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Executive Summary 

The Federal Railroad Administration’s (FRA) Office of Research, Development and Technology 
has been conducting research into passenger locomotive fuel tank crashworthiness.  FRA 
sponsored ongoing work performed by Transportation Technology Center Inc. (TTCI) at the 
Transportation Technology Center (TTC) in Pueblo, CO, of a dynamic impact test of a DMU 
fuel tank, which began on June 28, 2016.  The Department of Transportation’s John A. Volpe 
National Transportation System Center (Volpe) supports FRA in evaluating the crashworthiness 
of fuel tank designs and developing technical research for supporting standard and regulation 
development.  A series of impact tests were conducted and planned for future testing to measure 
fuel tank deformation under two types of dynamic loading conditions, which are blunt and raking 
impacts.  Test specimens included a set of FRA owned retired passenger locomotive fuel tanks 
and a set of new diesel multiple unit (DMU) fuel tanks purchased by FRA from a manufacturer 
currently in passenger rail operation in the US. 
TTCI developed specialized hardware and procedures for testing DMU fuel tanks as part of the 
project.  An impact vehicle weighing approximately 14,000 pounds and equipped with a 12-inch 
by 12-inch impactor head struck the bottom surface of a DMU fuel tank mounted vertically on 
the impact wall, using the mounting hardware supplied by the manufacturer of the fuel tank.  The 
impact occurred on the bottom of the fuel tank at a location centered on two baffles within the 
fuel tank.  The target impact speed was 11.5 mph, and the measured impact speed was 11.2 mph.  
The test resulted in a maximum indentation of approximately 8 inches.  The bottom of the tank 
bent away from the wall under impact, resulting in deformation of the mounting hardware as 
well.  Several internal baffles in the impact zone buckled.   
Test results were used to validate and refine computer simulations.  Volpe developed a finite 
element (FE) model of the fuel tank and impactor that was used to design the test setup.  The 
targeted impact speed, impact location and behavior or the fuel tank under loading were 
determined using the FE model.  After the test, material samples were cut from several 
unaffected areas of the DMU fuel tank and subjected to tensile testing.  An update was 
performed to the post-test FE model of the fuel tank with material properties from the tensile 
test, and due to this update the simulation was rerun.  Overall, both the pre- and post-test FE 
models exhibited very good agreement with the test measurements.  The models exhibited 
similar modes of deformation as the fuel tank exhibited in the test.  Both, the models and test 
resulted in no puncture of the fuel tank under the impact conditions.  The correlation of the FE 
model analysis and the actual test results will allow FRA to use the model to simulate and 
analyze other impact conditions on this fuel tank, and possible other tanks of similar design. 
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1. Introduction 

The Federal Railroad Administration (FRA) has been conducting fuel tank research to examine 
strategies for increasing passenger locomotive fuel-tank puncture resistance to mitigate the threat 
of a post-collision or post-derailment fire.  In accidents, fuel tanks can experience dynamic 
loading, often including a blunt or raking impact from various components of the rolling stock or 
track bed [1].  Current design practice requires that fuel tanks have minimum properties adequate 
to sustain a prescribed set of static load conditions.  The ongoing research is intended to increase 
understanding of the structural response of fuel tanks under dynamic loading.  By utilizing an 
approach that has been effective in increasing the structural crashworthiness of passenger 
railcars, improved strategies can be developed that will address the types of loading conditions 
observed in collisions or derailment events. 
Transportation Technology Center, Inc. (TTCI) conducted three separate impact tests on 
conventional passenger locomotive fuel tanks at the Transportation Technology Center in 
Pueblo, CO, which began on June 28, 2016.  These preliminary tests on retired locomotive fuel 
tanks were intended to assist in preparing for impact tests on fuel tanks of a modern design, 
including developing test requirements and planning instrumentation.  The previous tests 
generally served as a “shakedown” of the test setup to identify any areas for potential 
improvement to maximize success in future tests including the test described in this report.  
Current test plans included a series of impact tests on DMU fuel tanks.  Detailed finite element 
analysis (FEA) models developed by Volpe prior to testing, predicted the behavior of the tanks 
during impact.  Test results provided information to improve the FE models and evaluate the 
accuracy of pre-test analysis.  This report describes the fourth test of the blunt impact test series. 

1.1 Background 
Passenger fuel tank crashworthiness research is conducted as part of FRA’s Rolling Stock 
Equipment Research program.  Current research investigates fuel tank crashworthiness during 
dynamic impacts.  DMU fuel tanks are smaller than conventional passenger locomotive fuel 
tanks, but are currently required to meet the same standards and regulations. 
The Code of Federal Regulations (CFR) requires that Tier I (operations at speeds of 125 mph and 
less) passenger locomotive fuel tanks have minimum structural properties adequate to sustain a 
prescribed set of static load conditions [2] [3].  Currently, these requirements apply to all 
equipment defined as a locomotive, which includes alternative equipment, such as DMUs.  As 
such, FRA’s Office of Research, Development and Technology is conducting research into 
passenger locomotive fuel tank crashworthiness to determine how well existing regulations for 
conventional fuel tanks apply to alternative fuel tanks.  Current research is intended to increase 
understanding of the impact response of fuel tanks under dynamic impact conditions and propose 
strategies for DMUs to meet a minimum level of safety.  The research program is designed to 
first assess conventional passenger locomotive fuel tanks and then assess alternatively designed 
passenger equipment fuel tanks. 
The research program follows the methodology shown in Figure 1, which begins with 
developing a baseline measure of existing design performance for a given scenario and extends 
to developing improvements for enhancing safety performance for that scenario.  
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Figure 1.  Flow Diagram of Crashworthiness Research Methodology 

