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Analysis of freight train collision risk
in the United States

Tejashree Turla, Xiang Liu and Zhipeng Zhang

Abstract

Rail transportation is pivotal for the national economy. Despite being rare, a train accident can potentially result in severe

consequences, such as infrastructure damage costs, casualties, and environmental impacts. An understanding of accident

frequency, severity, and risk is important for rail safety management. In the United States, extensive prior research has

focused on risk analyses of train derailments and highway–rail grade crossing accidents. Relatively less work has been

conducted regarding train collision risk. The US Federal Railroad Administration identifies various accident causes,

among which the authors of this study have analyzed the major collision causes. For each major accident cause,

the authors have analyzed its resultant collision frequency, severity (in terms of damage cost or casualties), and corres-

pondingly the risk, which is the combination of the frequency and severity. The analysis was based on train collision data

in the United States from 2001 to 2015. This analysis focuses on freight trains in the United States, due to their immense

traffic exposure. On the temporal scale, collision rate (the number of collisions normalized by traffic exposure) has an

approximately 5% annual reduction. In terms of collision cause, failures to obey signals, overspeeds, and violations of

mainline operating rules accounted for more collisions than other causes. Two alternative risk measures, namely the

expected consequence and conditional value at risk, were used to evaluate the freight train collision risk on main tracks,

accounting for both the average and worst-case scenarios. This collision risk analysis methodology may provide the US

Department of Transportation and railroad industry with information and decision support for identifying, evaluating, and

implementing cost-effective risk mitigation strategies.
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Introduction

Rail is a safe mode of surface transportation.
However, an accident may cause infrastructure and
rolling stock damages, possible casualties and envir-
onmental impacts. Risk analysis is useful to under-
stand the characteristics of historical accidents,1 and
thus to develop appropriate accident prevention stra-
tegies. Train accident risk can be defined as the prob-
ability distribution of its possible consequences (e.g. in
terms of casualties or damage costs).2 The United
States has the largest freight rail network in the
world, including over 140,000mi of track. Most of
the related prior literature has focused on either
train derailments3–6 or highway–rail grade crossing
accidents,7,8 with much less research on train collision
risk in the U.S. This knowledge gap motivates the
development of this paper.

The goal of this research is to analyze U.S. train
collision data, and thus to develop a statistical risk
model accounting for major train collision causes,
accident frequency, and severity. The data used in

this study came from the Federal Railroad
Administration (FRA) of the US Department of
Transportation (USDOT). The analysis focuses on
freight train collisions on main line tracks during
the period of 2001–2015. This paper contributes to
the academia as follows:

. First, in addition to empirical analysis, the statis-
tical risk analysis specific to the major causes caus-
ing train collisions is an original contribution of
this research. While the methodology is particu-
larly applied to train collision risk analysis, it can
be generalized and adapted to other types of train
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accidents as well. Compared to the empirical
approach, statistical risk analysis accounts for the
random fluctuation of accident frequency and
severity and focuses on the trend.

. Second, it introduces the concept of spectral risk
measure (SRM) in the field of railway safety ana-
lysis. SRMs are the risk measures that account
for risk aversion, which in the railway safety is,
considering the low-probability–high-consequence
characteristics of train accidents. To our knowledge,
this is the first study to analyze collision risk using
conditional value at risk (CVaR) as the alternative
risk measure. It is the weighted average of quantiles
of a severity distribution within a desired confidence
interval and is derived from the integration of simu-
lation with statistical risk analysis.

Data

All the railroads operating in the United States
(including Canadian railways that have subsidiaries
in the U.S.) are required to report all accidents that
exceed a monetary threshold of damages to infrastruc-
ture, rolling stock, and signals. FRA compiles these
accident reports into the Rail Equipment Accident
(REA) database, which records all REA data back
to 1975. The FRA REA database9 records railroad,
accident type, location, accident cause, severity, and
other information important for accident analysis and
prevention. There are four types of tracks included in
the FRA REA database, which are main track, siding
track, yard track, and industry track, respectively.
These track types are used for different operational
functions and consequently have different associated
accident types, causes, and consequences. Train
accidents are categorized into derailment, collision,
highway–rail grade crossing accident, and other less
frequent types. FRA train accident cause codes are
hierarchically organized and categorized into major
cause groups, which are track, equipment, human fac-
tors, signal, and miscellaneous causes. Within each of
these major cause groups, FRA organized individual
cause codes into subgroups of related causes, which
were refined by Arthur D. Little, Inc.10 In addition,
the REA database also contains accident severity
information in terms of damage cost to infrastructure
and rolling stock, casualties, and hazardous material
cars releasing contents (if any). The FRA REA data-
base has been used in numerous previous safety ana-
lyses with respect to train derailments (e.g. Barkan
et al.,3 Liu et al.4–6), hazardous materials release inci-
dents,3,11–13 and grade crossing collision incidents.7,8

