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ABSTRACT 

Three recent accidents involving the release of hazardous 
material have focused attention on the structural integrity of 
railroad tank cars: (1) Minot, ND, on January 18, 2002; (2) 
Macdona, TX, on June 28, 2004; and (3) Graniteville, SC, on 
January 6, 2005.  Each of these accidents resulted in fatalities.  
Research is being conducted to develop strategies for 
improving railroad tank cars so they can maintain tank integrity 
in severe accidents. A collaborative effort called the Next 
Generation Rail Tank Car (NGRTC) Project intends to use 
these research results to help develop improved tank car 
designs.  Dow Chemical Company, Union Pacific Railroad, and 
Union Tank Car Company are the industry sponsors of the 
NGRTC Project.  The Federal Railroad Administration (FRA) 
and Transport Canada participate in the NGRTC project 
through Memoranda of Cooperation.  FRA and the Pipeline and 
Hazardous Materials Safety Administration intend to use these 
research results to support rulemaking. 

The approach taken in performing this research is to define 
the collision conditions of concern, to evaluate the behavior of 
current design equipment in these scenarios, and to develop 
alternative strategies for increasing the maximum impact speed 
for which tank integrity is maintained.   

The accident scenarios have been developed from a review 
of accidents and are intended to bound the range of main-line 
accidents that can lead to a release of hazardous material from a 
tank car.  The accident scenarios and collision modes have been 
used to define car-to-car impact scenarios.  These car-to-car 
impact scenarios define the conditions under which the 
commodity must be contained.  The impact scenarios are being 
used to evaluate the integrity of current design and improved 
design tank cars.   

Full-scale impact tests are also being conducted, to help 
validate modeling of the baseline equipment.  The models have 
been refined based on the test results.  The models are now 
being applied to develop the improved equipment designs.  

This paper describes the overall research framework and 
provides an overview of the research done to date, as well as 
the planned efforts. 

INTRODUCTION 
The safe transport of hazardous materials (hazmat) is a key 

concern of the Federal Railroad Administration (FRA).  
Moreover, the objective of FRA-sponsored research is to 
maintain tank integrity under various loading conditions. Data 
from the FRA’s Railroad Accident and Incident Reporting 
System (RAIRS) show that the number of accidents per year 
with at least 1 car releasing hazardous materials has decreased 
significantly over the past 25 years (Figure 1).  The decrease is 
attributed to improvements in tank car designs and to Federal 
regulations that instituted requirements for head shields, 
thermal protection, and double self couplers—each of which 
reduces the likelihood of rupturing a tank car during an 
accident. 
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Figure 1.  Number of Accidents with at Least One Car 

Releasing Hazardous Materials 
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Although accident statistics show that the rail industry’s 
safety performance has generally improved over the last few 
decades, three recent accidents involving the release of hazmat 
have focused attention on the structural integrity of railroad 
tank cars under extreme or accident loading conditions: (1) 
Minot, ND, on January 18, 2002 [1]; (2) Macdona, TX, on June 
28, 2004 [2]; and (3) Graniteville, SC, on January 6, 2005 [3].  
Consequently, the focus of FRA tank car safety research shifted 
from maintaining tank integrity under normal tank car 
operating conditions (e.g., metal fatigue and crack propagation) 
to maintaining tank integrity under accident loading conditions.  
In order to evaluate tank performance in accident loading 
conditions, collision dynamics and structural response must be 
considered in addition to material behavior.  Figure 2 shows a 
timeline of events related to railroad tank car safety since the 
Minot accident in 2002 to the present. 

An industry research and development effort began in 
2006, called the Next Generation Rail Tank Car (NGRTC) 
Project [4].  Dow Chemical Company, Union Pacific Railroad 
(UP), and Union Tank Car Company (UTLX) are the sponsors 
of this collaboration.  In 2006, FRA and the Pipeline and 
Hazardous Materials Safety Administration (PHMSA) initiated 
a Notice of Proposed Rulemaking (NPRM) for transporting 
hazmat by railroad tank cars [5]. 