To develop scenarios for the fuel tank research, FRA conducted a survey of accidents and 
derailments in the United States over the last two decades [1].  The survey was conducted using 
the FRA accident database and includes freight and passenger train fuel tanks that reported a fuel 
tank breach during a collision or derailment.  Two key findings should be noted from the results 
of this survey.  First, a fuel tank breach during a train collision or derailment may result in a fire, 
which presents additional threats to the survivability of passengers and crew as they egress from 
the collision wreckage.  With DMU passenger operations, the risk profile is higher with the 
presence of more people on board the vehicle and their proximity to the ejected fuel.  The second 
key finding is that each fuel tank impact scenario can be categorized by its resultant loading type, 
of which there are two general loading conditions leading to punctures:  blunt impacts and raking 
impacts. 
A series of full-scale tests is underway to test fuel tanks under the stated impact types.  A test 
setup for a blunt impact was designed and tested on three retired F40 locomotive fuel tanks [4] 
[5] [6].  The first two blunt impact tests were used to develop a repeatable test setup for 
conducting a blunt impact of fuel tanks and the third test produced initial information on the 
performance of conventional fuel tanks under a dynamic impact. 
This test report describes the preparation, modeling, and results from the latest fuel tank test in 
this testing series, a blunt impact of a DMU fuel tank.  

1.2 Objectives 
The key objective of the impact testing of fuel tanks is to examine the gross response of the fuel 
tanks to a given impact type.  The blunt impact test was designed to characterize each test 
specimen’s deformation behavior when impacted on the bottom sheet.  The overall approach to 
characterizing the deformation behavior includes: 

1. Develop an analytical model of the fuel tank specimen based upon known design details. 
a. Use the analytical model to plan for tests. 
b. Estimate possible fuel tank behavior under test impact conditions. 

2. Apply a blunt, dynamic load to the bottom surface of a fuel tank specimen. 
a. Measure the force-deflection behavior of the tank with specified instrumentation. 
b. Record mode of deformation with high speed and conventional video cameras. 

Develop 
Scenarios

Evaluate Compare 
Potentially 
Improved 

and Existing 
Designs

Existing
Design

Develop 
Evaluation 
Techniques

Potentially
Improved
Designs
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c. Record permanent deformation by surface light detection and ranging (LIDAR) 
scans. 

3. Conduct post-test examination of the tank.  
a. Characterize structural deformation of tank exterior and interior. 
b. Cut material samples from various areas of tank and perform tensile testing to 

characterize mechanical properties. 
4. Update the model with actual test speed and tank material properties. 
5. Evaluate the accuracy of the model. 

The outcome of this process can be used to make a comparison between fuel tanks of different 
designs, with analysis techniques being used to provide additional information on the fuel tank 
behavior.  Modeling can also be used to simulate additional impact conditions beyond what was 
tested, providing additional points of comparison between different designs.  The results of the 
first two tests of passenger locomotive fuel tanks gave preliminary insight into the deformation 
patterns of conventional fuel tanks and helped to demonstrate the functionality of the dynamic 
blunt impact test setup at TTC.  The third (conventional locomotive) and fourth (DMU) tests, 
both conducted at approximately 11 mph, provided data that allowed a comparison of the 
performance of a conventional passenger locomotive fuel tank with that of a DMU fuel tank.  

1.3 Overall Approach 
This testing effort used FE modeling in conjunction with full-scale testing to better understand 
the behaviors of a DMU fuel tank under similar blunt impact conditions to those used to test the 
retired passenger locomotive fuel tanks.  Prior to the test, engineering drawings and computer-
aided design (CAD) geometry were used to generate a detailed FE mesh of the fuel tank.  
Material responses, including plastic stress-strain responses, were estimated for the materials 
making up the fuel tank.  The pre-test FE model was used to plan for instrumentation range and 
placement, as well as to estimate the desired test speed.  The test was conducted according to the 
test plan.  The results of the test were used to compare the response of the DMU tank with the 
response of the retired F40-type fuel tanks under similar impact conditions, and to verify the 
results of the FE model.  After the test, material samples were cut from the fuel tank and 
subjected to tensile testing.  These results were used to update the FE model, which was then run 
at the measured test speed. 

1.4 Scope  
This report describes the test preparations, instrumentation, and the data collected from the test.  
It also includes discussion of the development of the pre-test FE model, and modifications to the 
materials of the model after the test to reflect the actual material used in construction of the tank.  
Additionally, future test plans are discussed in this report to provide context.  

1.5 Organization of the Report 
This report is organized into six sections, five of which are outlined.  Section 2 describes the test 
setup for the blunt impact test conducted on four fuel tank specimens to date and the specific 
details of installing the DMU tank.  Section 3 provides an overview of the computer simulation 
used to model the responses of the fuel tanks to the impacts.  Section 4 presents the results from 
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the tests and the corresponding computer simulations, and compares these results to one another.  
Section 5 contains concluding remarks and discussion about the testing and analysis program.  
Four appendices provide additional details on the instrumentation location and test requirements, 
fuel tank material properties, test data, and comparison of the pre-test and post-test model results 
with the measurements made during the test. 
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2. Test Requirements and Methods 

The following sections will discuss the test requirements and methods for the DMU fuel tank 
impact test.   

2.1 Test Setup 
DMU fuel tank impact test was conducted on the impact wall at the TTC.  TTCI designed 
mounting brackets to support the fuel tank on the impact barrier face.  The brackets were aligned 
with the existing connections on the tank and they created a small gap between the impact wall 
and the tank’s top surface.  Once mounted, the impact point was aligned with the impactor on the 
ram cart.  The mounting method created a support condition similar to how the fuel tank is 
installed to the underframe of the DMU.  Mounting hardware used to mount the fuel tank to the 
impact wall was typical for installation of the fuel tank on the DMU, and was provided by the 
DMU manufacturer.  They include a 20mm [0.787 inch] diameter bolt, rubber bushing, and set 
of washers for each mounting location.  Figure 2 shows mounting of the test article on the impact 
wall and a detail photo of the installation hardware. 