In addition to the safety data, each railroad also
reports their monthly train-mile data to FRA through
the Operational Safety Database. In this paper, we
use both accident data and traffic exposure data to
quantitatively evaluate freight train collision risk, in
terms of collision rate per unit of traffic exposure,

collision severity (either casualties or damage cost),
and their combination via alternative risk measures
such as the expected consequence or CVaR.

Freight train collision rate

This analysis includes all common types of train
collisions (head-on collision, rear-end collision, side
collision, raking collision, and broken train collision).
This analysis focuses on the collisions between trains,
excluding the consideration of the collisions between
highway vehicles and trains at the interface of high-
way–rail grade crossings. Grade crossing incident
has different accident characteristics and should be
treated in separate analyses.8 In the United States,
passenger trains share most of the trackage with
freight railroads, causing potential collisions between
freight trains and passenger trains. However, as the
historical data suggest, over 89% of train collisions
occurred between freight trains (394 out of 444),
with the passenger-train-to-freight train collisions
(19) and passenger-train-to-passenger-train collisions
(32) only accounting for 7% and 4% of overall colli-
sion frequency, respectively, from 2001 to 2015.
Recognizing that different types of train collisions
may have different accident characteristics and risks,
we develop separate analyses for each of them. This
paper will entirely focus on the 394 collisions between
freight trains on main tracks due to the prevalence of
this type of collisions in the United States.

This paper develops a negative binomial (NB)
regression model specifically to analyze freight train
collision rates on main tracks in the national scale.
In the United States, location-centric traffic volume
information is generally proprietary to freight rail-
roads. Therefore, in this paper, we focus on nationwide
aggregated accident count. The variables considered in
our study include year and traffic exposure. Due to this
scope, the NB model could be adequate. A similar use
of the NB model for nationwide railway safety analysis
was also seen in the literature (e.g. Evans14 and
Liu2,15). The NB model has also been widely used in
accident rate analysis in highway transportation16–22

and its basic framework is as follows

Y � PoissonðlÞ ð1Þ

l � Gamma f,
f

m

� �
ð2Þ

m ¼ exp
Xk
p¼0

bpXp

 !
M ð3Þ

where

Y¼ observed number of collisions
m¼ estimated number of collisions
bp¼ pth parameter coefficient

2 Proc IMechE Part F: J Rail and Rapid Transit 0(0)



Xp¼ pth explanatory variable
M¼ traffic exposure (e.g. train-miles).
f¼ inverse dispersion parameter

In this research, two predictor variables are con-
sidered, which are the year index and traffic volume
for collision statistical analysis (equation (4)). The
selection of these two variables is consistent with a
prior study.2 The year variable tests if there is a tem-
poral change in the frequency of train collisions with a
given traffic exposure. Similarly, the traffic exposure
variable tests whether and how the number of train
collisions may vary with the traffic volume in a given
year. The results of the parameter coefficients in equa-
tion (4) are presented in Table 1 with a 95% confi-
dence interval

�i ¼ expð�þ �� Ti þ � �MiÞMi ð4Þ

where

�i¼ expected number of train collisions in ith year
Mi¼ traffic exposure in ith year (e.g. billion train-

miles)
Ti¼ year index
�, b, �¼ parameter coefficients

The train collision rate is defined as the number of
train collisions normalized by traffic exposure. With
respect to this definition, equation (4) can be modified
as follows

Zi ¼
�i

Mi
¼ exp �þ �� Ti þ � �Mið Þ ð5Þ

where
Zi¼ expected train collision rate per billion train

miles in ith year
A similar model was used in previous studies23,24

where train accident rate is assumed to be independ-
ent of traffic exposure (�¼ 0). To understand whether
and how collision frequency may vary with traffic
volume, the proposed model generalizes the previous
model by introducing a new parameter, � for which
� > 0 means that, if traffic increases, collision rate will
increase with traffic volume, all else being equal. The
parameter coefficients, �, �, and � were estimated
using the maximum likelihood method. The results
of estimated frequency in each year are presented in
Table 2, with the observed frequency, including the
lower and upper bound values with a confidence inter-
val of 95%. In the model (Table 1), the p-value of a
parameter estimator which is obtained using the Wald

Table 2. Comparison of empirical and estimated frequency values by year.

