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Executive Summary 

The Federal Railroad Administration’s (FRA) Office of Research, Development and Technology 
is currently conducting a research program into the puncture resistance of fuel tanks, with a 
particular focus on fuel tanks involved in passenger rail service. The focus of this research is on 
developing performance-based scenarios for evaluating the puncture resistance of modern fuel 
tank designs, such as the fuel tank found on a diesel multiple unit (DMU) locomotive. The 
Transportation Technology Center, Inc. (TTCI) and the John A. Volpe National Transportation 
Systems Center (Volpe) are supporting FRA in evaluating the crashworthiness of fuel tank 
designs. The overall FRA research program includes dynamic impact testing of fuel tank articles, 
analytical modeling of fuel tanks under dynamic loading conditions, and recommendations for 
improved fuel tank protection strategies.   
In the project covered by this report, TTCI conducted three separate impact tests on typical 
locomotive fuel tanks. The team measured and characterized the tank’s structural performance 
under dynamic impact loading conditions. Fuel tanks from Electro-Motive Diesel, Inc. (EMD) 
F40 and EMD F40PH locomotives served as specimens for tests that impacted the bottom of the 
tanks. The total weight of the impact cart with the 12-inch by 12-inch square indenter was 14,075 
pounds. Tests were conducted on fuel tanks 232 and 202 on October 8 and 9, 2013, and on fuel 
tank 234 on August 20, 2014. The impact speeds were 4.5 mph for fuel tank 232, 6.2 mph for 
fuel tank 202, and 11.2 mph for fuel tank 234. All three tests resulted in permanent deformation 
to the fuel tanks, and no fuel tank was punctured. TTCI developed specialized hardware and 
procedures for testing locomotive fuel tanks during the project. 
Test results were used to validate and refine computer simulations conducted by Volpe. These 
simulations consisted of a series of finite element analyses (FEA) that included nonlinear 
material responses. Some models also included additional parameters to simulate puncture by 
simulating material degradation and element removal. While pre-test models were used to help 
guide the instrumentation placement and overall test setup, complete details on the construction 
of the tanks (e.g., baffle layout and material properties) were not known until the post-test 
teardown. As a result, post-test models with additional details were compared with test results. In 
all tests, the post-test models were found to be in reasonable agreement with the measured test 
results. 
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1. Introduction 

FRA is conducting fuel tank crashworthiness research in its Equipment Safety Research 
Program. This report describes a series of impact tests and companion computer simulations that 
were conducted by TTCI. These tests and analyses subjected retired passenger locomotive fuel 
tanks to blunt impact tests on their bottom sheets to characterize the behavior of the fuel tanks 
under dynamic loading conditions.  

1.1 Background 
The focus of this research is on developing performance-based scenarios that will evaluate the 
puncture resistance of modern fuel tank designs, such as fuel tanks on diesel multiple unit 
(DMU) locomotives. Since DMU locomotives place passengers in closer proximity to the tank, a 
tank that has been punctured and ignited during operation or a collision would pose a threat to 
passenger egress. All scenarios should ensure a level of puncture resistance equal to or greater 
than the level of puncture resistance provided by current fuel tank standards and regulations. 
These scenarios should also apply to a wide variety of designs, and take into consideration the 
particular conditions unique to DMU operations. 

1.2 Objectives 
The blunt impact tests were designed to impact each of three retired locomotive fuel tanks at 
designated locations and designated speeds, measure the resulting acceleration-time histories, 
characterize the influence of baffle arrangements on tank responses, and generate test 
measurements for calibrating finite element (FE) models. These tests were preliminary and were 
conducted on retired locomotive fuel tanks to assist in preparing for impact tests on fuel tanks of 
a modern design. In the process, the team developed test requirements, planned instrumentation, 
and used these tests as a “shakedown” of the test setup to identify any areas for potential 
improvement and maximizing success in future tests. Since future test series will be performed 
as destructive tests on modern fuel tank designs, it is important to have a thorough understanding 
of the test setup, instrumentation needs, and test parameters before tests are conducted on DMU 
fuel tanks or locomotive tanks with alternative designs. 

