
pendent of the train speed, simplifies the risk analysis but also implies
an average speed of derailment (6). Because this average-speed CPR
may be higher than the actual operating speed in some situations and
lower in others, use of the average-speed CPR will have the effect of
overestimating the probability of release on lower-speed sections and
underestimating the probability of release on higher-speed sections
of the route.

The relationship between speed and CPR has been considered
previously (7–9). The most recent study (7 ) provides estimates for
both the average-speed CPRs and the speed-dependent CPRs of tank
cars, but only the average-speed CPR accounts for specific safety
design features. Earlier work was not specific to tank cars (8) or did
not enable the application of speed-dependent effects to specific
tank car designs (9). In the study described here, the authors explic-
itly considered the effects of train speed on hazardous materials
transportation risk analysis and developed a technique that enables
estimation of the speed-dependent CPR for specific tank car designs
using published data on the safety performance of tank cars in acci-
dents (7 ) that permits the application of adjustment factors derived
from a group of car types to a specific car type.

The use of tank car design enhancements as options to reduce risk
has become more prevalent over the past decade, and the model
introduced here provides flexibility that enables the effects of these
enhancements to be considered by using the most up-to-date pub-
lished data available. Furthermore, the effect of tank car safety design
can be integrated with other options.

In this paper, the authors specifically consider the interaction
of infrastructure quality, train speed, and tank car performance to
understand the effect on risk estimates using the speed-dependent
CPR. A case study that uses a representative hazardous material trans-
portation route is presented. The results of a risk analysis that uses the
average-speed CPR are compared with those of a risk analysis that
uses the speed-dependent CPR.

The second part of the paper highlights the importance of using
CPR adjusted for speed by further considering its utility as part of
an assessment of the effect of an upgrade in the track class on risk.
Upgrading the track class has been shown to be correlated with the
reduction of certain types of accidents and, consequently, risk (8).
However, if the upgrade is also intended to allow increased operat-
ing speeds, it may increase the probability of release if an accident
does occur (1, 7 ). The CPR and the accident rate are the two princi-
pal elements in hazardous materials transportation risk analysis. The
consideration of each one as a function of speed enables the more
accurate estimation of route-specific risk. This also facilitates proper
consideration of the benefit of infrastructure improvement. Two sce-
narios were analyzed: a track upgrade without a speed increase and
a track upgrade with a speed increase. The degree of risk reduction
varies with these options, and consideration is given to which option
offers the greatest safety benefit for the problem analyzed.

Effect of Train Speed on Risk Analysis of
Transporting Hazardous Materials by Rail

Athaphon Kawprasert and Christopher P. L. Barkan
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This paper considers the effect of train speed on railroad hazardous
materials transportation risk. A statistical method was developed to esti-
mate the speed-dependent conditional probability of release (CPR) of haz-
ardous material from tank cars involved in accidents. The objective was
to assess how accounting for speed affects the results of risk analysis. A
case study of a representative hazardous materials route was conducted.
In that case study, risk estimates were developed by using conven-
tional, average-speed CPR, and the estimates were compared with those
obtained by analyzing the same route using speed-dependent CPR. The
differences in calculated risk indicate that the use of the speed-dependent
CPR may be an important refinement for the accurate calculation of the
risk of a route. The effects of track-class upgrades on risk were also con-
sidered. Track with higher Federal Railroad Administration classes has
lower accident rates, but the higher permissible speeds increase the CPR
if a tank car is derailed in an accident. Consequently, evaluation of the
effect of track upgrades must account for both factors to understand the
net impact on risk. Two scenarios were considered in the track-class
upgrade analysis: upgrades without an increase in speed and upgrades
with an increase in speed. The increased tank car hazardous material
release rate at the higher speeds permissible on higher track classes was
more than offset by the reduction in the accident rate for all the track-
class upgrade scenarios considered. For the particular route analyzed
in the case study, use of the speed-dependent CPR resulted in a slight
increase in the overall risk estimate, and upgrading of Class 3 track pro-
vided the greatest reduction in risk. Such results will be route specific;
however, the use of a speed-dependent CPR enables the more accurate
analysis of local risk and provides a better evaluation of risk reduction
options that involve changes in operating and track characteristics.

Train operating speed is one of the factors affecting the likelihood
of a release in railroad accidents involving tank cars transporting
hazardous materials. With a higher speed of derailment, more cars
are likely to derail, and for those derailed cars there is a higher prob-
ability that one or more will suffer a release (1). Nevertheless, previ-
ous studies have generally simplified this aspect of railroad hazardous
materials transportation risk analysis by using a single value for the
conditional probability of release (CPR) that does not account for
variations in train speeds (2–5). Use of a single value of CPR, inde-
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REVIEW OF RISK ANALYSIS METHODS

Hazardous materials transportation risk can be quantitatively
expressed as the frequency of a release incident multiplied by the
consequence of that release. In this study, frequency is the product
of the annual rate of tank car involvement in an FRA–reportable
derailment on main-line track, the number of shipments, the total
mileage from the origin to the destination, and the CPR given that
a tank car derails. The consequence of a release incident is the
impact of the released material and is affected by the characteris-
tics of the released product, its quantity, and the rate of spillage;
atmospheric conditions; and the population density along the
route analyzed.