 
Figure 2.  Test Article Mounted on the Impact Wall 

2.2 Test Methods 
The test requirements contained in this document were developed cooperatively among FRA, 
Volpe, and TTCI. 
The fuel tank was supported directly on the impact wall as described in Section 2.1. The test 
article was positioned to align with a 12-inch by 12-inch impactor for the center impact.  Figure 
3 illustrates the test setup mounted to the impact wall.  More photos before and after the tests are 
provided in Appendix A. 
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Figure 3.  Test Setup 

This fuel tank alignment provided for center impact at the tank’s bottom side.  The impact 
location for this DMU fuel tank was on an intersection of lateral and longitudinal baffles inside 
the tank.  Figure 4 shows the internal layout of the fuel tank baffles and the impact location 
(shown in red).  Figure 5 shows the 12-inch by 12-inch square impactor attached to a moving 
ram cart.  The total weight of the ram cart including impactor was 14,075 pounds.  The target 
impact speeds were specified based on preliminary analysis, to maximize the amount of 
deformation in the tank without allowing the ram to solidly compress the baffle or puncture the 
fuel tank.  The data collected during the test included accelerations, impact speed, and both high 
speed and real-time video recordings. 
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Figure 4.  Schematic of the DMU Fuel Tank (Bottom View) 

 

 
Figure 5.  Impact Cart with Impactor Attached 
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2.3 Test Instrumentation 
Test instrumentation used in the DMU fuel tank blunt impact test is discussed below. 

2.3.1 Definition of Coordinate Axes 
All local acceleration and displacement coordinate systems are defined relative to the impact 
vehicle.  Positive x, y, and z directions are forward, left, and up relative to the lead end of the 
impact vehicle. 

2.3.2 Impact Cart Accelerometers and Speed Sensors  
Three tri-axial accelerometers were mounted at the two ends and close to the center along the 
ram cart center line.  Three tri-axial accelerometers were also mounted on the left and right sides 
of the middle of the ram cart (Figure 6).  
TTCI installed redundant speed sensors on each side of the cart to accurately measure the impact 
speed within 2 feet of the impact point.  The speed traps are reflector-based sensors.  They use 
ground-based reflectors separated by a known distance and vehicle-based light sensors that 
trigger as the ram cart passes over the reflectors.  The last reflector was within 1 inch of the 
impact point.  The time interval between passing the reflectors was recorded.  Speed was then 
calculated from distance and time.  TTCI also used a handheld radar gun to take supplemental 
speed measurements.  Table 1 shows the summary of instrumentation, Table 2 shows the 
accelerometer details and Figure 6 illustrates the sensor locations. 

Table 1.  Instrumentation Summary 
Type of Instrumentation Channel Count 

Accelerometers 12 
Speed Sensors 2 
Total Data Channels 14 
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Figure 6.  Accelerometer Locations on Ram Car 

 
Table 2.  Impact Cart Accelerometers 

Channel Name Sensor Description Range 
BA1CX Leading end, Centerline, X Accel 100g 
BA1CY Leading end, Centerline, Y Accel 100g 
BA1CZ Leading, Centerline, Z Accel 100g 
BA2LX Middle, Left Side X Accel 100g 
BA2LY Middle, Left Side Y Accel 100g 
BA2LZ Middle, Left Side Z Accel 100g 
BA2RX Middle, Right Side X Accel 100g 
BA2RY Middle, Right Side Y Accel 100g 
BA2RZ Middle, Right Side Z Accel 100g 
BA3CX Trailing end, Centerline, X Accel 200g 
BA3CY Trailing end, Centerline, Y Accel 200g 
BA3CZ Trailing end, Centerline, Z Accel 200g 

2.3.3 Real Time and High-Speed Photography  
Three high speed and three real time high definition video cameras documented the impact 
event.  Appendix A shows a schematic of the locations of the cameras and the positions of the 
targets that were installed on the fuel tank and on the impact cart. 
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2.3.4 Data Acquisition  
Two 8-channel battery-powered onboard data acquisition systems recorded data from 
instrumentation mounted on the ram cart.  These systems provided excitation to the 
instrumentation, analog anti-aliasing filtering of the signals, analog-to-digital conversion, and 
recording of each data stream. 
The data acquisition systems were GMH Engineering Data BRICK Model II units.  Data 
acquisition complied with the appropriate sections of SAE J211 [7].  Data from each channel was 
anti-alias filtered at 1,735 Hz then sampled and recorded at 12,800 Hz.  Data recorded on the 
Data BRICKs was synchronized to time zero at initial impact.  The zero-time reference was 
triggered from closure of tape switches on the front of the impactor.  The Data BRICKs can 
withstand shock loading up to at least 100 g.  Onboard battery power was provided by GMH 
Engineering 1.7 A-hr 14.4-Volt NiCad battery packs.  Tape Switches, Inc., model 1201-131-A 
tape switches provided the timing of the initial contact event.  
Software in the Data BRICKs was used to determine zero levels and calibration factors rather 
than relying on set gains and expecting no zero-drift.  The Data BRICKs recorded 1 second of 
data before initial impact and 4 seconds of data after initial impact.  

2.3.5 Laser Scanning 
The impact surface of the fuel tank was scanned both before and after testing.  These scans allow 
for a direct comparison with pre- and post-test FE models by generating a digital, 3D 
representation of both the undeformed tank and the residual post-test deformation of the tank.  
These scans are done using a Trimble Total Station.  The Trimble Total Station takes laser based 
distance measurements at discrete 1 degree intervals.  This results in a point cloud with variable 
density.  For this test, adjacent points in the point cloud were never more than 5.5 inches apart. 
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3.1.1 Geometry 
An overview of the pre-test FE model is shown in Figure 8.  Details of the mounting assembly 
are shown in the top left detail. 