Government and industry-sponsored research is being 
conducted to develop strategies for improving railroad tank 
cars so they can maintain tank integrity for more severe 

accident conditions than current equipment.  FRA and PHMSA 
intend to use these research results to support rulemaking, and 
the NGRTC Project intends to use these research results to help 
develop improved tank car designs.  FRA and Transport 
Canada also participate in the NGRTC Project through 
Memoranda of Cooperation (MOC).  The Volpe National 
Transportation Systems Center (Volpe Center) is providing 
technical support to FRA in the rulemaking process and the 
NGRTC Project.  As described in the press release issued by 
FRA on January 16, 2007 [6]: 

[FRA Administrator Joseph H.] Boardman said the FRA 
has signed a Memorandum of Cooperation (MOC) with Dow 
Chemical Company, Union Pacific Railroad and the Union 
Tank Car Company to participate in their Next Generation Rail 
Tank Car Project. The agreement provides for extensive 
information sharing and cooperation between ongoing FRA 
and industry research programs to improve the safety of rail 
shipments of hazardous commodities such as toxic inhalation 
hazards and high-risk gases and liquids. 

  This paper describes the overall approach for this 
research, as well as the necessary tasks and the organizations 
which will perform the tasks.  Companion papers describe 
ongoing modeling [7, 8] and full-scale testing [9], as well as 
tank car design strategies for improving protection of the 
commodity [10].  

.  
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Figure 2.  Timeline of Events Related to Railroad Tank Car Safety
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Figure 3.  Research Steps to Develop Improved Tank Car Design 

APPROACH 
The approach taken in performing this research is to define 

the collision conditions of concern, to evaluate the behavior of 
current design equipment in these scenarios, and to develop 
alternative strategies for increasing the impact speed associated 
with maintaining tank integrity in these scenarios.  The 
evaluations of the current equipment and alternative strategies 
are being accomplished iteratively, with analytic models of 
increasing complexity.  Full-scale impact tests are also being 
planned, in part to help validate modeling, as well as to directly 
compare the effectiveness of current and alternative equipment 
designs. Figure 3 shows a schematic representation of the 
research steps. 

 
Definition of Problem:  Generalized Accident and 
Impact Scenarios 

The accident scenarios involving hazardous material 
release from tank cars have been developed from a review of 
accidents.  These are intended to bound the range of accidents 
that can lead to a release of hazardous material from a tank car.    
These accident scenarios include derailments and collisions, 
which are listed in Table 1, along with example accidents and 
the collision mode that results in lading loss. The accident 
scenarios and collision modes have been used to define car-to-
car impact scenarios, which define impact conditions under 
which the commodity must be contained.  The impact scenarios 
are used to evaluate the integrity of current and improved 

design tank cars.  The performance of improved equipment is 
compared with the performance of baseline equipment in the 
impact scenarios. 
 

Table 1.  Accident Scenarios of Concern 

 Accident Scenario Collision Modes 

1 Derailment 
Minot, ND, January 18, 2002 

Head and Shell 
Impacts 

2 Train-to-Train Collision 
Graniteville, SC, January 6, 2005 

Override, Head 
and Shell Impacts 

 
Figures 4 and 5 show possible outcomes of extreme 

loading conditions for head and shell collision modes.  Figure 4 
shows an example of a head puncture, which is a photograph of 
the chlorine tank car damaged in the train collision that 
occurred in Macdona, TX, on June 28, 2004.  The denting and 
puncture of the tank car resulted from a collision with a flat car.  
Figure 5 shows an example of a shell puncture, which is a 
computer-generated image of the damage to the chlorine tank 
car in the train collision that occurred in Graniteville, SC, on 
January 6, 2005.  The computer-generated image is produced 
from three-dimensional laser measurements taken from the tank 
car.  Moreover, puncture of the tank shell is attributed to impact 
from a broken coupler. 
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Figure 4.  Head Puncture from Macdona Accident 

 
Figure 5.  Shell Puncture from Graniteville Accident 

One of the research activities being performed by the 
Volpe Center on accident loading conditions is analysis of 
derailment dynamics to examine the gross motions of rail cars 
during a train derailment [7, 11].  Moreover, the models for 
derailment dynamics produce car-to-car impacts that resemble 
those in accidents.  Figure 6(a) shows car motions (in plan 
view) at two instants of time from an idealized derailment 
simulation.  The two particular instants of time show car-to-car 
impacts for imminent head and shell impacts, respectively, 
which are encircled in the figure.  The model results indicate 
that such head and shell impacts within the train consist occur 
at about one-half of the initial train speed at the point of 
derailment.  Figure 6(b) shows the generalized head and shell 
impact scenarios schematically.  In each scenario, the tank cars 
are essentially full.  In the head impact, the coupler of one tank 
car impacts the head of a second tank car.  In the shell impact, 
the coupler of one tank car impacts the side (shell) of a second 
tank car.   
 