The consequence can be expressed by using several metrics. In
the present study, the authors used the number of people who might
be affected because of the release of a hazardous material from a
tank car, in accordance with the product-specific recommenda-
tions presented in the U.S. Department of Transportation (USDOT)
Emergency Response Guidebook (ERG) (10) and elsewhere (11).
The consequence can be estimated by multiplying the area affected
by using the evacuation distances recommended in ERG by the
population density within the affected area.

The risk metric calculated by using the method described above is
the annual expected number of people who might be evacuated or
sheltered in place because of the release of hazardous materials.
Specifically, risk is calculated from the product of the accident rate,
the traffic volume (measured in car miles), the tank car CPR, the
probability distribution of release sizes, the affected area correspond-
ing to the release size, and the population density in the affected area
summed over all segments on the route.

The risk model in Equation 1 incorporates these segment-specific
parameters and gives the estimate of risk associated with shipments
of hazardous materials on the route.

where

S = annual risk (number of people affected per year);
Z = rate of tank car involvement in an FRA-reportable derailment

(number of cars derailed per car mile);
Vi = annual shipments (number of carloads per year);
Li = length of track segment (miles);
Ri = CPR given that a tank car derails;
Pj = CPR of specific scenario j given that there is a hazardous

material release from a derailed tank car;
Aj = affected area corresponding to a specific release scenario,

according to the USDOT ERG recommendation (square
miles);

Di = average population density along track segment (number of
people per square mile);

i = track-specific segment;
n = total number of segments along the route considered;
j = specific release scenario (e.g., spill size, fire involvement,

and time of day); and
k = total number of scenarios considered.

CASE STUDY

A typical, representative route that is part of the distribution network
of a particular hazardous material on the North American rail net-
work was considered. The distance from the origin to the destination
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of the route is 1,400 mi, the route comprises 598 segments, and the
average segment length is 2.34 mi. These track segments correspond
to links in the FRA rail transportation network obtained from the
Bureau of Transportation Statistics (12). The authors assumed 100
annual carloads over the entire route using a noninsulated, USDOT-
111A100W1 tank car with 7⁄16-in. tank thickness and no special safety
design features beyond the USDOT minimum requirements.

For some materials, consideration of multiple release scenarios
may be appropriate. However, on the basis of expert opinion of
the manufacturer of the product and the objectives of the present
study, use of a single release scenario was satisfactory. Thus, the
major factors affecting risk in this analysis were the product char-
acteristics, the track-class-specific accident rate, the shipment
volume, the safety design of the tank car, the operating speed, and
the population exposure along the route.

The case study is used to analyze the effects of train speed on the
risk estimate for the route and the contributions of various other fac-
tors to the risk, including population density and FRA track class. In
addition, the case study is used to illustrate the merit of using the
speed-dependent CPR in an assessment of the effect of a track infra-
structure upgrade on risk reduction. These will be discussed in more
detail in the subsequent sections.

ESTIMATION OF PARAMETERS 
AFFECTING RISK

FRA track-class-specific accident rates were used in this study (13).
The track speed reflects the FRA track class, which has been shown
to be correlated with railroad accident rates (8). The authors used
railroad timetable speeds to infer the FRA track class and other local
operating restrictions for all segments along the route. The next step
was to estimate the CPR given that a tank car is derailed in an acci-
dent. The relationships developed by Treichel et al. were used to
determine the CPR of the particular design of tank car considered in
this study (7 ). Because CPR is also affected by train accident speed
(1, 7–9), the authors adjusted it according to the timetable speed for
each track segment. The authors calculated the speed-dependent
CPR using the procedure described in the following section.

To estimate the consequences of a release, the authors used geo-
graphic information system software, ArcGIS Desktop, Version 9.2,
to create the shipment route using the USDOT national rail net-
work (12). An overlay analysis of the population distribution along
the rail network was conducted by using census tract data from the
Environmental Systems Research Institute, Inc., (ESRI) Data and
Maps electronic database (14), and a buffer representing the exposure
area was created. This was the area within the radius from the track
center equal to the USDOT ERG maximum evacuation distance for
the material considered. The average population density of the affected
area corresponding to each track segment was then determined.

The procedure used to estimate and measure risk is similar to
that described in previous studies (2, 6), except that this study
focuses on refining the method to understand the effect of the
speed-dependent CPR.

SPEED-DEPENDENT CONDITIONAL
PROBABILITY OF RELEASE

Treichel and colleagues described the lading loss probability on the
basis of the four major cause-specific loss events as (7 )

P P E E E Eh s t b= ∪ ∪ ∪( ) ( )2



where

P = probability that a tank car released its contents given that it
derailed in an accident,

Eh = event in which the contents were lost because of head damage,
Es = event in which the contents were lost because of shell damage,
Et = event in which the contents were lost because of top fitting

damage, and
Eb = event in which the contents were lost because of bottom fitting

damage.