Year

Train-miles

(billions)

Collision frequency

Observed Estimated

95% Upper bound

of the estimator

95% Lower bound

of the estimator

2001 0.54 38 32 39 29

2002 0.55 26 32 36 28

2003 0.56 31 32 37 28

2004 0.58 40 34 38 30

2005 0.60 54 36 40 32

2006 0.62 25 38 42 34

2007 0.59 30 31 35 27

2008 0.57 24 27 31 23

2009 0.48 14 16 20 12

2010 0.51 17 18 22 13

2011 0.52 16 18 22 14

2012 0.53 24 18 22 14

2013 0.54 21 18 22 14

2014 0.56 21 19 23 15

2015 0.53 13 16 20 11

Table 1. Negative binomial regression of freight train collision frequency, 2001–2015.

Parameter Estimate Standard error 95% Confidence limits p-value

� 97.53 30.20 31.73 163.32 0.0072

� �0.05 0.01 �0.08 �0.02 0.0075

� 3.45 1.81 �0.49 7.39 0.0808

Turla et al. 3



test25 denotes the statistical significance of the respect-
ive predictor variable. If a predictor variable has a
p-value smaller than 5% then according to a
commonly acceptable rule, the variable is considered
significant. The analysis found that the parameter
coefficient for the variable year (which represents the
annual change of collision rate) is negative (b¼�0.05,
p-value¼ 0.0075); this result indicates a significant
temporal decline in train collision rate (approximately
an average of 5% annually) given traffic exposure
(Figure 1). The p-value for the parameter coefficient
of the variable traffic is 0.0808, indicating that freight
train collision rate does not vary much with traffic
exposure. In other words, for a given year, collision
frequency increases linearly with traffic exposure.

The goodness of fit of this model is evaluated using
a Chi-squared test (equation (6)), which assesses
the relative difference between the estimated and
observed values. If the p-value in the test is larger
than 5%, the model will appear to have an adequate
fit to the empirical data. On the basis of Table 2, the
�2 ¼ 19:93 and the corresponding p-value is 0.13
(degrees of freedom¼ 14). This shows that the esti-
mated collision frequency is close enough to the
observed count. The empirical collision frequency
lies within the 95% confidence interval of the esti-
mated frequency

�2 ¼
Xn
i¼1

ðOi � EiÞ
2

Ei
ð6Þ

where
Oi¼observed number of collisions in ith year

Ei¼ estimated number of collisions in ith year
n¼ sample size (number of years in the study

period
The model can be used to predict the frequency for

any year in the future by substituting the desired year
variable and a known volume of annual traffic. Due to
the availability of traffic and accident data in 2016
and 2017, the model-estimated values are compared
with the respective empirical frequencies in Table 3.
The empirical frequencies lie in the estimated 95%
confidence interval.

Severity analysis

Severity is the measure of intensity of an impact and is
a major factor in determining the collision risk. It can
be measured using different proxy variables. Some
previous studies used the number of railcars derailed
as the severity proxy3–5,26 and some used the number
of casualties as the severity proxy.14,27 For hazardous
material transportation, the number of tank cars
releasing was used to measure the severity.2,12,13,28,29

In some train collisions, even though there are no
casualties, there exist damage costs due to infrastruc-
ture damages, etc. In this paper, we use the number
of injuries, fatalities, and the damage costs as the
proxy to measure collision severity. In order to
check the randomness of a data set, a method called
Wald–Wolfowitz runs test is used. The p-values for
severity in injuries, fatalities, and damage costs
obtained by runs test are 0.266, 0.266, and 0.095,
respectively. Since these values are greater than 0.05,
we conclude that there is no significant temporal trend
of collision severity in the study period. Therefore,
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Figure 1. Number of collisions by cause, U.S. mainlines, 2001–2015.
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we can use the average (mean) number of injuries,
fatalities, and damage costs to represent the overall
collision severity.

Table 4 shows the severity measures in terms of
injuries, fatalities, and damage costs for each year.
The reported damage costs in each year have been
adjusted to 2016 monetary values considering infla-
tion. On average, a mainline freight train collision
results in one injury or $0.67 million of monetary
damage cost to infrastructure and rolling stock.