(a) Accident simulation (b) Generalized impact scenario 
Figure 6.  Generalized Car-to-Car Impact Scenarios 

For a prescribed closing speed, the generalized car-to-car 
impact conditions, illustrated in Figure 6, are used to develop 
energy absorption requirements for the tank car.  The Volpe 
Center is using these generalized impact scenarios as design 
requirements to drive the development of the improved tank car 
conceptual design [10].   

Baseline Analysis 
In evaluating the performance of current equipment, a 

DOT 105 car is considered as the baseline tank car.  Table 2 
lists the key attributes associated with a typical chlorine tank 
car. 

Table 2.  Summary of Attributes for a Typical Chlorine 
Tank Car 

Commodity Chlorine 
Gross Weight 263,000 lb 
Tank Inside Diameter 100.625 inches 
Head Thickness (Material) 0.828 inch (TC-128B) 
Shell Thickness (Material) 0.777 inch (TC-128B) 
Jacket (Material) 0.119 inch (A1011) 
Internal Pressure 100 psi 
Outage 10.6% 

 
Nonlinear (i.e., elastic-plastic) finite element analysis of 

the baseline car is performed using commercial solvers, 
namely, ABAQUS and LS-DYNA.  Such analyses have been 
used to evaluate the performance of the baseline car in a range 
of impact conditions.  The key output of the finite element 
models is the force-indentation characteristic (see Figure 7) of 
the tank as it is struck by an impacting object, such as a coupler 
or wheel from an adjacent rail car.  Moreover, the basis for 
evaluating the performance of various tank car designs is the 
energy to failure or the area under the force-indentation 
characteristic, which, in turn, is related to the impact velocity to 
cause failure through kinetic energy.  That is, the velocity at 
which failure of the tank may be expected is proportional to the 
square root of the energy or area under the force-indentation 
curve.  The specific point at which failure may occur on the 
force-indentation curve depends on several factors, such as size 
and shape of the impacting object and material properties.   
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Figure 7.  Generic Force-Indentation Characteristic 

Credibility and confidence in the finite element modeling 
are achieved through verification and validation studies. 
Results from static, nonlinear finite element analyses are 
compared to closed-form solutions for rigid-plastic 
deformations of cylindrical shells to verify the model 
development.  Results from dynamic, nonlinear finite element 
analyses are compared to test data to validate the models.  In 
this context, verification means that the mathematics of the 
models are being calculated correctly, while validation means 
that the physics are being modeled properly. 

Figure 8 shows the deformation of an ellipsoidal end cap 
or tank car head, calculated from closed-form and finite 
element analyses.  The closed-form solution assumes rigid-
plastic material behavior and calculates axisymmetric 
deformation due to a concentrated load applied at the center.  In 
the finite element analysis, elastic-plastic material behavior is 
assumed as the load is applied over a rectangular area at the 
center.  Despite the differences in material behavior and applied 
load, the calculated deformations are nearly the same. 
 

Closed-Form Solution Finite Element Analysis

• Rigid-plastic material behavior
• Concentrated load

• Elastic-plastic material behavior
• Rectangular punch load  

Figure 8.  Deformation of Ellipsoidal Cap 

Figure 9 shows the force-indentation curves corresponding 
to the closed-form and finite element analyses.  Despite the 
differences in assumptions, the curves are in close agreement.  
Moreover, the results shown in the two previous figures 
provide verification of the finite element analyses for head 

impact.  Similar calculations have been performed to verify the 
analyses for shell impacts [9].  The analyses will be validated 
with data from full-scale and component tests. 
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Figure 9.  Comparison Between Closed-Form Solution and 

Finite Element Analysis for Head Indentation 

The Volpe Center is applying the verified and validated 
analyses to examine the performance of baseline and improved 
tank car designs in a range of impact conditions. The baseline 
analysis results establish the reference for assessing potential 
improvements.  The potentially improved designs are evaluated 
for the same conditions (e.g., the generalized head and shell 
impact scenarios) with the same analysis techniques, and the 
resulting differences in performance are compared. 