The cause-specific loss events have low correlations (7 ), so the
authors assumed that Eh, Es, Et, and Eb are independent. Therefore,

where c is the complement of an event.
Let R equal the CPR given that a tank car derails in an accident,

unadjusted for speed, and that Rh, Rs, Rt, and Rb are the CPRs,
unadjusted, attributed to head, shell, top fitting, and bottom fitting,
respectively, so that

where

R = tank car CPR, unadjusted;
Rh = CPR from head, unadjusted;
Rs = CPR from shell, unadjusted;
Rt = CPR from top fittings, unadjusted; and
Rb = CPR from bottom fittings, unadjusted.

The speed-dependent CPR was calculated by multiplying the
unadjusted CPR by the speed adjustment factors. This adjustment to
the CPR associated with each specific source of release can be made
by use of Equation 5:

where

R′ = tank car CPR, adjusted for speed,
Jh = speed adjustment factor for CPR from head,
Js = speed adjustment factor for CPR from shell,
Jt = speed adjustment factor for CPR from top fittings, and
Jb = speed adjustment factor for CPR from bottom fittings.

To determine the speed adjustment factors in Equation 5, the
authors first developed the relationships between train speed and
CPR for each release source by using the proportion of tank cars los-
ing lading from each source. The authors used statistical software
(SAS, Version 9.1) to fit a simple linear regression equation with zero
intercept to the published data on tank car safety performance (7 )
(Figure 1). A simple linear regression was used without weighting by
the number of observations at each speed, consistent with a similar
analysis by Treichel et al. (7). The fitted functions are shown below,
and the corresponding test statistics are summarized in Table 1.
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where

Yh = proportion of nonpressure cars releasing from heads, cor-
responding to train speed X;

Ys = proportion of nonpressure cars releasing from shells, cor-
responding to train speed X;

Yt = proportion of nonpressure cars releasing from top fittings,
corresponding to train speed X;

Yb = proportion of nonpressure cars releasing from bottom fittings,
corresponding to train speed X; and

X = train speed (mph).

In the next step, the authors used the data from Treichel et al. (7 )
to calculate the weighted average train speeds for releases from the
tank head, shell, top fittings, and bottom fittings, which were 38.5,
41.2, 28.7, and 35.5 mph, respectively. These average speeds were
then substituted into Equations 6 through 9 to determine the propor-
tion of cars releasing from each source at the average speed (denoted
by the subscript a), yielding the following values for the noninsu-
lated USDOT-111A100W1 tank car considered here: Yha = 0.30260,
Ysa = 0.27753, Yta = 0.13178, and Yba = 0.05330, respectively.

The speed adjustment factors were then determined by dividing the
proportion of nonpressure cars releasing at a particular speed by the
proportion of cars releasing corresponding to weighted average speed,
for example, Jh = Yh /Yha. The speed adjustment factors applicable to
nonpressure cars were

The cause-specific CPRs for the particular tank car considered were
estimated by using the data from Treichel et al. (7) as Rh = 0.0799,
Rs = 0.1092, Rt = 0.1577, and Rb = 0.0625. By using Equation 4, the
average-speed (unadjusted) CPR for this tank car is 0.3527. Sub-
stituting the values of cause-specific CPRs into Equation 5, the
speed-dependent CPR was estimated as follows:

Figure 2 shows the speed-dependent CPRs compared with the
average-speed CPR of the noninsulated USDOT-111A100W1 tank
car considered. This method can be adapted for any other type of
tank car for which suitable data are available (7 ).

EFFECTS OF TRAIN SPEED ON RISK

The authors evaluated the effects of train speed by comparing the
risk estimates calculated by using the speed-dependent CPR with
those from the baseline case calculated by using the average-speed
CPR. Use of the speed-dependent CPR yielded an annual risk of
1.428 people affected per year, whereas the annual risk is 1.291 peo-
ple affected per year if the average-speed CPR is used, an 11% dif-
ference. Further detail regarding the effect of speed-dependent CPR

′= − −( ) −( ) −( ) −R J J Jh s t1 1 0 0799 1 0 1092 1 0 1577 1. . . 00 0625
14

.
( )
Jb( )[ ]

J Xb = 0 02814 13. ( )

J Xt = 0 03491 12. ( )

J Xs = 0 02429 11. ( )

J Xh = 0 02597 10. ( )

Y Xb = 0 00150 9. ( )

Y Xt = 0 00460 8. ( )
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risk per mile (Figure 3b) accounted for 18% of the route length
but 92% of the risk. Of these segments, all but 22 had higher esti-
mated risks when the speed-dependent CPR was used than when
the average-speed CPR was used. Interestingly, these 22 segments
were among the segments with the very highest risk in the entire
analysis, accounting for 2% of the route length but 23% of the total
risk. In contrast to the overall risk analysis results for the route, use
of the speed-dependent CPR for these segments resulted in risk
estimates lower than those when average-speed CPR was used.