1.3 Overall Approach 
This research program included a combination of physical testing and computer simulations of a 
variety of fuel tank designs. Testing is planned to include fuel tanks of conventional, existing 
designs as well as tests of alternative designs. Testing on existing designs is intended to establish 
the baseline level of performance that would be expected to be met by an alternative fuel tank 
design. Figure 1 shows the overall flow of the passenger fuel tank crashworthiness research. 





4 

 

truck becoming detached and being pushed back into the fuel tank. The tank ends may also be 
struck by another railcar in the case of an oblique impact. The bottom of the tank may be struck 
in the event of a locomotive rollover following a collision or derailment, or may be struck by an 
object without locomotive derailment. The sides of the fuel tank may be impacted during an 
oblique collision or during a derailment where the locomotive comes to rest at least partially on 
its fuel tank. Finally, it is possible that more than one tank collision mode may occur during a 
single incident, placing demands on several impacted areas of the fuel tank at once. 

The two scenarios of blunt impact to the bottom surface of the tank and a raking collision 
involving the side of the tank are planned for impact testing during the current program. Table 2 
shows the target timeline for the proposed testing, which has been updated as the research has 
progressed. 

Table 2. Planned Fuel Tank Tests 

 
Conventional Designs Alternative 

Designs 
Passenger 

Locomotive DMU DMU 

Blunt Impact to Bottom October 2013 & 
August 2014 Winter 2015 Winter 2016 

Raking Impact TBD TBD  
 

1.5 Organization of the Report 
This report is organized into the following seven sections: 

Section 1 is the introduction. 

Section 2 presents the current regulations or standards applied to fuel tanks by the US general 
railroad system. It also provides examples of puncture modes observed during a field 
study of incidents involving punctured locomotive fuel tanks.  

Section 3 describes the test requirements and the methodology employed in the blunt impact 
testing. 

Section 4 provides an overview of the computer simulation that modeled the responses of the 
fuel tanks to the impacts. 

Section 5 presents the results from the tests and the corresponding computer simulations, and 
compares these results to one another.  

Section 6 contains some concluding remarks about the testing and analysis program.  

Section 7 lists the references that are used in this report. 



5 

 

2. Regulations, Standards, and Field Study 

This section discusses the current regulations and standards that are applied to locomotive fuel 
tanks in the general railroad system of the United States. This discussion covers regulations and 
standards for freight locomotives, passenger locomotives, and DMU locomotives. Additionally, 
observations from several field investigations of locomotive fuel tank punctures are presented. 

2.1 Current Regulations and Standards in the United States 
Rail vehicle fuel tanks are currently governed by Federal regulations and industry standards. The 
Code of Federal Regulations (CFR) contains several requirements for diesel fuel tanks in use in 
Tier I (up to 125 mph maximum operating speed) passenger rail service on the general railroad 
system of the United States. While the focus of this current research program is on passenger 
equipment, requirements applicable to freight locomotives are included in this section to provide 
a thorough discussion.  

Within the CFR, the term “locomotive” is defined in both 49 CFR 229.5 and 49 CFR 238.5. [2,3] 
Both of those definitions are provided in Table 3 as a reference. In both cases, the term 
locomotive would apply to freight locomotives, passenger locomotives, and a passenger railcar 
with an onboard propelling motor (e.g., a DMU). Because a DMU is defined as a locomotive in 
these parts of the CFR, DMUs must comply with all regulations applicable to locomotives, 
unless a particular regulation specifies otherwise. 

Table 3. Definition of Locomotive in Two Parts of CFR 

49 CFR 229.5 49 CFR 238.5 

Locomotive means a piece of on-track 
equipment other than hi-rail, specialized 
maintenance, or other similar 
equipment—(1) With one or more 
propelling motors designed for moving 
other equipment; (2) With one or more 
propelling motors designed to carry 
freight or passenger traffic or both; or 
(3) Without propelling motors but with 
one or more control stands. 

Locomotive means a piece of on-track rail 
equipment, other than hi-rail, specialized 
maintenance, or other similar equipment, which 
may consist of one or more units operated from a 
single control stand with one or more propelling 
motors designed for moving other passenger 
equipment; with one or more propelling motors 
designed to transport freight or passenger traffic, or 
both; or without propelling motors but with one or 
more control stands. This term does not include a 
locomotive propelled by steam power unless it is 
used to haul an intercity or commuter passenger 
train. Nor does this term include a freight 
locomotive when used to haul a passenger train due 
to failure of a passenger locomotive. 