Full-Scale Testing and Analysis Refinement 
A series of full-scale shell impact tests was performed at 

the Transportation Technology Center in Pueblo, CO, in 2007.  
The purpose of the shell impact tests is to establish the 
crashworthiness performance of existing tank cars.   

Figure 10 shows a flow chart of the activities required for 
the successful implementation of the full-scale tests.  FRA 
coordinated with the Volpe Center to design these tests using 
simplified models.  Dow Chemical collaborated with Applied 
Research Associates, Inc. (ARA) in developing more detailed 
simulation models that supported the Transportation 
Technology Center, Inc. (TTCI) in implementation of the tests.   

The Volpe analyses include closed-form and finite element 
analysis, which accounts for fluid-structure interaction, 
material failure and basic tank car geometry (no body bolster, 
stub sill, etc.) [9].  The simplified model was used to develop 
the test requirements and test design.  These results provide the 
basis for more detailed tank car models. 
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Figure 10.  Flow Chart of Activities Supporting Full-Scale 

Tests 
The detailed analysis model developed by ARA includes a 

detailed description of the car geometry, including the body 
bolster, stub sills, and fittings. These simulations are used to 
verify the test requirements, particularly the test speed.   

The test requirements include descriptions of the track, 
initial positions of equipment, impact speed, and measurements 
needed for comparison with the analyses.  These measurements 
enable verification of the analyses, as well as measure the 
information needed to improve the analyses if the predications 
and test results disagree.   

A Test Implementation Plan (TIP) is needed for 
appropriate and safe implementation of the test.  The TIP 
describes the test equipment, setup, instrumentation, data 
acquisition system, and conduct of the test, including safety 
procedures. 

Figure 11 illustrates the shell impact test scenario.  The 
tank car was positioned with the centerline perpendicular to the 
tracks and supported by a fixed barrier on one side.  The tank 
car contained clay slurry, which approximated a typical load of 
chlorine.  The side of the tank car was impacted with a ram car 
traveling at an initial velocity.  The ram car was a ballasted 
flatcar with an indenter protruding from the lead end. 

Both the ram car and tank car were instrumented with 
accelerometers, string potentiometers, strain gages, and 
pressure transducers to measure the impact forces experienced 
by the tank car, gross motions in three-dimensions of the ram 
car and tank car, the pressure gradient within the tank, and dent 
size and material strains of the tank car shell.  High-speed 
digital video cameras were used to document the motions of the 
ram car and tank car, as well as the progression of the tank car 
deformation during the impact.  Two tests of this arrangement 
have been conducted, one with a punch size too large to cause 
puncture and one with a punch size sufficiently small to cause 
puncture.  In this way, the bounds of the ‘Failure Possible’ 
region shown in Figure 7 have been measured. 

On April 26, 2007, tank car shell impact test 1 was 
conducted [9].  A ram car traveling at 14 mph impacted the side 
of a stationary tank car with the characteristics listed in Table 2.   
The indenter of the ram car deformed the shell to a maximum 
dent depth of 26 inches, without puncturing the tank car shell. 
The face of the indenter was 23 inches wide and 17 inches 
high, approximately the cross-section size of a freight car draft 
sill. 

 

 
Figure 11.  Schematic of Full-Scale Shell Impact Test 

Figure 12 shows still photographs from the high-speed 
cameras of Test 1.  The three stills show the time at which (1) 
the indenter of the ram car makes contact with the tank car, (2) 
the maximum penetration of the indenter into the tank, and (3) 
the final dent size after the indenter has rebounded off the tank 
car.   