It is not surprising that use of the speed-dependent CPR resulted
in higher overall risk estimates in the case study considered because
the segments with higher-than-average speeds comprised a major-
ity of the overall route length, that is, 1% for speeds of 11 to 25 mph
(Track Class 2), 16% for speeds of 26 to 40 mph (Track Class 3),
39% for speeds of 41 to 60 mph (Track Class 4), and 44% for speeds
61 to 70 mph (Track Class 5). FRA regulations permit the operation
of freight trains up to 80 mph on Class 5 track (15); however, 70 mph
is a more typical maximum speed and was the case for the route
studied. The maximum speed for Key trains, which are subject to
a special set of operating practices defined by the Association of
American Railroads (16), is 50 mph, but the particular hazardous
material considered in this study does not affect Key train status. For
the purposes of this study, the maximum permissible speeds from
railroad timetables were used to infer the FRA track class and were
assumed to represent the operating speeds on each track segment.
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FIGURE 1 Proportion of nonpressure tank cars releasing versus speed for releases from (a) heads, (b) shells, 
(c) top fittings, and (d ) bottom fittings.

TABLE 1 Parameter Estimates of Linear-Speed CPR Models

Estimate of
Regression Standard

Model Coefficient, β Error t-Value Pr > ⎜t⎥ R2

Yh = βhX 0.00786 0.00044925 17.49 <.0001 .9622

Ys = βsX 0.00674 0.00061609 10.94 <.0001 .9089

Yt = βtX 0.00460 0.00072981 6.30 <.0001 .7677

Yb = βbX 0.00150 0.00031975 4.69 .0005 .6468

can be seen by comparing the risk profiles calculated by using the
speed-dependent and the average-speed CPRs (Figure 3a).

These differences in estimated risk obtained when speed-dependent
CPR is used are specific to the characteristics of the particular route
analyzed in this case study. In general, the effect on risk estimates
will depend on the distribution of speeds along a route. Specifically,
routes with a larger percentage of higher-than-average-speed trackage
will tend to have increased risk estimates when the speed-dependent
CPR is used, and those with a lower percentage will tend to have
reduced risk estimates.

In previous work, it was found that a large percentage of the risk
along a route was attributable to a small percentage of its length (6).
In the case study described here, the 100 segments with the highest
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A potential drawback of using timetable speeds to infer track
class is that some segments may actually have higher-quality track
and correspondingly lower accident rates than would be assumed on
the basis of inferences made from the timetable speeds. In some
circumstances, railroads may be maintaining trackage to a higher
standard than that required by the track safety regulations for the
particular speed shown in the timetable. If information on actual
maintenance standards and operating speed is available, the infor-
mation can be formally incorporated into the risk model, allowing
more accurate estimates of accident rates for these segments.

Even in the absence of such information, the use of the speed-
dependent CPR instead of the average-speed CPR provides more
accurate risk estimates because it better reflects the particular oper-
ating characteristics of a route and their effects on risk. Such refine-
ment is particularly important for comparison of the risk associated
with different route alternatives, for example, a shorter route pass-
ing through urban areas with lower train speeds versus a longer route
that goes through less populated areas where trains may operate at
higher speeds. Such considerations are germane to railroads and the
USDOT, when the results of route risk assessments, as required under
HM-232E (17 ), are considered.
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RISK CONTRIBUTION BY POPULATION DENSITY
AND TRACK CLASSES

The authors analyzed the contributions to risk of different popula-
tion density groups, using both average-speed and speed-dependent
CPRs, to understand their effects on risk estimates with respect to
the different population densities for the representative route. Track
segments that are located in highly populated areas contribute a
large proportion of the route risk. For example, those segments
located in areas where the population density exceeds 6,500 people
per square mile represent the smallest proportion of the total route
length but account for the largest percentage of the risk when the
speed-dependent CPR is used (Figures 4a and 4b).

For the route considered, the use of the speed-dependent CPR
yields higher risk estimates (Figure 4a, solid line) than the use of the
average-speed CPR (Figure 4a, dashed line) for all population den-
sity groups. The difference between risk estimates for the two CPRs
is the largest for the highest-density group and the smallest for the
lowest density group. However, when the contribution is expressed
as a percentage of the total route risk instead of an absolute estimate;
use of the speed-dependent CPR results in a lower contribution for

Risk, Using Speed-dependent CPR  
Risk, Using Average-speed CPR 

R
is

k 
(P

er
so

n
s 

A
ff

ec
te

d
 p

er
 Y

ea
r)

 

Group 1 
Less than 

60 

Group 5 
more than 

6,500 

Group 4 
2,001 - 
6,500 

Group 3 
551 - 
2,000 

Group 2 
61 - 
550 

Group 1 
Less than 

60 

Group 5 
more than 

6,500 

Group 4 
2,001 - 
6,500 

Group 3 
551 - 
2,000 

Group 2 
61 - 
550 

Persons per Square Mile 

P
er

ce
n

t 
o

f 
R

o
u

te
 L

en
g

th
 

R
is

k 
(P

er
so

n
s 

A
ff

ec
te

d
 p

er
 Y

ea
r)