Causal analysis

More than 300 accident causes have been recognized
by the FRA and recorded in the REA database.
There are 16 causes (related to human factor, signals,
other or miscellaneous cause groups) associated with
the collisions on U.S. mainlines. Figure 1 (includes the
collisions with zero injuries or fatalities) shows the
number of collisions caused due to each cause group
except one collision in brake operations (other) cause
group (03H). Similarly, Figure 2 shows the average
severity in terms of injuries, fatalities, and damage

costs per collision due to each cause group. The fre-
quency analysis shows that the failure to obey or dis-
play signals (05H), violation of train speed rules
(10H), and violation of mainline operating rules
(08H) are the top three collision causes. The individ-
ual cause codes and explanations are shown in
Appendix 1 (ADL, 1996).10

Collision frequency by major causes

Using the NB regression model discussed earlier in the
‘‘Severity analysis’’ section, accident-cause-specific
collision rate models are developed. The collision
rates due to failure to obey or display signals (05H)
and violation of mainline rules (8H) show statistically
significant reduction in the study period. By contrast,
there is no temporal trend of collision rate due to
violation of train speed rules (10H) given the traffic
exposure (Table 5). It can also be seen that the par-
ameter for traffic exposure (�) is insignificant for the
collisions due to failure to obey or display signals
(05H) or violation of mainline rules (08H) (�>0.05).
However, the collision rate due to violation of train

Table 4. Different measures of severity per collision, by year (2001–2015).

Year

Number of

collisions

Injuries per

collision

Fatalities per

collision

Damage costs per

collision (million $)

2001 38 0.87 0.11 0.90

2002 26 1.00 0.04 0.90

2003 31 0.74 0.00 0.54

2004 40 2.58 0.20 0.68

2005 54 1.63 0.09 0.67

2006 25 1.00 0.00 0.56

2007 30 0.30 0.07 0.32

2008 24 1.04 0.00 0.47

2009 14 0.57 0.00 0.42

2010 17 0.94 0.06 0.40

2011 16 0.69 0.25 0.41

2012 24 0.42 0.17 0.85

2013 21 1.19 0.05 1.37

2014 21 0.76 0.10 1.01

2015 13 1.15 0.00 0.57

Average 26 0.99 0.07 0.67

Std. error 2.86 0.14 0.02 0.07

p-value in runs test 0.266 0.266 0.095

Table 3. Predicted collision frequency on US freight mainlines, by traffic volume.

Year

Train-miles

(in billions)

Collision frequency

Empirical

Mean

estimate

95% Upper

bound

95% Lower

bound

2016 0.489 9 12 16 8

2017 0.498 9 12 16 8

Turla et al. 5



speed rules increases when traffic volume increases.
Table 4 shows the ‘‘final’’ regression model for each
cause.

The goodness of fit of an NB model can be evalu-
ated using a Chi-squared test. Since the p-value is
greater than 0.05 for all the three major causes, the
prediction reasonably reflects the empirical data
according to the goodness-of-fit test. The empirical
and model-based estimated values are presented in
Table 6.

Collision severity of major causes

We further analyze the severity of the top three
causes. We consider the mean values of injuries,
fatalities, and damage costs per collision as the
respective severity measure. Table 7 shows that failure
to obey or display signals (05H) not only has the high-
est frequency (Table 6) but also leads to the highest
number of injuries (1.6 per collision), fatalities (0.1 per
collision), and damage cost ($1.23 million per colli-
sion) than other major collision causes. Compared
to the violation of mainline rules (08H), the frequency
of collisions caused by violation of train speed rules

(10H) is higher but has a slightly lower severity (in
terms of both injuries and damage cost).

Analysis of freight train collision risk

FN curve

In order to have a better understanding of the
collision risk, we illustrate the FN curves, which can
visually compare alternative risks.30

F (the vertical axis) represents the cumulative fre-
quency of events that caused N or more casualties per
collision (the horizontal axis). For convenience, we
combined injuries and fatalities and grouped into
casualties in the curves as zero fatality values cannot
show up on logarithmic scale. Also, we focus on ana-
lyzing the collisions with at least one casualty for the
same reason. Figure 3 presents the annual number of
collisions, with N or more casualties per train colli-
sion, by major causes, in 2001–2015. It shows that
failure to obey or display signals (05H) has a higher
relative risk, due to its resultant higher collision
frequency and severity. This accident cause involves
situations such as automatic block signal, signal
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Figure 2. Collision severity by cause, U.S. mainlines, 2001–2015.

Table 5. Regression model for cause-specific collision frequency on mainlines.

