury/fatality that occurred in the dataset was assumed
$62,500.00 per injury [43], and roadway closure was assumed to cost
$218,000.00 per day [27,44]). The minimum, maximum, mean and
standard deviation of the costs were $0.00, $25,330,322.00,
$146,792.00 and $1,365,787.00, respectively.

5. Modeling results

This section presents the estimated multinomial logit models that
capture the impacts of crude oil, tank car design and incident char-
acteristics on types and consequences (separately and jointly) of release
of crude oil in a train incident. It also includes a robust linear regression
model quantifying the effects of type and consequence of release of
crude oil on the post-release costs.

5.1. Models for types and consequences of release

The variables used in each model and the p-values of the Likelihood
Ratio (LR) tests are presented in Table 2. Variable selection was per-
formed using LR test and Corrected Akaike Information Criteria (AICc)
[29,34]. Based on the LR tests, all factors except design pressure af-
fected types of crude oil release, while all factors except tank insulation
and design pressure affected consequences of release. The joint model
indicates the same identification results.

Point estimates of the odds ratios and their 95% Confidence
Intervals (CI) for the release type with “spillage” as the base level are
presented in Table 3. With 95% confidence and subject to keeping all
the other variables (rather than the variable being interpreted) con-
stant, the model interpretations are as follows. The odds of gas dis-
persion vs. spillage change by an amount between 0.29 to 0.98 times for
the light sweet crude oil from Bakken region. For this type of crude oil,
the odds of simultaneous gas dispersion and spillage vs. spillage
changed by 0.05 to 0.55 times, compared to other types of crude oil.
Packing group II decreased the odds of gas dispersion vs. spillage by
0.14 and 0.64 times relative to packing group I. These values were
estimated as 0.08 to 0.84 for packing group III. Equipment of tank cars
to puncture resistance system changed the odds of gas dispersion vs.
spillage by an amount between 2.35 to 9.70 times, and simultaneous
gas dispersion and spillage vs. spillage by an amount between 4.49 to
33.67 times. Insulation of the tank cars increased the odds of simulta-
neous gas dispersion and spillage vs. spillage by 2.58 to 20.26 times.
The odds of gas dispersion vs. spillage were increased by an amount
between 1.74 to 466.39 times, for NARs. The wide range of CI for NAR
was due to the relatively small variability in the values of NAR, with
respect to the response variables, leading to this uncertainty in the
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statistical inference. Other than these effects, there was no sufficient
evidence on the impacts of explanatory variables on the types of re-
lease.

Table 4 presents the odds ratios and 95% CI's for the consequences
of crude oil release model, with “none” as the base level. With 95%
confidence and holding all the other variables except the variable being
interpreted constant, it can be said that packing group II, relative to
packing group I increased the odds of explosion vs. no release con-
sequence by an amount between 1.61 to 158.93 times. There was no
sufficient evidence towards the existence of any impacts of packing
group II on fire and packing group III on fire and explosion, relative to
packing group I. NARs, relative to accident releases, decreased the odds
of fire and explosion vs. no consequence, by amounts between less than
0.01 to 0.11 times, and less than 0.01 and 0.06 times, respectively. The
odds of fire vs. no release consequence in a crude oil release incident
increased for every 1000-gallon increase in quantity of release of crude
oil by a percentage between 13.69% to 37.56%. These values were
12.96% to 37.91% for explosions. Sufficient evidence was not available
to support the existence of any effects of Bakken region crude oil, tank
head puncture resistance system, tank car insulation and tank car de-
sign pressure on fire or explosion.

Table 5 presents the odds ratios and 95% CI's for the joint model of
type and consequences of crude oil release, with “spillage and none” as
the base level. Again, with 95% confidence and holding all the other
variables except the variable under interpretation constant, Bakken
crude oil decreases the odds of simultaneous spillage and gas dispersion
with no consequences vs. spillage with no consequences by an amount
between 0.07 to 0.58 times. Packing group II, relative to packing group
I, increased the odds of spillage and explosion vs. spillage and no
consequences by an amount between 1.70 to 138.33 times, while it
decreased the odds of gas dispersion and no consequences vs. spillage
and no consequences by 0.14 to 0.65 times. Packing group III, relative
to packing group II, decreased the odds of gas dispersion and none vs.
spillage and none by an amount between 0.07 to 0.66. Equipment of

tank cars to puncture resistance system increased the odds of gas dis-
persion with no consequences, and both types of release with no con-
sequences vs. spillage with no consequences by amounts between 2.41
to 10.03 and 4.73 to 35.98 times, respectively. Insulation of the tank
cars increased the odds of spillage and explosion vs. spillage with no
consequences by an amount between 1.82 to 17146.04 times, while it
increased the odds of both types of release and no consequences by 2.87
to 22.31 times. The odds of spillage with fire, spillage with explosion, as
opposed to spillage and no consequences for an NAR were decreased by
amounts between less than 0.01 to 0.14 times and less than 0.01 and
0.06 times, respectively. A 1000-gallon increase in the amount of re-
leased crude oil increased the odds of spillage with fire, and spillage
with explosion vs. spillage with no consequences by amounts between
12.88% to 36.17% and 12.13% to 36.38%, respectively.