 

Risk, Using Speed-dependent CPR  
Risk, Using Average-speed CPR 

Persons per Square Mile 

P
er

ce
n

t 
o

f 
R

o
u

te
 L

en
g

th
 

P
er

ce
n

t 
C

o
n

tr
ib

u
ti

o
n

 t
o

 T
o

ta
l R

is
k 

% Contribution to Total Risk, Using Speed-dependent CPR 
% Contribution to Total Risk, Using Average-speed CPR 

% Contribution to Total Risk, Using Speed-dependent CPR 
% Contribution to Total Risk, Using Average-speed CPR 

P
er

ce
n

t 
C

o
n

tr
ib

u
ti

o
n

 t
o

 T
o

ta
l R

is
k 

0 

10 

20 

30 

40 

50 

60 

70 

80 

2 3 4 5 

P
er

ce
n

t 
o

f 
R

o
u

te
 L

en
g

th
 

Track Class 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 

10 

20 

30 

40 

50 

60 
61-70 mph (Track Class 5) 
41-60 mph (Track Class 4) 
26-40 mph (Track Class 3) 
11-25 mph (Track Class 2) 

0 

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 

10 

20 

30 

40 

50 

60 
61-70 mph (Track Class 5) 
41-60 mph (Track Class 4) 
26-40 mph (Track Class 3) 
11-25 mph (Track Class 2) 

0 

10 

20 

30 

40 

50 

60 

70 

80 

0 

10 

20 

30 

40 

50 

60 

70 

80 

2 3 5 4 

P
er

ce
n

t 
o

f 
R

o
u

te
 L

en
g

th
 

Track Class 

(a) (b) 

(c) (d) 

0 

10 

20 

30 

40 

50 

60 

70 

80 
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the highest population density group relative to that obtained by use
of the average-speed CPR (Figure 4b).

Some urban area segments do not experience the reduction in esti-
mated risk when the speed-dependent CPR is used because in the
case study these segments had speeds higher than average. On the
other hand, some segments in nonurban areas had lower risk when
the speed-dependent CPR was used because of speed restrictions on
these segments. Figures 4a and 4b also show that the majority of the
representative route is Class 4 and Class 5 track. Most of these seg-
ments are located in areas with moderate to low population densi-
ties. Class 3 segments, however, are more evenly distributed over
different population classes, from the lowest to the highest density.

The segments with higher track classes do not contribute much
risk, despite their greater percentage of route length. By contrast,
the segments with lower track classes contribute a larger percent-
age of the total route risk because of a combination of the accident
rate and the population densities associated with them, despite the
lower CPRs.

Use of the speed-dependent CPR yields a lower estimate of risk
on Class 2 track but higher estimates for Track Classes 3, 4, and 5
(Figure 4c). When the percent contribution to total risk is considered
(Figure 4d), use of the speed-dependent CPR results in a lower per-
centage of risk on Track Classes 2 and 3 and larger percentages on
Track Classes 4 and 5 compared with the values obtained when the
average-speed CPR is used. This analysis, based on the representa-
tive route, illustrates that use of the speed-dependent CPR takes into
account the effect of differential operating speeds on risk for each
categorical variable considered: population density, and track class.

In the context of this discussion, it is useful to consider the ratio of
the percentage of total risk to the percentage of route length. For
the route analyzed, the risk/route length ratios, based on the speed-
dependent CPR, were 8.6, 4.4, 0.4, and 0.1 for Track Classes 2, 3, 4,
and 5, respectively. Although Class 2 track has the highest risk con-
tribution per track mile, the overall contribution from Class 2 track
is not as high as that from Class 3 track because of the small percent-
age of Class 2 track on the route. Because Class 3 track contributes
the largest percentage of risk on this route, measures to reduce this
are likely to have the greatest overall effect. In the next section, the
authors consider the effects of infrastructure upgrades on risk and
illustrate how the use of speed-dependent CPRs enables the better
assessment of the safety benefits of track infrastructure upgrades.

EFFECTS OF INFRASTRUCTURE UPGRADES

In the case study, the authors considered the effect of upgrading
all Class 2, Class 3, and Class 4 segments to the next higher class,
that is, to Classes 3, 4, and 5, respectively, as three distinct upgrade
options. The authors first considered the effect of track-class upgrade
strictly as a means of reducing the accident rate and, consequently,
the risk and therefore assumed that the operating speeds were held
constant after the track upgrades. Upgrading Class 2, 3, and 4 tracks
to the next higher class yielded reductions in risk of 5%, 53%, and
7%, respectively. Upgrading Class 3 segments offered the greatest
reduction in risk, primarily because of the relatively large reduction
in the accident rate combined with the fact that Class 3 tracks make
up a fairly large percentage of the route analyzed.