Locomotive fuel tanks, whether on a freight locomotive, a conventional Tier I passenger 
locomotive, or a Tier I DMU, are subject to structural requirements in the form of Federal 
Regulations and industry standards (i.e., Association of American Railroads (AAR) Standard S-
5506 and American Public Transportation Association (APTA) Standard SS-C&S-007-98). 
[2,3,4,5] Table 4 lists the current regulations and standards as applicable to each of the three 
types of rail vehicle fuel tanks. 
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Table 4. Current Regulations and Industry Standards on Rail Vehicle Fuel Tanks 

Type of Vehicle Federal Regulation Industry Standard 

Freight 
Locomotive 49 CFR 229.217*[2] 

AAR S-5506 [4] 
“Performance Requirements for Diesel 

Electric Locomotive Fuel Tanks” 

Tier I Passenger 
Locomotive 49 CFR 238.223 [3] 

APTA SS-C&S-007-98 [5] 
“Standard for Fuel Tank Integrity for 
Non-Passenger Carrying Passenger 

Locomotives” 

Tier I DMU 49 CFR 238.223** [3] No current industry standard 
*49 CFR 229.217 incorporates AAR S-5506 by reference. 
**External fuel tanks must comply with Appendix D to 49 CFR Part 238. 

Each of the three regulations or standards listed in the previous table includes three scenarios 
(minor derailment, jackknifed locomotive, side impact) and a strength requirement (puncture 
resistance. While the load cases are substantially similar across all three regulations, there are 
minor differences in the way the loads are applied in each standard or regulation. The four load 
cases as considered in the three requirements are summarized in Table 5. 

Table 5. Load Cases Specified in Each Regulation or Industry Standard 

 AAR S-5506 APTA SS-C&S-007-98 49 CFR 238 App. D 

M
in

or
 D

er
ai

lm
en

t 

L
oa

d 
L

oc
at

io
n End Plate, within a  

+/-8-inch band above  
one rail 

Any point on forward or aft 
end plate 

End Plate, within a +/-8-
inch band above one rail 

L
oa

d 
M

ag
ni

tu
de

 

One-half the weight of the 
carbody at a 2G acceleration 

One-half the total weight of 
the fully loaded carbody at 
2G acceleration 

One-half the weight of the 
carbody at a 2G acceleration 

Pa
ss

/fa
il 

C
ri

te
ri

on
 

Without exceeding 
material’s ultimate strength 

Without rupture of the fuel 
tank 

Without exceeding 
material’s ultimate strength 

A
dd

iti
on

al
 

In
fo

rm
at

io
n 

Consideration should be 
given in the design of the 
fuel tank to maximize the 
vertical clearance between 
the top of the rail and the 
bottom of the fuel tank. 

This standard gives an 
exemption to this 
requirement for fuel tanks 
with a prescribed clearance 
above rail. 

Consideration should be 
given in the design of the 
fuel tank to maximize the 
vertical clearance between 
the top of the rail and the 
bottom of the fuel tank. 

http://www.gpo.gov/fdsys/pkg/CFR-2013-title49-vol4/pdf/CFR-2013-title49-vol4-sec229-217.pdf
http://www.gpo.gov/fdsys/pkg/CFR-2013-title49-vol4/pdf/CFR-2013-title49-vol4-sec238-223.pdf
http://www.gpo.gov/fdsys/pkg/CFR-2013-title49-vol4/pdf/CFR-2013-title49-vol4-sec238-223.pdf
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 AAR S-5506 APTA SS-C&S-007-98 49 CFR 238 App. D 
Ja

ck
kn

ife
 

L
oa

d 
L

oc
at

io
n 

Transversely at the center, 
supported on one rail, 
distributed between the 
longitudinal center line and 
the edge of the tank bottom, 
with a railhead surface 
width of 2 inches. 

On one railhead surface with 
a width of two inches. The 
locomotive is assumed to be 
perpendicular to the track. 

Transversely at the center, 
supported on one rail, 
distributed between the 
longitudinal center line and 
the edge of the tank bottom, 
with a rail head surface of 2 
inches. 