 
Figure 8.  FE Model Assembly with Annotations 

Detailed information on the geometry of the DMU fuel tank was provided by the manufacturer 
as part of the purchase of the tank.  The information included engineering drawings as well as a 
CAD file that was used as a starting point for the tank geometry in the FE model.  Because the 
CAD geometry was highly detailed, it was necessary to simplify the geometry to produce a 
reasonable FE mesh.  Additionally, the CAD model represented the true 3D geometry of the tank 
as a solid, with the thicknesses of various components modeled explicitly.  Because the FE 
model was intended to be made of shell elements, it was necessary to convert the solid CAD 
geometry into faces upon which shell elements could be meshed.  Figure 9 shows the shell 
geometry in the FE model on the left, alongside the resulting shell mesh on the right. 

 
Figure 9.  FE Model Geometry (Left) and Mesh (Right) 

The CAD model defined each component as a separate part within an assembly, but did not 
define any connections between the parts.  Thus, as a part of the model creation process it was 
necessary to define behaviors for how the components would interact with one another.  While 
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merging individual parts and using shared nodes to mesh would have reduced the number of 
nodes and elements in the model.  The tied constraint approach would allow the connections to 
be studied in more detail should weld failure have been observed during the test.  General 
contact was defined for the entire model, enabling the complex contact that results from a baffle 
folding up onto itself to be captured.  Additionally, tied constraints were used to simulate 
attachments between parts that were welded to one another in the physical tank.  The tied 
constraints between parts constrain all six degrees-of-freedom (DOF) (three translational and 
three rotational) between defined nodes, and cannot fail.  In this way, the constraints represent a 
perfectly welded connection between parts.  An example of this constraint is shown in Figure 10, 
where a tied constraint is used to simulate a slot weld between the top sheet of the fuel tank and 
the top of an internal baffle.  In this image, individual parts have different colors assigned to one 
another, and the tied constraint appears as a series of lines between the corresponding nodes of 
the two parts.  

 
Figure 10.  Illustration of Weld Modeling 

While the DMU fuel tank itself was meshed using deformable shell elements, other structures 
within the assembly were meshed using other modeling techniques.  The mesh techniques used 
in the pre-test FE models are summarized in Table 3. 
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Table 3.  Summary of Mesh in Pre-Test FE Models 

Part Name Element Type Number of 
Elements 

Deformable Cart Reduced Integration Quadrilateral Shell (S4R) 66,141 
Deformable Cart Reduced Integration Triangular Shell (S3R) 126 
Deformable 12 x 12 
Impactor Reduced Integration Quadrilateral Shell (S4R) 23,718 

Deformable Tank Fully integrated Quadrilateral Shell (S4) 7,087 
Deformable Tank Reduced Integration Quadrilateral Shell (S4R) 171,935 
Deformable Tank Reduced Integration Triangular Shell (S3R) 2,987 
Deformable Rubber Bushing Reduced Integration Hexahedral Continuum (C3D8R) 8,400 
Deformable Bolt Quadratic Beam (B32) 10 
Rigid Wall Rigid Quadrilateral (R3D4) 400 
Rigid Wall Rigid Body Reference Node (RNODE3D) 11 
Rigid Washer (thin) Rigid Quadrilateral (R3D4) 2,213 
Rigid Washer (thin) Rigid Triangle (R3D3) 38 
Rigid Washer (thin) Mass Element 1 
Rigid Washer (thin) RNODE3D 1 
Rigid Washer (thick) Rigid Quadrilateral (R3D4) 1,759 
Rigid Washer (thick) Rigid Triangle (R3D3) 36 
Rigid Washer (thick) Mass Element 1 
Rigid Washer (thick) Rigid Body Reference Node (RNODE3D) 1 
Rigid C-channel Rigid Triangle (R3D3) 198 
Rigid C-channel Rigid Quadrilateral (R3D4) 22,413 
Rigid C-channel Rigid Body Reference Node (RNODE3D) 5 
Rigid 12 x 12 Impactor Rigid Triangle (R3D3) 4 
Rigid 12 x 12 Impactor Rigid Quadrilateral (R3D4) 7,268 
Rigid 12 x 12 Impactor Mass Element 1 
Rigid 12 x 12 Impactor Rigid Body Reference Node (RNODE3D) 4 

3.1.2 Materials 
While the tank drawings included information on the material specifications of the different parts 
used to make the tank, no test data from the actual materials of construction were available.  
Because elastic-plastic material behaviors needed to be defined in the pre-test FE model, this 
behavior had to be approximated based on available information, and would be updated with 
actual test data after the impact test.  The tank featured two different steel alloys, referred to as 
S235 and S355 in this report.  For each material, a value of 200 GPa (2.9 x 107 psi) was used for 
Young’s modulus.  Because excising tensile test samples from the tank prior to the impact test 
could potentially compromise the integrity of the tank as a test article, other sources of plastic 
stress-strain data were sought for use in the pre-test FE model.  The input data for the S235 and 
S335 materials were adapted from stress-strain data published by a steel manufacturer for similar 
alloys of steel [9].  A piecewise material model was defined for both materials as a function of 
true stress and true plastic strain.  The material responses used in the pre-test FE model are 
shown in Figure 11.  A description of the process of creating the pre-test material responses, and 
tabular values for stress and strain used as inputs for the pre-test model are provided in Appendix 
B. 
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Figure 12.  Boundary Conditions on Deformable Cart Model 

For all impact models, the impactors were given an initial velocity and allowed to slow down as 
their kinetic energy was transferred into the tank.  For the rigid impactor, the rigid body 
reference node was the only location for which an initial longitudinal velocity was defined.  For 
the deformable cart models, all nodes within the cart-impactor assembly were given an initial 
longitudinal velocity. 