Track upgrade principally affects track-caused accidents; how-
ever, not all track-related accidents are affected in the same way by
track-class upgrades. Furthermore, there are a wide variety of poten-
tial causes of accidents (18). Non-track-related causes may have no
relationship or only an indirect one to track class. Some causes of
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accidents, notably, certain ones attributable to equipment failure,
such as broken wheels or axles, may actually increase with track-class
upgrades if the operating speed also increases. Hence, increasing the
track class affects the likelihood of only some types of accidents, and
the functional relationship between each of these accident causes and
the track class varies. When one also considers that different accident
causes have different relationships to the likelihood that a derailed
car carrying hazardous materials would suffer a release (1), it further
complicates calculation of the effect of track-class upgrades on risk
reduction. Further research on both the statistical and the causal
relationships between the track class and accident frequency and
severity is needed to improve quantitative assessments of the effects
of changes in infrastructure quality on safety and risk. Until such
research is completed and comprehensive data on critical infrastruc-
ture parameters are generally available, track class remains the best
proxy statistic for estimating track quality, the derailment rate, and
ultimately, the risk.

COMBINED EFFECTS OF INFRASTRUCTURE
AND TRAIN SPEED

This section examines the relationships between track class, acci-
dent rate, and speed-dependent CPRs. It was assumed that train
speeds increase in accordance with track-class upgrades. That is,
trains are assumed to operate at the maximum normal operating
speed corresponding to the upgraded track classes. Therefore, for
each segment, the accident rate will be reduced because of the track-
class upgrade, but the tank car CPR will increase because of the
higher speed (Figure 5). The overall release rate, which is the prod-
uct of the accident rate and CPR (in this example, for a noninsulated
USDOT-111A100W1 tank car), is dominated by the accident rate
and thus also declines. The difference in the magnitude of the release
rate between consecutive track classes is the smallest for Track
Classes 4 and 5.

The authors examined each individual segment to understand
the change in risk as a result of track infrastructure upgrade and an
increase in speed. Figure 6 shows the distribution of the segment-
specific risk per mile for three cases for each track class: (a) the
baseline case (no upgrade), (b) upgrade to a higher class without an
increase in speed, and (c) upgrade to a higher class with an increase
in speed. Speed-dependent CPRs were used in all scenarios. For
clarity, only the top 10 segments with the highest risk per mile,
ordered by the baseline risk, are shown. These charts indicate that
upgrading Class 3 segments to Class 4 yields the largest reduction
in risk, whereas upgrading Class 4 track to Class 5 offers little reduc-
tion in risk for the representative route. Furthermore, the difference
between the risk per mile for a segment when speed is held constant
compared with the risk when the speed is increased is the highest for
the case in which Class 2 segments are upgraded to Class 3. The
magnitude of the difference varies because of the different initial
operating speeds on each segment (Figure 6a). Overall, use of the
speed-dependent CPR enables individual consideration of both of
the factors affecting risk, in this case, the reduction in the accident
rate due to the upgraded track class, and the increase in CPR due to
the higher operating speed.

DISCUSSION OF RESULTS

When risk estimates for each of the scenarios analyzed in the case
study are summarized, several results can be discerned (Table 2).
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FIGURE 5 Relationship between track classes, accident rates,
speed-dependent CPRs, and release rates for tank car considered
(USDOT-111A100W1).
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TABLE 2 Summary of Estimates

Release Rate (releases per year) Annual Risk (persons affected per year)

Using Speed- Using Speed-

Track Class Total
Dependent CPR Dependent CPR

Considered for Distance Accident Rate Using Without With Using Without With
Upgrade to One Upgraded (cars derailed Average- Speed Speed Average- Speed Speed
Higher Class (m) per year) Speed CPR Increase Increase Speed CPR Increase Increase

Before Track
Upgrade
(baseline) 0.0144 0.0051 0.0066 1.2913 1.4281

After Track Upgrade

Class 2 11 0.0140 0.0049 0.0065 0.0066 1.2018 1.3621 1.3881

Class 3 230 0.0093 0.0033 0.0046 0.0050 0.5879 0.6753 0.8003

Class 4 545 0.0125 0.0044 0.0056 0.0059 1.2248 1.3276 1.3484

Percent Reduction from Baseline

Class 2 11 3.1 3.9 1.5 0.7 6.9 4.6 2.8

Class 3 230 35.5 35.3 30.3 24.2 54.5 52.7 44.0

Class 4 545 13.2 13.7 15.2 10.6 5.1 7.0 5.6

Percent Reduction per Mile Upgraded

Class 2 11 0.28 0.36 0.13 0.06 0.63 0.42 0.25

Class 3 230 0.15 0.15 0.13 0.11 0.24 0.23 0.19

Class 4 545 0.02 0.03 0.03 0.02 0.01 0.01 0.01

First, in the consideration of track infrastructure upgrades, there
are different opportunities for risk reduction based on the distribu-
tion of track classes on the route and the differential effects on risk
reduction with respect to each track class. Upgrading the lowest
track class provides the highest risk reduction per track mile; how-
ever, it represents the smallest proportion of the route, so that it does
not offer much opportunity to reduce risk. On the other hand, upgrad-
ing Class 3 track segments to Class 4 provides the highest risk reduc-
tion overall, even though these segments do not represent the largest
percentage of the route compared with the percentages for the other
track classes.