Accident cause

Collision frequency (�i) by year (Ti)

and traffic exposure measured

by billion train-miles (Mi)

p-Value

(from Chi-squared

goodness-of-fit test)

Failure to obey or display signals �i ¼ expð140:33� 0:07� TiÞMi 0.803

Train speed �i ¼ expð�3:08þ 8:99�MiÞMi 0.292

Mainline rules �i ¼ expð94:36� 0:05� TiÞMi 0.932
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equipment damages, inability to give or receive hand
signals and flagging signals, etc. A detailed breakdown
of the cause codes and explanations within each ADL
cause group can be found in ADL.10 Violation of
mainline rules (08H) typically resulted in a relatively
lower severity in terms of casualties (fewer than 10
casualties per collision). Similar to the failure to obey
signals, the violation of train speed rules (10H) also has
the potential to result in a large number of casualties.

Annual risk

According to the law of total expectation, if N is the
total number of collisions with Xij injuries in the jth
accident, then the risk can be estimated using the fol-
lowing equation, given that both N (collision frequency)
and Xij (collision severity) are random variables

E
XN
j¼1

Xij

" #
¼ E E

XN
j¼1

XijjN

" #" #

¼ E½NE Xij

� �
� ¼ E½N�E½X�

ð7Þ

Equation (7) shows that the annual risk can be
expressed as a product of expected accident frequency
and severity. This is also called as the ‘‘expected con-
sequence’’ risk measure.2 The expected accident fre-
quency can be estimated using the NB regression
model described above, and the expected accident
severity can be approximated by the sample mean.
Because there is no significant temporal trend of col-
lision severity in the study period, we use the 15-year
average severity.

The estimated annual risk for each major cause in
Table 8 is the product of their respective estimated

frequency (Table 6) and overall average severity
(Table 7). For example, the estimated frequency of
accidents due to violation of train speed rules (10H)
in 2001 is 3 and average severity is $0.56 million
damage cost; therefore, the estimated risk in damage
cost for that year is 1.69 (3� 0.56). The results indi-
cate that the average annual risk due to failure to obey
or display signals accounts for almost half the risk due
to all causes and is three times the risk due to viola-
tions of train speeds. The collision risk due to viola-
tion of mainline operating rules is similar to that due
to violation of train speed rules.

Alternative risk measures

The major limitation of using mean as the risk
measure is that it fails to account for the extreme
characteristics of the accident with low probabilities
but high consequences. For example, almost 60% of
the freight train collisions in the 15-year study
period had zero casualties. While most collisions
resulted in less than seven casualties, two collisions
led to 47 and 82 casualties forming a long tail distri-
bution (Figure 4). To address this ‘‘heavy-tail’’ effect,
the prior literature used risk measures such as value at
risk (VaR) or CVaR as alternative risk measures.31,32

VaR is defined as the loss level that will not be
exceeded with a certain confidence level during a cer-
tain period of time. VaR at a confidence level of
� 2 ð0, 1Þ of a variable X (casualties or damage
costs) is the �-quantile of the collision distribution
with respect to the frequency

VaR� Xð Þ ¼ q� Xð Þ ¼ inffx : PðX4xÞ41� �g ð8Þ

Table 6. Observed and estimated freight train collision frequencies for the top three causes.

Year

Failure to obey or display signals (05H) Violation of train speed rules (10H) Violation of mainline rules (08H)

Observed Estimated Observed Estimated Observed Estimated

2001 10 11 6 3 6 5

2002 9 10 1 4 4 4

2003 8 10 3 4 2 4

2004 14 10 6 5 6 4

2005 14 9 13 6 7 4

2006 7 9 7 7 3 4

2007 8 8 3 5 5 4

2008 7 7 7 4 3 3

2009 5 6 2 2 3 3

2010 4 6 3 2 4 3

2011 9 5 3 3 1 3

2012 4 5 3 3 3 3

2013 6 5 2 3 4 3

2014 3 5 5 4 3 3

2015 5 4 2 3 2 2

Average 8 7 4 4 4 3

Turla et al. 7



CVaR, or sometimes called as expected shortfall, in
short, is the weighted average of all outcomes exceed-
ing the confidence interval of a data set sorted from
worst to best. Simply, CVaR of the collision risk is the
average of all the number of casualties or damage
costs that are more than � 2 ð0, 1Þ

CVaR�ðXÞ ¼
1

1� �

Z 1

�

qu Xð Þdu ð9Þ

Many previous studies prefer CVaR to VaR, due to
its coherency.33,34 This is because VaR does not reveal
anything about the magnitude of losses exceeding the
VaR limit. A risk measure is said to be coherent if it

exhibits monotonicity, subadditivity, positive homo-
geneity, and translational invariance,34 which are the
properties followed by CVaR. Therefore, in the fur-
ther analysis, CVaR is chosen as an alternative risk
measure to mean. A confidence interval of 95% has
been adapted to obtain the mean of 5% worst-case
collisions with severity in terms of casualties or
damage costs