 

   
Figure 12.  Stills from Test 1 
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Figure 13.  Stills from Test 2 

 

The simplified finite element analysis model closely 
predicted force-time histories in both of the shell impact tests 
[9].  The pre-test model for test 1 estimated the peak force 
within 10 percent of the measured test data, and the dent size to 
within 15 percent.  The discrepancy results from the exclusion 
of the jacket in the modeled tank car and the assumption of 
conservative (minimum) material properties for the shell.  As a 
result, the model estimates a somewhat larger dent at a slightly 
lower load than the test results, as shown by the data presented 
in Table 3.   

Table 3.  Comparison Between Test 1 and Analysis 

 Maximum 
Force (kips) 

Maximum 
Dent (inches) 

Test 1 Data 1290 26 
Finite Element Analysis 1170 30 

 
On July 11, 2007, tank car shell impact test 2 was 

conducted [9].  A ram car traveling at 15 mph impacted the side 
of a stationary tank.  The indenter of the ram car punctured the 
tank car shell.  The face of the indenter was 6 inches wide and 
6 inches high, approximately the cross-section size coupler 
shank. 

Figure 13 shows still photographs from the high-speed 
cameras of Test 2.  The three stills show the time at which (1) 
the indenter of the ram car makes contact with the tank car, (2) 
the maximum penetration of the indenter into the tank, and (3) 
just after the indenter has punctured the tank car.   

The pre-test estimates closely matched the principal results 
for both tests [9]; however, the measurements have been used 
to refine the models and provide a high level of confidence in 
the evaluation of improved designs.  These refined analysis 
techniques are being used with a high level of confidence to 
evaluate alternative improved designs. 
 

Development and Evaluation of Improved Design 
The objective of FRA tank car research is to develop 

strategies for improving railroad tank cars so that tank integrity 
is maintained for more severe accident conditions than current 
equipment.  As discussed above, the full-scale testing of 

conventional tank car equipment establishes a baseline 
representation of crashworthiness performance of tank car 
equipment currently in operation.  Figure 14 shows the 
development of concepts for an improved tank car design.  
Each step incrementally generates more detail on improved 
concepts.  
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Figure 14. Schematic of Improved Design Development 

Table 4 lists the functions and associated features of the 
conceptual design.  These functions are needed to meet the 
impact requirements of a head impact and shell impact.  The 
conceptual design must perform four functions to meet the 
impact requirements: blunt the impact loads, absorb collision 
energy, strengthen the tank, and assure that any impact loads 
are first blunted and that a significant amount of energy is 
absorbed before the tank is loaded. 

 
Table 4.  Improved Design Functions and Features 

Functions Features 
Blunted impact loads 
 
Collision energy absorbed 
 

Sacrificial structure that shields 
tank and absorbs energy 

Stronger tank 
 Reinforcement of head and shell 

Control load path to tank Carbody supports service loads  
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Head shields on current cars principally act to blunt the 
impact load.  In essence, the shield makes the size of the 
impacting object appear larger to the tank, spreading the load 
over a greater area.  By doing so, the energy required to rupture 
the tank is increased.  The addition of an energy absorption 
component between the shield and the tank can further increase 
the energy required to rupture the tank.  The energy absorption 
layer decreases the speed of the impact experienced by the 
tank.   

Strengthening the tank allows an energy absorption 
component to crush at a higher load.  If the tank remains the 
main service load-bearing structure, then the potential for 
weldments to lead to fatigue failures is of concern.  In such a 
case, bonding the stiffeners to head and shell is a potential 
option.  If the service load-bearing structure is separate from 
the commodity tank, and the tank does not experience cyclic 
service loads, then the potential for fatigue failure is much 
lower.  In such a case, directly welding to the head and shell 
may be a viable option.   

Accident history suggests that rupture can initiate 
anywhere on the tank.  Ruptures are more likely at certain 
locations on the tank—below the beltline and at the ends of the 
cars.  Some cars, however, appear to have been ruptured by 
impacts near the draft sill/body bolster and on the top.  These 
accident results suggest that the entire car should be shielded 
and that collision energy should be absorbed before the tank is 
impacted.  In order to accomplish this function, a separate 
carbody structure supports the service loads. 