Second, use of the speed-dependent CPR allows the effects of
speed on different routes to be properly accounted for, whereas use of
the average-speed CPR does not. Furthermore, the speed-dependent
CPR is necessary for proper evaluation of the effect of track-class
upgrades on risk with or without a speed increase.

Third, for the representative route, use of the speed-dependent
CPR yields annual risk estimates slightly higher than use of the
average-speed CPR. This is because the majority of the route has
higher-than-average track speeds. This result will vary depending
on route-specific characteristics.

Fourth, upgrading the track class with the commensurate speed
increase actually reduces the risk relative to that for the baseline case.
This is because the incremental effect of the lower accident rate due to
the higher track class more than offsets the slight increase in the CPR
due to the higher speed.

Completing the analyses used to illustrate the effect of speed-
dependent CPR on risk estimates required several assumptions. As
mentioned, for track-class upgrades with an increase in speed, it was
assumed that trains would operate at the maximum allowable speed
corresponding to the upgraded track class. This will result in estimates
of speed higher than those that would actually be used on some seg-
ments, thus overestimating the risk for those segments. Inferring track
class on the basis of the timetable speed may not always represent
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actual maintenance conditions for some track segments, also result-
ing in the overestimation of risk. For both of these circumstances, if
data for actual operating speed are available, they can be incorporated
into the model and use of the speed-dependent CPR will make such
adjustments more accurate. Additionally, the relationships developed
to estimate the speed-dependent CPR in this study do not account for
other possible speed-dependent effects, such as the number of cars
derailed or the spill size distribution, but these factors can also be
incorporated into the model, if suitable data are available.

The intent of this research was to develop a general method to cal-
culate the speed-dependent CPR by using published data for railroad
tank cars. The authors then used a case study to compare several dif-
ferent scenarios that affect or that are affected by speed to gain insight
into the effect of using the speed-dependent CPR on estimates of safety
and risk. Analysis of these scenarios is not meant to suggest that these
are necessarily the most cost-effective approaches to risk reduction.
Instead, the methodology presented here is intended to describe and
illustrate the utility of speed-dependent CPR and how it may be incor-
porated into safety and risk analysis calculations. The scenarios con-
sidered here include upgrading the track class both with and without
speed increases. Either scenario would entail considerable additional
capital and maintenance expense (19). Rational consideration of these
options would require data on their incremental cost and, ideally,
information on the cost-effectiveness of other options that might also
affect risk. This would enable informed decisions about when and
where risk reduction options should be implemented and which ones
are the most cost-effective to be made.

CONCLUSIONS

In this paper, the authors present a technique that incorporates the
effects of different train speeds on accident rate and CPR and incor-
porate both of these into a hazardous materials transportation risk



analysis model. The relationship was developed to estimate the speed-
dependent CPR, thereby allowing more accurate estimates of route
risk. Although previous work has addressed various aspects of this
question (1, 7–9), the method used to calculate the speed-dependent
CPR described here can be used to develop estimates for specific
tank car designs, which was not previously possible. Additionally,
the statistics and methodology presented here are based on the most
up-to-date, published data on tank car performance in accidents.
The utility of the speed-dependent CPR is illustrated by using a case
study of track infrastructure upgrades in which the authors analyzed
the effects of train speed and track improvement independently and
together to assess their effects on route risk. Different options in
a track infrastructure upgrade problem were considered to deter-
mine the option that may provide the greatest reduction in risk for
the particular route studied.

Previous work has not explicitly considered the nature or the
extent of the effect of using the average-speed CPR versus the speed-
dependent CPR on risk estimates. Although use of the average-speed
CPR may often be appropriate for national or systemwide estimates
of risk, it does not satisfactorily account for differences in operat-
ing characteristics when routes are compared. Different routes will
almost certainly have different speed distributions and population
exposures. Use of the average-speed CPR can lead to both under-
and overestimates of the overall risk along the route and at specific
locations along the route. Both of these may affect risk management
decisions; therefore, the ability to calculate them more accurately
is important. In addition, use of the speed-dependent CPR affects
the ability to assess the effects of certain types of track infrastruc-
ture upgrades quantitatively, as illustrated in the case study. The
speed-dependent CPR calculation methodology and its application
to risk analysis models should enable more accurate risk calcula-
tions not only for comparisons of the risks on different routes but
also for assessment and evaluation of the benefits of infrastructure
improvements that affect operating speeds.

ACKNOWLEDGMENTS

This research was supported by the Railroad Engineering Program
at the University of Illinois at Urbana–Champaign. The authors are
grateful to Todd Treichel, Cherry Burke, and the reviewers for their
helpful comments and suggestions on this paper.