Ri ¼ CVaR95%

XN
j¼1

Xij

 !
ð10Þ

where

i¼ 1, using number of casualties as collision severity
metric

¼ 2, using damage cost as collision severity metric
Ri¼ annual collision risk based on the specific severity

metric used
N¼ number of collisions in a specific year
Xij¼ collision severity (e.g. casualties or damage cost)

Annual risk in alternative measure

CVaR is typically not analytically tractable; therefore,
Monte Carlo simulation35 is used in this study. First,
several probabilistic distributions are used to fit the
empirical distribution of collision severity (in either
damage cost or casualties), using a statistical tool
called EasyFit (version 2017). Then, the ‘‘best’’

Table 7. Severity of top three causes in terms of casualties and damage cost per collision.

Year

Failure to obey or display signals (05H) Train speed (10H) Mainline rules (08H)

Injuries Fatalities

Damage

costs

(million $) Injuries Fatalities

Damage

costs

(million $) Injuries Fatalities

Damage

costs

(million $)

2001 2.28 0.10 2.37 0.17 0.00 0.40 0.33 0.00 0.10

2002 1.32 0.00 1.08 1.00 0.00 0.04 1.75 0.25 2.55

2003 1.24 0.00 1.40 0.67 0.00 0.19 0.50 0.00 0.02

2004 6.51 0.35 1.29 0.17 0.00 0.14 1.50 0.17 0.92

2005 0.71 0.28 1.50 4.08 0.08 0.50 1.14 0.00 0.64

2006 1.70 0.00 1.32 0.71 0.00 0.37 1.67 0.00 0.19

2007 0.62 0.25 0.71 0.00 0.00 0.03 0.60 0.00 0.30

2008 1.13 0.00 1.22 0.86 0.00 0.20 3.33 0.00 0.20

2009 1.59 0.00 1.10 0.00 0.00 0.04 0.00 0.00 0.06

2010 0.74 0.25 0.66 0.00 0.00 0.23 2.25 0.00 0.83

2011 0.99 0.44 0.66 0.67 0.00 0.04 0.00 0.00 0.15

2012 0.25 0.00 0.52 1.00 1.00 5.07 1.33 0.00 0.23

2013 2.81 0.00 3.08 0.50 0.00 0.06 1.00 0.25 0.18

2014 1.65 0.00 1.06 1.00 0.00 0.91 0.33 0.00 0.08

2015 0.79 0.00 0.48 1.00 0.00 0.21 4.50 0.00 2.35

Average 1.62 0.11 1.23 0.79 0.07 0.56 1.35 0.04 0.59

Std. error 0.4 0.0 0.2 0.3 0.1 0.3 0.3 0.0 0.2

Figure 3. FN curve for cause-specific freight train collisions.
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model is selected based on the Kolmogorov–Smirnov
test. For the 15-year study period, the gamma distribu-
tion and log-normal distribution are selected as the
‘‘best’’ fitted distributions for casualties and damage
cost, respectively. Then N different samples (train col-
lisions) in a specific year are generated, whereN follows
a NB distribution as discussed in ‘‘Freight train colli-
sion rate’’ section. Since the severity does not follow a
trend, the 15-year average of accident consequences
(either casualties or damage cost) is calculated among
N different samples that were obtained before and
repeated for 100,000 iterations. Finally, the simulated
CVaR is calculated for any given year.

Figures 5 and 6 present the annual train collision
risk due to each major cause using different severity
metrics. The CVaR95% gives the average severity of
the worst 5% of collisions, which is unsurprisingly
higher than the mean value. The average annual
freight train collision risk due to failure to obey or
display signals is 14 casualties or $8.75 million
damage cost in the study period. In comparison, the
average of the worst 5% of freight train collisions
causes 81 casualties or $24.95 million damage cost
annually for this particular cause. From the p-value
in the runs test (< 0.05) for collision risk due to fail-
ure to obey or display signals and violation of

Table 8. Estimated annual risk due to the three major causes and all causes combined, 2001–2015.