Tank-to-Wall Mounting 
The mounting arrangement used in the model was intended to emulate the actual mounting as 
closely as possible.  The tank itself did not have any boundary conditions placed on it.  Rather, 
the tank was constrained through contact with the mounting hardware, which itself was 
constrained using boundary conditions.  Figure 13 shows a translucent view of the typical 
mounting arrangement used in all FE models.  Note that in this figure the DMU tank has been 
hidden to clarify the mounting arrangement.  Each deformable bracket on the tank does not have 
any boundary conditions or constraints on it, but is in contact with a rubber bushing.  The 
bushing had a deformable bolt running through it, and featured a thin rigid washer on one end of 
it and a thick rigid washer on the other.  The deformable bolt featured a tied constraint on each 
end, with a constraint tying the end of the bolt to the thick rigid washer, and a constraint tying 
the other end of the bolt to the thin rigid washer.  The thick rigid washer featured a boundary 
condition that prevented motion in all DOF.  Thus, the corresponding end of the deformable bolt 
was also constrained against motion in all DOF through its tie to the thick rigid washer.  
Additionally, the rigid channels between the bolts and the impact wall were also constrained in 
all six DOF. 
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Figure 13.  Details of Boundary Conditions and Constraints at Fuel Tank Mounting 

3.2 Post-Test Model 
The proceeding sections will discuss the post-test modeling activities of the DMU blunt impact 
test.  

3.2.1 Geometry 
The post-test model used identical geometry as the pre-test model.  As the pre-test model 
geometry was derived from engineering drawings and an electronic CAD model of the tank 
provided by the manufacturer, there was no need to update the post-test model geometry based 
on any unexpected geometric discrepancies discovered during the testing or the post-test 
teardown. 

3.2.2 Materials 
After the test, material samples were cut from three areas of the tested DMU tank:  the front 
sheet, the side sheet, and one of the internal baffles, as shown in Figure 14 and Figure 15.  The 
material samples were subjected to tensile testing to determine their actual stress-strain and 
elongation behaviors.  These test results were used to generate new material behaviors, which 
were updated in the post-test FE models. 
The initial FEA was based on material properties from the manufacturer specification, due to the 
fact that this tank was new and never used in service.  After the impact tests, a total of nine 
samples were cut from the test article and sent for analysis.  Locations of each sample are listed 
in Table 4.  The yield strength of the fuel tank steel was found to be lower than the yield strength 
that was used for the initial FEA.  Results from material tests and a more thorough description of 
the process of developing the material responses appear in Appendix B. 
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Figure 14.  Fuel Tank End Sheet Sample 

 

 
Figure 15.  Fuel Tank Baffle and Side Sheet Samples 

 









23 

3.2.3 Boundary and Initial Conditions 
The post-test model used identical boundary conditions as the pre-test model.  The initial speed 
of the impact cart was updated in the post-test model to match the impact speed measured in the 
test. 
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4. Results, Tests, and Analyses 

The results of the impact test are summarized in Table 5.  In this section, the post-test FE models 
are discussed unless otherwise specified.  The complete set of test and analysis results can be 
found in Appendix C and Appendix D.  

Table 5.  Summary of Fuel Tank Impact Tests 

Test Date Target 
Speed 

Impact 
Speed Impact Force Impact Energy Result 

June 28, 
2016 11.5 mph 11.2 

mph ~155,000 lbf ~58,000 foot-lbf 
~6.3 inch 

residual dent 
No puncture 

4.1 Fuel Tank Impact Results 
The target speed for this impact was 11.5 mph.  The actual measured impact speed from the 
speed traps was 11.2 mph.  The impact dented, but did not puncture the bottom sheet of the tank.  
The maximum permanent deformation was approximately 6.3 inches.  Figure 20 shows the final 
indentation of the tank.  The two baffles that intersect at the impact location buckled during 
impact.  

 
Figure 20.  Post-Test View of DMU Tank 

Figure 21 shows the deformation of the tank baffles near the impact location after removal of the 
shell plate.  
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Figure 21.  Interior Baffle Deformation 

While the uppermost portion of the fuel tank exhibited almost no plastic deformation, the portion 
of the fuel tank below the impact point was bent outward, which caused deformation in the tank 
mounts.  A deformed fuel tank mount is shown in Figure 22.  

 
Figure 22.  Deformed Tank Mount 

Figure 23 shows the cross-sectional deformation at the impact based on pre- and post-test 
LIDAR scans.  Figure 23 shows both the original and final profiles of the tank taken at a section 
passing through the point of impact.  This figure shows the difference between the initial scan of 
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the bottom sheet and final resulting dent from the impact to be a depth of approximately 6.3 
inches. 

 
Figure 23.  Deformation – Vertical Cross Section at Impact 

The average acceleration of the ram cart showed a sustained response reaching a maximum at 12 
g’s, over a period slightly shorter than 0.1 second.  Likewise, the average force of impact showed 
a sustained response over the same period of time, which reached a maximum at 155,000 
pounds.  The sustained response of both the average force and the average acceleration was 
caused by the deformation in the baffles and shell structure, located directly behind the impact 
point.  Figure 24 and Figure 25 show averaged ram cart acceleration in longitudinal direction and 
force, respectively.  TTCI filtered data according to SAE J211 Channel Frequency Class (CFC) 
60 [7].  An average was taken from all longitudinal accelerometers, with the exception of 
BA1CX, which exhibited excessive ringing.  BA1CX was located along the centerline of the 
leading end of the impact cart and recorded acceleration in the x-direction.  All data channels are 
plotted in Appendix B. 
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Figure 24.  Average Ram Cart Longitudinal Acceleration 