L
oa

d 
M

ag
ni

tu
de

 

One-half the weight of the 
locomotive at a 2G 
acceleration 

One-half the weight of the 
locomotive at a 2G 
acceleration 

One-half the weight of the 
locomotive at a 2G 
acceleration 

Pa
ss

/fa
il 

C
ri

te
ri

on
 

Without exceeding the 
ultimate strength of the 
material 

Without rupture of the fuel 
tank 

Without exceeding the 
ultimate strength of the 
material 

A
dd

iti
on

al
 

In
fo

rm
at

io
n 

--- 

This standard gives an 
exemption to this 
requirement for fuel tanks 
with a prescribed clearance 
above rail. 

--- 

 AAR S-5506 APTA SS-C&S-007-98 49 CFR 238 App. D 

Si
de

 Im
pa

ct
 

L
oa

d 
L

oc
at

io
n Longitudinal center of the 

fuel tank, 30 inches above 
the rail 

Any location along fuel 
tank, 30 inches above the 
rail 

Longitudinal center of the 
fuel tank, 30 inches above 
the rail 

L
oa

d 
M

ag
ni

tu
de

 

200,000 pounds, distributed 
over a 6-inch by 48-inch 
area 

200,000 pounds, distributed 
over a 6-inch by 48-inch 
area 

200,000 pounds, distributed 
over a 6-inch by 48-inch 
area 

Pa
ss

/fa
il 

C
ri

te
ri

on
 

Without exceeding the 
ultimate strength 

Fuel tank must avert a 
rupture and fuel release 

Without exceeding the 
ultimate strength 
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 AAR S-5506 APTA SS-C&S-007-98 49 CFR 238 App. D 
Pu

nc
tu

re
 R

es
is

ta
nc

e 

Si
de

s, 
bo

tt
om

 sh
ee

t, 
an

d 
en

d 
pl

at
e 

re
qu

ir
em

en
ts

 

Equivalent to a 5⁄16-inch 
steel plate with a 25,000 psi 
yield strength (where the 
thickness varies inversely 
with the square root of yield 
strength). 

Equivalent to a 5/16-inch 
steel plate with a 25,000 psi 
yield strength (where the 
thickness varies inversely 
with the square root of yield 
strength). 

Equivalent to a 5⁄16-inch 
steel plate with a 25,000 psi 
yield strength (where the 
thickness varies inversely 
with the square root of yield 
strength). 

L
ow

er
-t

hi
rd

 o
f E

nd
 

Pl
at

es
 

The lower one third of the 
end plates shall have the 
equivalent penetration 
resistance by the above 
method of ¾-inch steel plate 
at 25,000 psi yield strength. 

For fuel tanks less than 18 
inches above the rail with 
fully worn wheels, the lower 
one third of the end plates 
shall have the equivalent 
penetration resistance of ¾-
inch steel plate at 25,000 psi 
yield strength. 

The lower one third of the 
end plates shall have the 
equivalent penetration 
resistance by the above 
method of ¾-inch steel plate 
at 25,000 psi yield strength. 

A
dd

iti
on

al
 

In
fo

rm
at

io
n This may be accomplished 

by any combination of 
materials or other 
mechanical protection. 

This may be accomplished 
by any combination of 
materials or other 
mechanical protection. 

This may be accomplished 
by any combination of 
materials or other 
mechanical protection. 
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2.2 DMU Rail Equipment 
A piece of DMU rail equipment is a self-propelled passenger rail vehicle with an onboard diesel 
engine. This type of rail vehicle, being capable of generating its own motive power, is capable of 
operating without the need for a dedicated, conventional locomotive. DMU vehicles may either 
be operated as a single vehicle or combined into a consist of multiple DMUs, each capable of 
powering itself. The DMU offers several advantages over conventional locomotive and coach 
passenger operations, including faster acceleration and deceleration times, potentially lower 
start-up costs, and increased operational flexibility. Under the current Tier I regulations in 49 
CFR 238.233, a DMU is classified as a locomotive, and is therefore subjected to the same 
requirements as a conventional, non-passenger carrying locomotive.  