Year

Failure to obey or display

signals (05H)

Violation of train speed

rules (10H)

Violation of mainline

rules (08H) All causes

Risk in

injuries

Risk in

fatalities

Risk in

damage

cost

Risk in

injuries

Risk in

fatalities

Risk in

damage

cost

Risk in

injuries

Risk in

fatalities

Risk in

damage

cost

Risk in

injuries

Risk in

fatalities

Risk in

damage

cost

2001 17.8 1.2 13.53 2.4 2.0 1.69 6.7 0.2 2.93 31.9 2.4 21.85

2002 16.2 1.1 12.30 2.4 2.0 1.69 5.4 0.2 2.35 31.7 2.4 21.75

2003 16.2 1.1 12.30 3.2 2.0 2.25 5.4 0.2 2.35 32.2 2.4 22.11

2004 16.2 1.1 12.30 3.9 2.0 2.81 5.4 0.2 2.35 34.2 2.6 23.43

2005 14.6 1.0 11.07 3.9 2.0 2.81 5.4 0.2 2.35 34.6 2.6 23.70

2006 14.6 1.0 11.07 6.3 2.0 4.49 5.4 0.2 2.35 38.5 2.9 26.39

2007 13.0 0.9 9.84 3.9 2.0 2.81 5.4 0.2 2.35 30.4 2.3 20.85

2008 11.4 0.8 8.61 3.2 2.0 2.25 4.0 0.1 1.76 26.2 2.0 17.96

2009 9.7 0.7 7.38 1.6 2.0 1.12 4.0 0.1 1.76 15.9 1.2 10.87

2010 9.7 0.7 7.38 1.6 2.0 1.12 4.0 0.1 1.76 17.6 1.3 12.06

2011 8.1 0.6 6.15 2.4 2.0 1.69 4.0 0.1 1.76 18.0 1.4 12.33

2012 8.1 0.6 6.15 2.4 2.0 1.69 4.0 0.1 1.76 18.1 1.4 12.41

2013 8.1 0.6 6.15 3.2 2.0 2.25 4.0 0.1 1.76 18.2 1.4 12.45

2014 8.1 0.6 6.15 3.2 2.0 2.25 4.0 0.1 1.76 18.6 1.4 12.72

2015 6.5 0.4 4.92 2.4 2.0 1.69 2.7 0.1 1.17 15.3 1.1 10.46

Average 11.9 0.8 9.02 3.0 2.0 2.17 4.7 0.2 2.03 25.4 1.9 17.42

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 1 2 3 4 5 6 7 8 9 10 >10

Pr
ob

ab
ili

ty
 M

as
s F

un
ct

io
n

Number of Casualties

Mean = 1.14

VaR0.95 = 4

CVaR0.95 = 10.65

Mean = 0.58

VaR0.95 = 2.70

CVaR0.95 = 5.40

(a) (b)

Figure 4. Distribution of severity per freight train collision, 2001–2015. (a) Casualties and (b) damage cost. CVaR: conditional value

at risk; VaR: value at risk.
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mainline rules both in casualties and damage costs, it
can be concluded that the risk is not random and is
actually decreasing over the study period.

Discussion of collision mitigation with
positive train control (PTC)

The analysis above shows that that failure to obey
signals (05H) and violation of train speed rules
(10H) are two major causes that may lead to high-
frequency–high-severity train collisions. PTC can
prevent certain accidents due to these causes.36 In par-
ticular, PTC is designed to prevent train accidents
attributable to excessive speeds, improper train move-
ments, and other human error, by slowing or stopping
trains automatically.37 To achieve these functions,
PTC systems use a combination of communication
networks, GPS (or transponders), and fixed wayside
signal devices to send and receive data about the loca-
tion, direction, and speed of trains, as a generic PTC
architecture is shown in Figure 7. If train crew fails to
properly operate within specified safety parameters
(e.g. train moving above the speed limit), the PTC
system would activate an audible warning in the loco-
motive first to alert the train engineer. If the engineer
does not reduce the train’s speed, the PTC system
would automatically apply the train brakes and

bring the train to a positive stop without the engin-
eer’s assistance.38

The Rail Safety Improvement Act of 2008 man-
dated the implementation of PTC by 31 December
2018, or alternatively 31 December 2020 under special
conditions.40–42 After the completion of a nationwide
PTC network, some collisions, in particular of the
ones caused by the failure to obey signals and viola-
tion of train speed rules, can largely be prevented. To
our knowledge, there is no comprehensive database of
PTC-preventable accidents available to the public. In
this research, we estimate the rough-order magnitude
of the collision risk that is potentially preventable by
PTC, based on the primary accident causes and nar-
ratives in the FRA REA database. Specifically, if the
primary cause and narrative of a specific collision
indicate that this accident is within current PTC
implementation territory and is part of PTC function-
ing cases, it may have been prevented by a compliant
PTC system. Using this approach, from 2001 to 2015,
over 300 freight train collisions involving 32 fatalities,
416 injuries, and over 200 million damage cost to
infrastructure and rolling stock would have been pre-
vented had PTC been installed and functioned. In
particular, the top three collision causes, which are
failure to obey or display signals (05H), violation of
train speed rules (10H), and violation of mainline
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Figure 5. Freight train collision risk in terms of casualties for major causes, 2001–2015. (a) Failure to obey or display signals (05H),