 

 
Figure 25.  Average Impact Force 

4.2 Comparisons Between FE Models and Test Results 
Results from three FE models were compared and are discussed in this section.  Prior to the test, 
an FE model using a deformable model of the impact cart was run at 11.1 mph.  Also prior to the 
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test, an FE model using a rigid representation of the impactor with a total mass equal to the 
impactor, plus the cart was run at 11.5 mph.  After the test, a model using the deformable cart 
and impactor was run at the measured test speed of 11.2 mph. 
In general, all the models captured the overall response of the impact event well.  Table 6 
presents a summary of averaged results from the pre-test FEA and post-test FEA using the 
deformable impact carts with the measurements from the test.  For all test results compared to 
the FE results throughout this report, the measurements from accelerometer BA1CX have been 
excluded from the average due to persistent ringing in this channel.  Appendix C contains the 
data from this channel. 

Table 6.  Comparison of Key Results from Pre-Test FEA, Test, and Post-Test FEA 

 Pre-test FEA Test Data Post-test 
FEA 

Maximum Impactor Displacement (inches) 8.27 in. 8.19 in. 8.16 in. 
Percentage difference 1.0% - -0.5% 
Peak Impactor Force (kips) 141.5 kips 158.3 kips 173.6 kips 
Percentage difference -10.7% - 9.6% 
Time of Peak Force (seconds) 0.0669 s 0.0692 s 0.0657 s 
Percentage difference -3.4% - -5.0% 

Figure 26 shows, from left, a post-test photograph of the bottom surface of the tank, a similar 
view of the deformed tank from the 11.1 mph deformable impactor FEA, the 11.5 mph rigid 
impactor FEA, and the post-test FEA.  In all four images, the outline of the impactor’s corners is 
apparent in the center of the frame.  The indentation pattern is also similar, forming an “X” 
shaped dent away from the impact zone, toward the sides of the tank. 

 
Figure 26.  Deformed Bottom Sheet from Post-Test Photo (Left), Pre-Test Model with 

Deformable Impactor (Second from Left) and Pre-Test Model with Rigid Impactor 
(Second from Right) and Post-Test Model with Deformable Impactor (Right) 

Figure 27 shows, from left, a post-test photograph of the side of the tank at the lowest mounting 
bracket location, a similar view of the deformed tank from the 11.1 mph deformable impactor 
FEA, the 11.5 mph rigid impactor FEA, and the post-test FEA.  In the test and all three models, 
the tank experienced a similar response at this mounting bracket.  The bottom of the tank (as 
mounted on the wall) pulled away from the wall during the impact, compressing the rubber 
bushing as it did.  All four images also exhibit a similar area of deformation to the struck surface 
of the tank in the location adjacent to a bolted-on cover. 



29 

 
Figure 27.  Side View of Deformed Tank Shape from Post-Test Tank (Left), Pre-Test FE 

Model with Deformable Impactor at 11.1 mph (Center), and Pre-Test FE Model with Rigid 
Impactor at 11.5 mph (Right) 

Following the test, TTCI used a LiDAR-based measurement system to scan the deformed shape 
of the DMU fuel tank while it was still mounted on the crash wall.  This measurement tool was 
used to create a 3D surface of the deformed tank, which could be compared with the three FE 
model results.  Contours of deformation in the direction of impact are shown in Figure 28 for the 
post-test geometry of the tank itself, and the three FE models.  The surfaces were aligned such 
that a deformation of 0 inch corresponds to the top of the tank (as mounted on the wall), which 
was observed to have very little permanent deformation in the FE models.  A negative 
displacement indicates a residual dent (pushed in toward crash wall), while a positive 
displacement indicates a residual peak (pulled away from crash wall).  
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Figure 28.  Contour Plots (inches) of Longitudinal Deformation from Post-Test Scan (Left), 

Pre-Test FE Model with Deformable Impactor at 11.1 mph (Center), and Pre-Test FE 
Model with 11.5 mph Rigid Impactor (Right) 

4.2.1 Pre-Test FE Models 
This section presents comparisons between average test data and average results calculated from 
the pre-test FE models.  Individual data channels from the test are compared with corresponding 
results from the pre-test model using the deformable impact cart in Appendix D. 
Figure 29 contains a plot of the force-versus-displacement results from the averaged test data, the 
pre-test FEA using a 11.5 mph rigid impactor, and the pre-test FEA using an 11.1 mph 
deformable impactor.  The deformable-impactor FEA captures the details of the impact response 
quite well, including the oscillations measured in the test data.  The FEA run using the rigid 
impactor captures the general force-displacement trend very well, but does not exhibit 
oscillations to nearly the same degree as the other two results.  This indicates that the oscillations 
are likely attributable to the impact cart used in the test not behaving rigidly. 
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Overall, a comparison of results demonstrated the ability of the models to capture the observed 
modes of deformation of the tank, as well as demonstrated excellent agreement with the 
measurements made during the test.  The model has been validated with the test data, and may be 
used to simulate impact conditions outside of those in the test. 
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5. Conclusion 