Because of these advantages, several commuter rail services in the United States have acquired 
or announced plans to acquire DMU equipment. Several recent commuter rail operations to use 
DMU service are summarized in Table 6. Each operation has either procured DMU equipment 
that was designed to comply with the applicable regulations, or has applied for and received a 
waiver of one or more applicable regulations from FRA. 

Table 6. Example DMU Operations in the United States 

Operator Start-up Date Equipment 
Manufacturer 

Compliant or 
Waiver 

River Line 
Camden Co., NJ March, 2004 Stadler 

Waiver 
FRA-1999-6135 

Sprinter 
San Diego Co., CA March, 2008 Siemens 

Waiver 
FRA-2002-11809 

TriMET WES 
Portland, OR February, 2009 Colorado 

Railcar 
Compliant1  

[6] 

Capitol Metro 
Austin, TX March, 2010 Stadler 

Waiver 
FRA-2006-25040 

A-train (DCTA) 
Denton Co., TX June, 2011 Stadler 

Waiver 
FRA-2010-0180 

Sonoma-Marin Area 
Rail Transit (SMART) 
Sonoma-Marin Cos., CA 

Target late 2016 Nippon-Sharyo Compliant1 [7] 

 

As Table 6 shows, current DMU operations in the United States use a variety of designs that 
comply with the CFR and designs that are operated under a waiver of a particular CFR 

                                                 
1 “Compliant” indicates that the vehicle was designed to meet the applicable Federal Regulations and standards, but 
it does not mean that FRA or the authors of this report certify that the design meets these requirements. 

http://www.regulations.gov/#!docketDetail;D=FRA-1999-6135
http://www.regulations.gov/#!docketDetail;D=FRA-2002-11809
http://www.regulations.gov/#!docketDetail;D=FRA-2006-25040
http://www.regulations.gov/#!docketDetail;D=FRA-2010-0180


10 

 

requirement. For these particular operations occurring under a waiver, the vehicles have received 
a waiver of the existing Tier I fuel tank requirements in 49 CFR 238.223.  
The railroad environment in which a DMU operates may be similar to the environment in which 
a conventional passenger locomotive is operated. If this is the case, then many of the hazards 
which exist for the fuel tank on a passenger locomotive may also exist for the fuel tank on a 
DMU. However, there are several details of DMU operation which may affect the overall risk of 
fuel tank puncture on a DMU. 

DMU equipment typically carries less fuel than a conventional locomotive. According to Tofani 
and Walker, DMUs currently in operation within the U.S. have a fuel tank capacity of 250–600 
gallons, while a typical passenger locomotive fuel tank has a capacity of 1,800–2,500 gallons [8]. 
Because of the smaller amount of diesel fuel carried onboard a DMU, a diesel fuel spill from a 
DMU fuel tank may have less severe consequences than a diesel fuel spill from a conventional 
fuel tank. However, since a DMU has the potential to carry more people than a conventional 
locomotive, the consequences of a fire in proximity to more people must be weighed against the 
decreased risk that comes from carrying less fuel.  

An additional issue related to the capacity of the fuel tank and its proximity to more people is the 
actual location of the fuel tank on the vehicle. On a typical passenger locomotive, the fuel tank is 
suspended beneath the underframe of the locomotive, and it is adjacent to a truck and/or other 
pieces of underframe equipment. Two passenger locomotives are shown in Figure 2, with the 
fuel tanks indicated beneath the underframes. This placement renders the fuel tank exposed to 
loading both from a side impact (e.g., a highway vehicle at a grade crossing, or a raking impact), 
or from a detached piece of underframe equipment (e.g., a detached truck) for a sufficiently 
severe accident. 

 
Figure 2. Typical Fuel Tank Placement on Two Conventional Passenger Locomotives 
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Because there are many different DMU designs in service, it is less apparent that there is a 
“typical” placement for the fuel tank on these vehicles. Because the fuel tank has a smaller 
capacity than a conventional locomotive fuel tank, there is additional flexibility offered to the 
manufacturer in terms of fuel tank placement. While generally, the fuel tanks are located low on 
the vehicle (e.g., beneath the underframe), the exact placement varies from DMU to DMU. DMU 
fuel tanks may be located inboard of the side structures of the underframe, potentially offering 
protection from a direct side impact into the tank. Dedicated shielding structures may also be 
used to prevent direct impact with the surface of the fuel tank. 