5.2. Models for post-release costs

A robust linear regression model was estimated at the incident level,
using total costs as the response variables, and types of release and
consequences of release as the explanatory variables. The point esti-
mates and 95% CI's for the estimated coefficients, along with LR test p-
values and standard errors are presented in

Table 6 LR test results and CI's indicate there was not enough evi-
dence in the dataset to show that variations in types of release affected
the costs, directly. However, the estimated coefficients for fire and
explosion, along with NAR variable and quantity released were statis-
tically significant in the model. These variables changed damage costs
by amounts between the upper and lower bounds of the CI's reported in
Table 6.

6. Discussion

Sufficient evidence was not found in the data to show the light
sweet crude oil of Bakken region significantly increased the probability

Table 1
Variables and their statistics.

Variable Names Values and statistics

Response variables
Type of release type Spillage (86.21%), Gas Dispersion (08.93%), Both (04.86%)
Consequence of release cons Fire (07.21%), Explosion (07.21%), None (85.58%)
Joint type and consequence of release typecons Spillage and None (71.79%), Spillage and Fire (07.21%), Spillage and Explosion (07.21%), Gas Dispersion and None

(08.93%), Both and None (04.86%)
Explanatory variables
Bakken crude oil bakken 0=No (51.72%), 1=Yes (48.28%)
Packing group pack.group I (51.88%), II (30.41%), III (17.71%)
Tank head puncture resistance system punc.res 0=No (90.28%), 1=Yes (09.72%)
Tank insulation insulated 0=No (95.45%), 1=Yes (04.54%)
Tank design pressure (psi) dsgnpress mean=107.97, variance= 3207.14
Quantity released (gallon) quant.rel mean= 2994.55, variance=56,620,119
Non-accident release (NAR) nar 0=No (20.53%), 1=Yes (79.47%)

Table 2
p-values of the LR test in the release type and release consequence models.

Variables Separate Joint
Type of release Consequence of release Type and consequence of release

Crude Oil characteristics bakken 0.00062 ⁎⁎⁎ 0.09105 . 0.00181 ⁎⁎

pack.group 0.00101 ⁎⁎ 0.00000 ⁎⁎⁎ 0.00000 ⁎⁎⁎

Tank car characteristics punc.res 0.00000 ⁎⁎⁎ 0.07486 . 0.00000 ⁎⁎⁎

insulated 0.00198 ⁎⁎ – 0.01316 *
dsgnpress 0.48524 – –

Incident characteristics nar 0.00000 ⁎⁎⁎ 0.00000 ⁎⁎⁎ 0.00000 ⁎⁎⁎

quant.rel NA 0.00000 ⁎⁎⁎ 0.00000 ⁎⁎⁎

Significance codes: 0 ‘⁎⁎⁎’ 0.001 ‘⁎⁎’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.
–: Not used.
NA: Not applicable.
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of fire and explosion in case of release. Release of this type of crude oil
was found less probable to lead to gas dispersion or simultaneous
spillage and gas dispersion, relative to spillage. Therefore, the results of
this study statistically cannot confirm PHMSA's safety alert regarding
the possibility of Bakken crude oil being more flammable than tradi-
tional heavy crude oil or other light sweet crude oil. While, in case of
release, this type of crude oil is more probable to spill rather than
disperse as gas, there was no sufficient evidence that spillage is costlier
than gas dispersion, according to the costs model. So, evidence in this
data do not support the hypothesis that transportation of Bakken crude
oil by rail results in a different degree of risk, relative to other types of
crude oil moved by rail in the US.

The crude oil categorized as packing groups II (medium danger) and
III (minor danger) decreased the probability of gas dispersion, and

packing group II increased the probability of explosion, relative to
crude oil packing group I (great danger). This might be due to possible
inaccuracies in results of flash point and initial boiling point tests, or
effects of other potential important variables that were not considered
in this study. This finding was consistent with one of the findings of
Lord et al. [26], the inadequacy of current methods for assignment of
crude oil transportation hazard classification and packing group. Based
on these results, safety-related decisions solely based on packing groups
are not suggested.

Tank car head puncture resistance system and tank car insulation
were not found to be directly associated with probability of fire or
explosion (except for the ignorable case of insulation and explosion in
the joint model with an unusually wide CI, possibly due to small var-
iation in the variable values), but they increased the likelihood of gas

Table 3
Values of c, point estimates of odds ratios and profile LR confidence intervals for odds ratios in release type models.