REFERENCES

1. Barkan, C. P. L., C. T. Dick, and R. Anderson. Railroad Derailment
Factors Affecting Hazardous Materials Transportation Risk. In Trans-
portation Research Record: Journal of the Transportation Research
Board, No. 1825, Transportation Research Board of the National
Academies, Washington, D.C., 2003, pp. 64–74.

2. Kawprasert, A., and C. P. L. Barkan. Effects of Route Rationalization on
Hazardous Materials Transportation Risk. In Transportation Research
Record: Journal of the Transportation Research Board, No. 2043, Trans-
portation Research Board of the National Academies, Washington, D.C.,
2008, pp. 65–72.

68 Transportation Research Record 2159

3. Saat, M. R., and C. P. L. Barkan. The Effect of Rerouting and Tank Car
Safety Design on the Risk of Rail Transport of Hazardous Materials.
Proc., 7th World Congress on Railway Research, Montreal, Quebec,
Canada, 2006.

4. Glickman, T. S., E. Erkut, and M. S. Zschocke. The Cost and Risk
Impacts of Rerouting Railroad Shipments of Hazardous Materials.
Accident Analysis and Prevention, Vol. 39, 2007, pp. 1015–1025.

5. Verma, M. A Cost and Expected Consequence Approach to Planning
and Managing Railroad Transportation of Hazardous Materials. Trans-
portation Research, Part D, Vol. 14, 2009, pp. 300–308.

6. Kawprasert, A., and C. P. L. Barkan. Communication and Interpreta-
tion of Results of Route Risk Analyses of Hazardous Materials Trans-
portation by Railroad. In Transportation Research Record: Journal
of the Transportation Research Board, No. 2097, Transportation
Research Board of the National Academies, Washington, D.C., 2009,
pp. 125–135.

7. Treichel, T. T., J. P. Hughes, C. P. L. Barkan, R. D. Sims, E. A. Phillips,
and M. R. Saat. Safety Performance of Tank Cars in Accidents: Proba-
bility of Lading Loss. Report RA-05-02. RSI-AAR Railroad Tank Car
Safety Research and Test Project. Association of American Railroads,
Washington, D.C., 2006.

8. Nayak, P. R., D. B. Rosenfield, and J. H. Hagopian. Event Probabilities
and Impact Zones for Hazardous Materials Accidents on Railroads.
Report DOT/FRA/ORD-83/20. FRA, U.S. Department of Transportation,
1983.

9. Guidelines for Chemical Transportation Risk Analysis. Center for Chem-
ical Process Safety, American Institute of Chemical Engineers, New York,
1995.

10. Pipeline and Hazardous Materials Safety Administration, U.S. Depart-
ment of Transportation. Emergency Response Guidebook. http://hazmat.
dot.gov/pubs/erg/erg2008_eng.pdf. Accessed July 2008.

11. Brown, D. F., H. M. Hartmann, W. A. Freeman, and W. D. Haney. Devel-
opment of the Table of Initial Isolation and Protective Action Distances for
the 2008 Emergency Response Guidebook. Publication ANL/DIS-09-2.
Argonne National Laboratory, U.S. Department of Energy, 2009.

12. Bureau of Transportation Statistics, Research and Innovative Tech-
nology Administration, U.S. Department of Transportation. National
Transportation Atlas Database. www.bts.gov/publications/national_
transportation_atlas_database/. Accessed May 1, 2007.

13. Anderson, R. T., and C. P. L. Barkan. Railroad Accident Rates for Use
in Transportation Risk Analysis. In Transportation Research Record:
Journal of the Transportation Research Board, No. 1863, Transportation
Research Board of the National Academies, Washington, D.C., 2004,
pp. 88–98.

14. Environmental Systems Research Institute, Inc. (ESRI) Data and Maps.
Electronic database, 2005.

15. FRA, U.S. Department of Transportation. Track Safety Standards.
Vol. 4, 49 CFR 213.9, 2003.

16. Recommended Railroad Operating Practices for Transportation of Haz-
ardous Materials. Circular OT-55-J. Association of American Railroads,
Washington, D.C., 2009.

17. U.S. Department of Transportation. Hazardous Materials: Enhanc-
ing Rail Transportation Safety and Security for Hazardous Materials
Shipments; Railroad Safety Enforcement Procedures; Enforcement,
Appeal and Hearing Procedures for Rail Routing Decisions. Final
Rules. 49 CFR Parts 172, 174, and 209. Federal Register, Vol. 73,
No. 229, 2008.

18. FRA Guide for Preparing Accident/Incident Reports. Report DOT/FRA/
RRS-22. FRA, U.S. Department of Transportation, 2003.

19. Zarembski, A. M., and R. R. Resor. Technical Monograph: Estimating
Maintenance Costs for Mixed High Speed Passenger and Freight Rail
Corridors. Office of Railroad Development, FRA, U.S. Department of
Transportation, 2004.

The Transportation of Hazardous Materials Committee peer-reviewed this paper.