2.3 Recent Incidents Involving Fuel Tank Puncture 
As a part of this research program, surveys of damage to locomotive fuel tanks resulting in 
puncture and loss of fuel were conducted. [1] Additionally, field examinations of two damaged 
fuel tanks were conducted: one where a bottom impact occurred and one where a raking impact 
occurred. The purpose of these field examinations was to determine causes of fuel tank ruptures 
and evaluate existing fuel tank designs. These two field examinations, as well as the conclusions 
developed, are described in this section.  

2.3.1 Bottom Impact: Concord, MA, September 5, 2010 
On Sunday, September 5, 2010, a Massachusetts Bay Transportation Authority (MBTA) 
locomotive struck debris on the track, and the bottom sheet of the locomotive’s fuel tank was 
punctured [9]. FRA Region I personnel and Volpe staff conducted an examination of this 
locomotive fuel tank at MBTA’s Somerville, MA, locomotive shop. The locomotive involved in 
this incident was an F-40 type locomotive with a fuel tank of similar construction to tanks 232 
and 234 in the impact testing program. This locomotive was constructed in the late 1970s, 
including this fuel tank. The fuel tank involved in the puncture is shown in Figure 3. 

 
Figure 3. Concord, MA, Locomotive Fuel Tank 

Examination of the fuel tank revealed a single puncture to its bottom sheet in the center lobe 
toward the leading end of the fuel tank. Judging from the marks on the bottom of the tank, it 
appeared that the struck debris scraped along the bottom surface of the tank until encountering 
the change-in-stiffness adjacent to the baffles, when it caused a puncture. This puncture occurred 
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3. Test Requirements and Methods 

3.1 Test Overview 
Transportation Technology Center, Inc. (TTCI) conducted three separate impact tests on typical 
locomotive fuel tanks to measure and characterize their structural performances under dynamic 
impact loading conditions. Fuel tanks from EMD F40 and EMD F40PH locomotives, which 
were built by Electro-Motive Diesel, Inc. (EMD), were the test specimens for tests that impacted 
the bottom of the tanks. Results of the tests were used to validate and refine computer 
simulations conducted by Volpe. 

3.2 Test Setup 
All fuel impact tests were conducted on the impact wall at the Transportation Technology Center 
(TTC). Mounting brackets were built by TTCI to support the fuel tanks on the impact barrier 
face. The brackets were aligned with the existing connections on each fuel tank, and the 
mounting method created a support condition similar to what would occur for a fuel tank 
installed under a locomotive. Figure 10 shows a test fuel tank that had been mounted on the 
impact wall.  

   
Figure 10. Test Fuel Tank Mounted on the Impact Wall 

3.3 Test Methods 
FRA, Volpe, and TTCI collectively developed the test requirements contained in this report. 
Three fuel tanks were set up for individual impact tests. The fuel tanks were supported directly 
on the impact wall as described in Section 3.1. Two of the fuel tanks (202 and 232) were 
positioned to align with a 12-inch by 12-inch indenter for the center impact. Fuel tank 234 was 
offset from the center in the horizontal direction. Figure 11 illustrates the test setup and fuel tank 
mounted to the impact wall.  
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Figure 11. Test Setup 

All fuel tank alignments provided for impacts on the bottom surface of the tank. Removal of the 
fuel tanks’ fill and vent tubes permitted the top surface of the tanks to be mounted relatively 
close to the impact barrier face. The impact location on the first fuel tank, tank 232 (taken from 
an EMD F40PH), was at its geometrical center. The geometric center of tank 232 is centered 
between transverse and longitudinal baffles. Figure 12 shows dimensions and baffle layout of 
fuel tank 232. The impact location on the second fuel tank, tank 202 (taken from an EMD F40), 
was at its geometrical center, which corresponds to impact centered between two longitudinal 
baffles and on the middle transverse baffle. Fuel tank 202 was a custom-made replacement for 
the original fuel tank. Figure 13 shows dimensions and baffle layout of tank 202. The impact 
location on the third fuel tank, tank 234 (taken from an EMD F40PH), was offset from the center 
in the horizontal direction and centered between transverse and longitudinal baffles. Figure 14 
shows the baffle layout of tank 234. 
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Figure 12. Fuel Tank 232 