Variables Gas Both (Gas and Spillage)
c Point estimate 95% CI Lower bound 95% CI Upper bound Point estimate 95% CI Lower bound 95% CI Upper bound

Crude oil characteristics bakken 1 0.53012 0.28557 0.98409 0.17001 0.05297 0.54568
pack.groupII 1 0.29975 0.14052 0.63941 1.08628 0.41387 2.85119
pack.groupIII 1 0.26631 0.08427 0.84156 2.09962 0.76861 5.73554

Tank car characteristics punc.res 1 4.77408 2.35091 9.69489 12.30062 4.49408 33.6677
insulated 1 1.32465 0.37406 4.69094 7.22909 2.57998 20.25583
dsgnpress 25 0.97387 0.80125 1.18369 0.93484 0.77104 1.13345

Incident characteristics nar 1 28.5114 1.74298 466.38631 11.01463 0.61996 195.69301

Significance codes: 0 ‘⁎⁎⁎’ 0.001 ‘⁎⁎’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.

Table 4
Values of c, point estimates of odds ratios and profile LR confidence intervals for odds ratios in release consequence models.

Variables c Fire Explosion
Point estimate 95% CI Lower bound 95% CI Upper bound Point estimate 95% CI Lower bound 95% CI Upper bound

Crude oil characteristics bakken 1 4.03791 0.57541 28.33582 14.3892 0.47405 436.76913
pack.groupII 1 0.52436 0.04996 5.50364 15.97908 1.60654 158.93206
pack.groupIII 1 0.47702 0.07433 3.06148 0.08171 0.00278 2.40099

Tank car characteristics punc.res 1 5.56493 0.86115 35.96186 0.79086 0.0295 21.20505
insulated 1 – – – – – –
dsgnpress 25 – – – – – –

Incident characteristics nar 1 0.02080 0.00398 0.10879 0.00311 0.00017 0.05660
quant.rel 1000 1.25059 1.13693 1.37561 1.24810 1.12956 1.37907

Significance codes: 0 ‘⁎⁎⁎’ 0.001 ‘⁎⁎’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.
–: Not used.

Table 5
Values of c, point estimates of odds ratios and profile LR confidence intervals for odds ratios in the joint model.

Variables Spillage and fire Spillage and explosion
c Point estimate 95% CI Lower bound 95% CI Upper bound Point estimate 95% CI Lower bound 95% CI Upper bound

Crude oil characteristics bakken 1 3.31221 0.47283 23.20213 19.99378 0.55535 719.81963
pack.groupII 1 0.48477 0.05163 4.55130 15.33302 1.69957 138.33008
pack.groupIII 1 0.44910 0.07573 2.66343 0.04017 0.00096 1.67467

Tank car characteristics punc.res 1 5.93571 0.92329 38.15979 0.81790 0.02904 23.03780
insulated 1 1.84554 0.02198 154.95861 176.67957 1.82058 17,146.04286
dsgnpress 25 – – – – – –

Incident characteristics nar 1 0.02814 0.00579 0.13667 0.00368 0.00022 0.06246
quant.rel 1000 1.23981 1.12884 1.36169 1.23658 1.12125 1.36377

Variables Gas dispersion and none Both and none
c Point estimate 95% CI Lower bound 95% CI Upper bound Point estimate 95% CI Lower bound 95% CI Upper bound

Crude oil characteristics bakken 1 0.54813 0.29478 1.01925 0.17944 0.05520 0.58335
pack.groupII 1 0.30262 0.14154 0.64704 1.11593 0.42295 2.94434
pack.groupIII 1 0.21206 0.06814 0.65999 1.74445 0.64272 4.73471

Tank car characteristics punc.res 1 4.91575 2.41027 10.02567 13.04698 4.73146 35.97701
insulated 1 1.38372 0.38533 4.96895 7.99453 2.86492 22.30864
dsgnpress 25 – – – – – –

Incident characteristics nar 1 7.94664 0.54041 116.85350 9.97904 0.42602 233.74731
quant.rel 1000 1.08294 0.90408 1.29719 1.19069 0.99194 1.42927

Significance codes: 0 ‘⁎⁎⁎’ 0.001 ‘⁎⁎’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1.
—: Not used.
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dispersion. The danger crude oil-carrying trains expose to the popula-
tions near railroads due to toxic gas dispersion, and a corresponding
possible explosion with no time for evacuation (although not observed
in the data but an example is the 2013 Lac-Mégantic rail disaster in
Canada) is not negligible. So, based on the results, the use of such tank
cars is not recommended for crude oil-carrying trains that pass through
residential areas, while they may be preferred in other routes, since far
from population gas dispersion may be preferred to spillage, due to
generally lower probability of fire and explosion.