FRA sponsored work performed by TTCI that began on June 28, 2016, at the TTC in Pueblo, 
CO, of an ongoing dynamic impact test of a DMU fuel tank.  The measured speed for this impact 
test was 11.2 mph, which is below the target speed of 11.5 mph, however, within the pre-test 
tolerance of ± 2 mph.  This impact speed resulted in an impact energy of approximately 58,000 
foot-pounds.  The impact deformed, but did not puncture the fuel tank.  Deformation of the fuel 
tank during the impact caused permanent deformation of the tank’s mounting components.  The 
peak indentation was approximately 8.2 inches, and the fuel tank had a residual deformation of 
approximately 6.3 inches after the elastic deformation was recovered.  Post-test material testing 
showed that the yield strengths of the fuel tank steels were lower than those used in the initial 
FEA.  
The test successfully measured and recorded the dynamic behavior of the DMU fuel tank in a 
blunt impact.  The DMU fuel tank’s material properties and geometry play a significant role in 
how it deforms under the tested impact conditions.  The top and bottom walls of this fuel tank 
crushed inward before the material could yield enough to tear.  Post-test examination of the 
interior of the tank revealed that the baffles in the area of impact had been crushed nearly solidly 
between the top and bottom sheets of the fuel tank.  The bottom wall of the fuel tank was crushed 
into the top wall of the tank, which caused additional plastic deformation in areas of the tank 
away from the impact zone.  The fuel tank deformed such that it pulled away from the mounting 
brackets beneath the impacted zone, which caused deformation in the mounting components.  
The tank responded to this impact as a single structure, rather than as a bottom sheet acting 
independently of the rest of the tank structure.  
The next phase of full-scale testing is underway to evaluate an oblique impact to fuel tanks, 
similar to those that can occur in a raking impact to the side or an oblique impact to the bottom 
or end of the fuel tank.  The results of the tensile tests conducted on first DMU fuel tank have 
been used to update the material behaviors in the FE model, so that future analyses will be more 
representative of the actual DMU fuel tank behavior.  This will assist in planning tests of the 
remaining two DMU fuel tank specimens.  The now-validated FE model of the DMU fuel tank 
will be used to assist in estimating the response of this type of fuel tank under oblique impact 
conditions.  
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Figure A2.  Impact Cart Target Locations 

  



=  (1 + )=  ln(1 + )
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Table B1.  Stress-Strain Behavior Input to Pre-Test Model for S235 

True Plastic 
Strain (in/in) 

True Stress 
(MPa) 

True Stress 
(psi) 

0 300 43,511 
0.0280 303.85 44,070 
0.0376 322.4 46,760 
0.0471 341.25 49,494 
0.0565 360.4 52,272 
0.0658 374.5 54,317 
0.0750 388.8 56,391 
0.0842 403.3 58,494 
0.0932 413.6 59,988 
0.1022 422.91 61,338 
0.1112 431.2 62,540 
0.1200 440.7 63,918 
0.1288 449.16 65,145 
0.1375 454.25 65,884 
0.1461 462.84 67,129 
0.1547 468 67,878 
0.1632 472 68,458 
0.1716 477.19 69,211 
0.1799 482.4 69,966 
0.1882 487.63 70,725 
0.1964 492.88 71,486 
0.2045 498.15 72,251 
0.2126 503.44 73,018 
0.2206 508.75 73,788 
0.2285 514.08 74,561 
0.2364 519.43 75,337 

1 950 137,786 
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Table B2.  Stress-Strain Behavior Input to Pre-Test Model for S355 
True Plastic 
Strain (in/in) 

True Stress 
(MPa) 

True Stress 
(psi) 

0 410 59,466 
0.0177 418.2 60,655 
0.0368 488.8 70,895 
0.0462 514.5 74,622 
0.0556 535.3 77,639 
0.0649 551.05 79,923 
0.0741 567 82,237 
0.0833 577.7 83,788 
0.0924 588.5 85,355 
0.1014 599.4 86,936 
0.1103 605.92 87,881 
0.1192 612.46 88,830 
0.1279 619.02 89,781 
0.1366 625.6 90,736 
0.1453 629.88 91,357 
0.1538 634.14 91,974 
0.1623 638.38 92,589 

1 1000 145,038 

In addition to the elastic-plastic material behavior, a constant plastic strain to failure of 0.4 was 
defined for each material in the pre-test models.  Regardless of the triaxiality of the stresses 
within the element, if the plastic equivalent strain reached 0.4, the element would begin to fail 
and be removed from the mesh.  This simple approach to modeling puncture was expected to be 
replaced with a more sophisticated, triaxiality-based failure characterization in the post-test 
model once sample data were available to develop the failure response. 

Material Coupon Data 
Material samples were cut from various structures on the DMU fuel tank after the impact test.  
The nominal (engineering) stress-strain responses from each tested material are presented in 
Figures B1 through B3.  Three samples of each material were tested.  Results from the material 
tests are shown in Figures B4 through B8. 
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Figure B5.  Results from Material Tests 
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Figure B6.  Results from Material Tests 
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Figure B7.  Results from Material Tests 



49 

 
Figure B8.  Results from Material Tests 
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Figure B9.  Results from Material Tests 
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Material Modeling in Abaqus/Explicit 
The general approach used to develop material models was to simulate the tensile sample tests 
that were performed on the end sheet, side sheet, and baffles materials cut from the DMU fuel 
tank.  This appendix describes the development and execution of the sample FE models, as well 
as the development of the material parameters used in the post-test models. 
Half-symmetric solid FE models were created for the end sheet and baffle tensile samples, and a 
quarter-symmetric shell FE model was created for the side sheet tensile sample as illustrated in 
Figure B10.  A displacement boundary condition was applied to the top end of the sample in the 
positive Z direction at a constant rate of 2.5 in/s for the half-symmetric models and 1.25 in/s for 
the quarter-symmetric model until fracture occurred.  The Abaqus/Explicit solver was used with 
a time period of 0.5s, and it was observed that a quasi-static state was maintained.  The end sheet 
and baffle samples were meshed using incompatible mode eight-node brick elements (C3D8I) 
inside the gage region and reduced integration eight-node brick elements (C3D8R) outside the 
gage.  Both the C3D8I and C3D8R elements had a size of 0.0319 inch corresponding to four 
elements across the full thickness of the sample.  The side sheet samples were meshed using 
four-node shell elements (S4) inside the gage region and reduced integration four-node shell 
elements (S4R) outside the gage region.  The shell elements had a size of 0.0625 inch 
corresponding to five elements across half the width of the gage.  A linear spring with a 
negligible stiffness (1x10-6 lbf/inch) was placed across the center of the 2-inch gage region to act 
as an extensometer to measure engineering strain.  A zero displacement boundary condition was 
applied to the bottom face of the sample in the Z direction, and the reaction force was summed to 
calculate engineering stress.  