Figure 15 shows a schematic of the features integrated into 
a conceptual design.  Potentially, these features could be 
applied incrementally to existing designs, working from the 
inside out.  The tank could be strengthened with bonded 
stiffeners alone.  As described in a companion paper [10], such 
stiffeners have the potential to double the energy required to 
rupture the tank.  A sacrificial structure for blunting the load 
and absorbing energy could be further added.  The stiffeners 
and sacrificial structure could increase the energy required to 
rupture the tank by a factor of four for most impacts.  Such a 
car would be at least somewhat more vulnerable near the draft 
sill/body bolster attachments, even if these attachments act as 
structural fuses and fail in a prescribed manner for prescribed 
loads.  Impact loads that bypass the sacrificial structure could 
be introduced to the tank through the Achilles’ heel of the draft 
sill/body bolster.  The external carbody would eliminate this 
vulnerability and result in the integrated conceptual design.  
For example, the continuous center sill design relieves the tank 
from bearing the in-train buff and draft forces and continues to 
be used in DOT 105A500W tank cars built for carbon dioxide 
service. 

While information is being shared, the design development 
activities supported by Dow Chemical are separate and distinct 
from the design development activities being conducted by the 
Volpe Center in support of FRA.  In the process chosen by FRA 
and the Volpe Center, an overall strategy is evolved into a 
single concept with required functions and features.  These 

features are then refined into detailed forms with preliminary 
design studies.  This approach has been used to develop crush 
zones for passenger equipment [12, 13, 14], the state-of-the-art 
cab car end frame design [15], and improved locomotive 
crashworthiness features [16], as well as improved workstation 
tables [17], optimized commuter seats [18], and a conceptual 
design for inflatable structures for train operator protection 
[19].   

 
Sacrificial Structure

Blunt Force and Absorb Energy
Carbody

Carry Service Loads
Reinforcement
Strengthen Tank

Design Integration
Service, Manufacturing, and Crashworthiness Goals  

Figure 15.  Preliminary Design Studies 

The crashworthiness components shown in Figure 15 are 
being individually evaluated and integrated together to achieve 
an improved tank car design.  The improved conceptual tank 
car design is being further developed in support of FRA 
regulatory efforts to show that a tank car can retain its lading 
for head and shell impact with four times the energy as the 
impact for which the baseline tank car can retain its lading.  
Meeting this goal doubles the impact speed for which the 
integrity of the tank can be maintained.  As described in 
references [8, 9], the impact energy and speed depend upon the 
height and width of the nose of the blunt punch.  The relative 
increase in performance sought is the same for a wide range of 
nose sizes. 

Comparison of the conceptual design performance with the 
baseline performance results in the potential benefits of the 
improved conceptual design.  The design development 
demonstrates the analysis and test techniques needed for 
assuring a level of performance in the generalized scenarios.  
The conceptual design illustrates the technologies that can 
contain the lading in the generalized scenarios at prescribed 
impact speeds. 

SUMMARY AND NEXT STEPS 
A framework has been developed for screening alternative 

strategies for increased tank car safety in train accidents.  This 
framework acts as a roadmap for developing and evaluating 
potentially improved designs.  As part of this framework, 
generalized head and shell impact scenarios have been 
developed.  The baseline performance in the shell impact 
scenario has been evaluated with analyses and tests.   The 
functions and features of an improved design have been 
identified.  
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Current Volpe Center efforts are focused on developing a 
conceptual improved tank car design. Preliminary studies of 
available weight and space, strategies for blunting impact 
loads, means of energy absorption, and arrangements for 
strengthening the head and shell, as well as development of a 
carbody structure conceptual design, are also ongoing.  A 
companion paper presents results to date of these preliminary 
design studies [10].  Component tests are tentatively planned to 
confirm (or refute) the results of selected substructure analyses 
being conducted as part of the conceptual design development.   

Recent accidents involving the release of hazmat, with 
consequent fatalities, have focused attention on the structural 
integrity of railroad tank cars.  The research described in this 
paper is being conducted to develop strategies for improving 
railroad tank cars so they can maintain tank integrity in severe 
accidents. The NGRTC Project is using these research results to 
help develop improved tank car designs.  FRA and PHMSA 
intend to use these research results to support rulemaking. 
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