 

 
Figure 13. Fuel Tank 202 

 
Figure 14. Fuel Tank 234 

Figure 15 shows the 12-inch by 12-inch square indenter as it was attached to the moving impact 
cart. The total weight of the impact cart, including indenter, was 14,075 pounds. The target 
impact speeds were specified (using preliminary analyses) to be within the estimated puncture 
range for each fuel tank. The impact cart release location was determined from a series of speed 

Fuel Tank 232 – Baffle Layout 

Fuel Tank 202 – Baffle Layout 
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calibration runs carried out beforehand on the adjacent Precision Test Track at TTC and adjusted 
on the basis of the wind speed and the wind direction before the start of the test. During these 
speed calibration runs, a radar speed measuring system was used to precisely measure the speed 
of the impact cart. 

 
Figure 15. Impact Cart with Indenter Attached 

The data collected during the test included accelerations, impact speed, and both high-speed and 
real time video recordings.  

3.4 Test Instrumentation 

3.4.1 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. 

3.4.2 Impact Cart Accelerometers and Speed Sensors  
Two similar, but slightly different instrumentation arrangements were used on the impact cart 
during this program. For the tests of tanks 202 and 232, four triaxial accelerometers were 
mounted at the two ends, at the middle of the right side sill and close to the middle of the impact 
cart along its centerline. One additional longitudinal accelerometer was mounted at the middle of 
the left side sill.  
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Data analysis from the first two tests on fuel tanks 202 and 232 showed that accelerometer 
BA2C, located along the centerline of the impact cart on a lateral member, experienced a ringing 
behavior due to insufficient stiffness of the lateral member. Instrumentation for the last test on 
fuel tank 234 was therefore modified. Accelerometers at location BA2C were removed, and all 
other accelerometer locations featured triaxial accelerometers. 

TTCI installed redundant speed sensors, which were mounted on each side of the impact cart to 
accurately measure the cart speed within 2 feet of the impact point. The speed traps were 
reflector-based sensors, which used ground-based reflectors separated by a known distance and 
vehicle-based light sensors that triggered as the impact cart passed over the reflectors. The last 
reflector was within 1 in 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 7 shows the summary of 
instrumentation, Table 8 shows the accelerometer details, and Figure 16 illustrates the sensor 
locations used in all three tests. 

Table 7. Instrumentation Summary 

Type of Instrumentation Channel Count 

Accelerometers 13 (12 for 3rd test) 

Speed Sensors   2 (all tests) 

Total Data Channels 13 (14 for 3rd test) 

 

 

 

 
Figure 16. Accelerometer Locations on Impact Cart for Tests of  

Tanks 202 and 232 (left) and Tank 234 (right) 
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Table 8. Impact Cart Accelerometers 

Channel Name Sensor Description Range 

BA1CX (all tests) Leading end, Centerline, X Accelerometer 100 g 

BA1CY (all tests) Leading end, Centerline, Y Accelerometer 100 g 

BA1CZ (all tests) Leading end, Centerline, Z Accelerometer 100 g 

BA2LX (all tests) Middle, Left Side X Accelerometer 100 g 

BA2LY (Test 3) Middle, Left Side Y Accelerometer 100 g 

BA2LZ (Test 3) Middle, Left Side Z Accelerometer 100 g 

BA2CX (Test 1 & 2) Middle, Centerline, X Accelerometer 50 g 

BA2CY (Test 1 & 2) Middle, Centerline, Y Accelerometer 50 g 

BA2CZ (Test 1 & 2) Middle, Centerline, Z Accelerometer 50 g 

BA2RX (all tests) Middle, Right Side X Accelerometer 100 g 

BA2RY (all tests) Middle, Right Side Y Accelerometer 100 g 

BA2RZ (all tests) Middle, Right Side Z Accelerometer 100 g 

BA3CX (all tests) Trailing end, Centerline, X Accelerometer 200 g 

BA3CY (all tests) Trailing end, Centerline, Y Accelerometer 200 g 

BA3CZ (all tests) Trailing end, Centerline, Z Accelerometer 200 g 

3.4.3 Real Time and High-Speed Photography  
Three high-speed and three real time high definition video cameras documented the impact 
event. Appendix A contains a schematic that documents the camera positions and the locations 
of the targets on the fuel tank and on the impact cart. 