 
Figure B10.  Uniaxial Tensile Sample FE Model 
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Table B4.  Stress-Strain Behavior Input to Post-Test FE Models for End Sheet Material 
True Plastic 
Strain (in/in) 

True Stress 
(MPa) 

True Stress 
(psi) 

0.0000 313.71 45,500 
0.0060 314.40 45,600 
0.0120 315.09 45,700 
0.0150 334.40 48,500 
0.0250 377.47 54,748 
0.0400 418.08 60,638 
0.0550 448.02 64,980 
0.0700 470.98 68,309 
0.0850 487.34 70,682 
0.1000 501.55 72,743 
0.1150 514.36 74,601 
0.1300 525.11 76,161 
0.1450 534.12 77,467 
0.1675 546.95 79,328 
1.0000 964.68 139,914 

 

Table B5.  Stress-Strain Behavior Input to Post-Test FE Models for Baffle Material 
True Plastic 
Strain (in/in) 

True Stress 
(MPa) 

True Stress 
(psi) 

0.0000 353.70 51,300 
0.0060 354.39 51,400 
0.0120 355.08 51,500 
0.0150 379.54 55,047 
0.0250 422.84 61,328 
0.0400 469.02 68,026 
0.0550 501.54 72,743 
0.0700 525.24 76,179 
0.0850 545.35 79,096 
0.1000 561.59 81,451 
0.1150 574.63 83,343 
0.1300 587.96 85,277 
0.1450 597.59 86,673 
0.1652 609.53 88,405 
1.0000 1094.01 158,673 
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Table B6.  Stress-Strain Behavior Input to Post-Test FE Models for Side Sheet Material 
True Plastic 
Strain (in/in) 

True Stress 
(MPa) 

True Stress 
(psi) 

0.0000 339.22 49,200 
0.0060 339.91 49,300 
0.0120 340.60 49,400 
0.0200 380.81 55,231 
0.0280 406.93 59,021 
0.0400 437.00 63,382 
0.0550 466.10 67,602 
0.0700 488.44 70,842 
0.0850 505.23 73,278 
0.1000 519.47 75,343 
0.1150 531.53 77,092 
0.1300 542.24 78,646 
0.1450 552.06 80,070 
0.1600 560.20 81,250 
1.0000 970.33 140,734 

After defining a plastic stress-strain response for each material, the results of the tensile tests 
were used to develop a triaxiality-based damage initiation envelope.  The damage initiation 
envelopes for each section were developed using the “Quick Calibration” method described by 
Lee and Wierzbicki [10].  In the case of the end sheet and baffle samples, one of the required 
inputs for the Quick Calibration method, final thickness of the gage, was unfortunately not 
measured.  The final thicknesses were therefore estimated using the FE models of the samples in 
an iterative process.  The damage initiation envelope for the side sheet samples with the 
measured final thicknesses were also scaled in a similar fashion by applying a scaling factor so 
that all of the damage initiation envelopes could be created in a similar manner. 
The resulting damage initiation envelopes for each post-test material is shown in Figure B12, 
alongside the constant strain-to-failure envelope that was used in the pre-test modeling.  The 
difference between the damage initiation envelope for the side sheet material when compared 
with the end sheet and baffle material can be attributed to the use of shell elements in modeling 
the side sheet, whereas solid elements were used in modeling the end sheet and baffle samples. 
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Figure C2.  BA1CY Accelerometer Data 

 

 
Figure C3.  BA1CZ Accelerometer Data 
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Figure C4.  BA2LX Accelerometer Data 

 

 
Figure C5.  BA2LY Accelerometer Data 
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Figure C8.  BA2RY Accelerometer Data 

 

 
Figure C9.  BA2RZ Accelerometer Data 
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Figure C12.  BA3CZ Accelerometer Data 
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Appendix D – Comparison Between Test Data and Finite Element 
Analysis Results 

This appendix contains comparisons between the filtered test data and FEA results for the 
longitudinal acceleration quantities as obtained through the onboard accelerometers in the case of 
test data or derived from acceleration measurements at corresponding locations for FEA results 
involving a deformable impact cart.  For each acceleration-time history, velocity, and position 
histories are also compared between test and FEA.  Velocity-time data were obtained by 
integrating the filtered acceleration-time history, and setting the speed at t=0 equal to the average 
time obtained by the speed trap measurements.  Finally, displacement-time data were obtained 
by integrating the velocity-time data and setting the displacement at t=0 equal to 0 inch.  

 
Figure D1.  Pre-Test Model:  Impact Speed:  11.2 mph (Test), 11.1 mph (FEA) 
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Figure D2.  Post-Test Model:  Impact Speed:  11.2 mph (Test and FEA) 
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Abbreviations and Acronyms 

AAR Association of American Railroads 
APTA American Public Transportation Association 
CFC Channel Frequency Class 
CAD Computer Aided Design 
CFR Code of Federal Regulations 
DMU Diesel Multiple Unit 
DOF Degrees of Freedom 
FE Finite Element 
FEA Finite Element Analysis 
FRA Federal Railroad Administration 
LIDAR Light Detection and Ranging 
MBTA Massachusetts Bay Transportation Authority 
PEEQ Plastic Equivalent  
TTC Transportation Technology Center 
TTCI Transportation Technology Center, Inc. 
UTS Ultimate Tensile Strength 
Volpe Department of Transportation’s John A. Volpe National Transportation 

Systems Center 
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