For each thousand-ton increase in quantity of crude oil spillage, the
probability of fire, explosion and total costs increased, significantly.
This can be considered in terms of the quantity of crude oil that is
loaded in each tank car, especially the tank cars with fewer safety de-
sign features, or tank cars with higher propensity to derail in an in-
cident, depending on their position in a train [19,20,45]. NARs were
associated with higher probability of gas dispersion, and lower prob-
ability of fire and explosion. Due to significantly smaller quantities of
crude oil release in these releases, compared to accident-caused re-
leases, they are generally less hazardous, and according to the costs
models, they cause approximately 250 thousand dollars less than other
releases on average. Countermeasures regarding prevention of such
releases, e.g. regular and frequent inspection of valves, can be prior-
itized for implementation based on the corresponding costs and bene-
fits. Regarding the costs model, decision makers may consider how the
consequences of release of crude oil from trains affect damage and re-
covery costs. A more expensive countermeasure that is likely to prevent
explosions more efficiently may be preferred over a less costly coun-
termeasure that performs better towards fire prevention, despite its
extra costs. The estimated costs that these release consequences cause
should be considered in a cost-benefit analysis for decision making.

The results of the joint and separate models were consistent, and the
magnitudes and directions of the odds ratios were relatively similar.
Both approaches provided informative outcomes, useful in inference,
and interpretation of the relationships between the explanatory and
response variables. The differences in the results of the joint and se-
parate approaches indicated how using a joint modeling framework for
types and consequences of crude oil release from trains to account for
the possible interdependence between these two variables was in-
formative. However, estimation and interpretation of only the separate
models assuming no correlation between the two response variables
could be sufficient with regards to the general results and conclusions.

As was mentioned in the introduction, US production of crude oil
peaked in 2015 and faced a reduction in 2016. The volume of crude oil
moved by rail in the US peaked in 2014 and decreased in 2015 and
2016. These along with safety improvements have led to a smaller
number of rail crude oil-release incidents in 2015 and 2016, compared
to 2014. However, this reduction does not affect the importance of this
study because of several of reasons: the future of crude oil production
and transportation depends on different factors, including international
crude oil market and prices, domestic demand, economic factors, im-
port and export regulations, governmental decisions, etc., and the
production and movement of crude oil may increase again in the fol-
lowing years; similar sudden and unexpected increases in the rail

transportation demand of crude oil or other hazmat may occur in the
future; and the amount of crude oil transportation by rail and the re-
sulting reported release incidents, even after the recent reduction, is
still considerable and necessary to address.

7. Conclusions

This study involved estimation of two separate and one joint mul-
tinomial response models for types and consequences of crude oil re-
lease based on the 2007–2016 PHMSA US rail-based crude oil release
data. Estimation of a robust linear regression model captured the effects
of the types and consequences of crude oil release on total post-release
costs. The results showed that the light sweet crude oil of Bakken region
did not significantly increase the probability of fire and explosion in
case of release. The crude oil categorized as packing groups II and III
decreased the probability of gas dispersion, and packing group II in-
creased the probability of explosion, relative to crude oil packing group
I. Tank car head puncture resistance system and tank car insulation
were not found to be directly associated with probability of fire or, but
they increased the likelihood of gas dispersion. Increase in quantity of
crude oil spillage increased the probability of fire, explosion and total
costs, significantly. NARs were associated with higher probability of gas
dispersion, and lower probability of fire and explosion.

One limitation of this study was the unavailability of other poten-
tially important variables in the dataset, including other tank car and
release characteristics. Some of these variables were available in the
dataset, but due to large proportion of missing values, were not used in
this study (such as causes of release, tank cars capacity, amount of
material in tank cars, age of tank cars, material of construction, shell
and head thickness, train speed, and weather conditions). Other pos-
sible outcomes of crude oil release, e.g. gas dispersion followed by
explosion, which were not available in the data were assumed to be
improbable to occur. This assumption is another limitation of this
study. Besides fire and explosion, entering a waterway/sewer system
and environmental damage were the other two reported consequences
of release of crude oil in the dataset. However, they were not con-
sidered in this study, since they are not independent of the environment
where the release occurred, and the environmental information was not
available in the dataset.

For future studies, researchers may address the mentioned limita-
tions of this study by obtaining datasets that are more comprehensive,
in terms of safety design of tank cars, release details, and environmental
characteristics. Other modeling techniques and data analysis ap-
proaches may be applied to crude oil release data, which might uncover
other useful findings. Fault tree analysis can be utilized for a compre-
hensive risk analysis framework of crude oil transportation by rail.
Similar modeling approaches can be utilized for investigating types and
consequences of other hazmat releases from different modes of trans-
portation, such as trucks and pipelines.
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