(b) violation of train speed rules (10H), and (c) violation of mainline rules (08H). CVaR: conditional value at risk.
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operating rules (08H), developed in ‘‘Causal analysis’’
section are mostly PTC preventable according to PTC
basic functions and an FRA report36 on human fac-
tors. Correspondingly, the estimated annual risk due
to the three major causes presented in Table 8 could
be reduced significantly once a nationwide PTC
implementation is finished. Our current work is some-
what a ‘‘pre-PTC’’ safety analysis and can serve as a

reference in support of developing future analysis to
evaluate the safety effectiveness of PTC in terms of
changing risk profiles, based on future accident data.

Conclusion

This paper develops a statistical risk analysis of
freight train collisions in the United States based on
the data from 2001 to 2015. Overall, collision rate per
train-mile has an average annual declining rate of
approximately 5%. There is no significant temporal
trend of collision severity for either casualties or
damage cost in the study period. Two alternative
risk measures are used, including the expected conse-
quence (mean) and CVaR. Compared to the expected
consequence risk measure, the CVaR accounts for
a small proportion of accidents with greater severities,
and thus captures the low-probability–high-
consequence characteristics of certain train accidents.
Failure to obey or display signals, violation of main-
line rules, and violation of train speed rules are the
major collision causes, with the failure to obey or dis-
play signals having the greatest cause-specific risk due
to its high frequency and high severity. Nationwide,
the average freight train collision risk due to the most
severe cause (failure to obey or display signals) is
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Figure 6. Freight train collision risk in terms of damage cost (million $) for major causes, 2001–2015. (a) Failure to obey or display

signals (05H), (b) violation of train speed rules (10H), and (c) violation of mainline rules (08H). CVaR: conditional value at risk.

Figure 7. Basic PTC system architecture (cited from Hartong

et al.39).
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around $9 million per year, or 14 casualties per year,
using the expected consequence risk measure. When
using the CVaR95% (the average of worst 5% colli-
sions), the risk due to the most severe cause is
approximately $25 million or 81 casualties.
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Appendix 1. Major collision cause by group

Cause group Description

FRA cause

codes Code description

05H Failure to obey

or display signals

H201 Blue signal, absence of

H202 Blue signal, imperfectly displayed

H205 Flagging, improper or failure to flag

H206 Flagging signal, failure to comply

H207 Hand signal, failure to comply

H208 Hand signal improper

H209 Hand signal, failure to give/receive

H217 Failure to observe hand signals given during a wayside inspection

of moving train

H218 Failure to comply with failed equipment detector warning or with

applicable train inspection rules

H219 Fixed signal (other than automatic block or interlocking signal),

improperly displayed

H220 Fixed signal (other than automatic block or interlocking signal),

failure to comply

H221 Automatic block or interlocking signal displaying a stop indica-

tion—failure to comply

H222 Automatic block or interlocking signal displaying other than a stop

indication—failure to comply

H299 Other signal causes (detailed description in narrative)

10H Train speed H601 Coupling speed excessive

H602 Switching movement, excessive speed

H603 Train on main track inside yard limits, excessive speed

H604 Train outside yard limits, in block signal or interlocking territory,

excessive speed

H605 Failure to comply with restricted speed in connection with the

restrictive indication of a block or interlocking signal

(continued)
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Continued

Cause group Description

FRA cause

codes Code description

H606 Train outside yard limits in nonblock territory, excessive speed

H607 Failure to comply with restricted speed or its equivalent not in

connection with a block or interlocking signal

H699 Speed, other (detailed description in narrative)

08H Mainline rules H401 Failure to stop train in clear

H402 Motor car or on-track equipment rules, failure to comply

H403 Movement of engine(s) or car(s) without authority (railroad

employee)

H404 Train order, track warrant, track bulletin, or timetable authority,

failure to comply

H406 Train orders, track warrants, direct traffic control, track bulletins,

written, error in preparation, transmission or delivery

H499 Other main track authority causes (detailed description in

narrative)
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