3.4.4 Data Acquisition  
A set of 8-channel battery powered onboard data acquisition systems recorded data from 
instrumentation mounted on the impact cart. These systems provided excitation to the 
instrumentation, performed analog anti-aliasing filtering on the signals, did analog-to-digital 
conversion, and recorded each data stream. 
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the mechanism for activating the switches in the test of tank 232 was shear resulting from an 
offset between the plywood on the cart and on the ground. However, the mechanism for 
triggering in subsequent tests relied on the sharp peak formed by the steel section pinching the 
switches against the wooden block.  

 

 

Figure 18. Trigger Switch Arrangement for Tank 202 on Cart (left) and Ground (right) 
The trigger switch setup used in the test of tank 202 successfully activated the instrumentation 
and cameras and reduced the uncertainty associated with timing of the triggers. A similar setup 
to this one was used when tank 234 was tested. 
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Because manufacturer drawings for the tanks were not available to this program, the major 
dimensions of each fuel tank had to be manually measured. TTCI performed measurements of 
the major external dimensions, material thicknesses, approximate baffle locations, and 
approximate baffle geometries inside each fuel tank. Using these measurements, pre-test models 
were constructed for tanks 202, 232, and 234. Following each test, the tank was cut open to 
permit an examination of the internal damage and deformation patterns of the baffles. With the 
tanks cut open, more detailed measurements of the baffle geometry could be made. For each 
tank, new information on the baffle arrangement was discovered during the post-test 
examination. This new information caused the team to change each model after the test, so it 
could more accurately represent the tested tank’s geometry. 

Similarly, data on the materials of construction for each tank were not available during this 
research program. Because cutting material coupons from each tank before testing would have 
compromised the structural integrity of the tank, the only pre-test material measurements taken 
were hardness measurements. These measurements could not be taken on the bottom surface of 
any tanks or on the internal baffles. Since tank 234 was tested at a later date than tanks 202 and 
232, the material data measured from tank 232 was used as inputs to the pre-test model of tank 
234.  

Because of the limitations on materials and geometries, the pre-test models offered coarse 
approximations of the behaviors expected during the actual tests. While the information used to 
construct the pre-test models is included in this section, the focus of these discussions is on the 
post-test modeling. The post-test modeling used the actual geometry and material data derived 
from tensile tests, and it offers more relevant information on the performance of the tested fuel 
tanks during their respective tests. 

4.1.1 Materials in Pre-test Models of Tanks 232 and 202 
Before the October 2013 impact tests of tanks 232 and 202, limited material characteristics were 
available for these fuel tanks. Original manufacturer specifications and drawings were not 
available during this program, so estimated material thickness and strength properties had to be 
used in the pre-test FE models. Of particular importance, in modeling the response of the tank, 
was the thickness and plastic response of the bottom sheet of the tank. The thicknesses of the 
baffles and their plastic responses were also important characteristics to capture within the FE 
models. Material coupons could not be cut from the tanks without compromising their structures, 
so hardness measurements were used to estimate the ultimate strength of a given material. Then, 
assumptions were made regarding the relationship between yield strength and ultimate strength 
as well as the strain at failure for these materials. 

TTCI conducted Brinell hardness (HB) testing on several surfaces for each tank. These hardness 
measurements were then used to estimate the ultimate strength of each corresponding material 
with the relationship: 

515 x HB = Su   [12] 
It was then assumed that the tanks were made of materials with a yield-to-ultimate ratio of 
approximately 0.65, approximating a plain carbon steel. Within the pre-test FE models, the 
materials were given an elastic perfectly plastic behavior, where the material behaved elastically 
until the yield strength was reached. The material then continued to experience plastic strain 
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without an increase in stress. The materials used in these models are summarized in Table 9 and 
Table 10. 

 

Table 9. Pre-test Material Properties for Tank 232 FE Model 

Tank 232 

Section Hardness 
(Brinell) 

Yield  
(ksi) 

Ultimate  
(ksi) Yield/Ultimate Ratio 

Top 110 36 56.7 0.65 

End 1 130 43.3 67 0.65 

End 2 130 43.3 67 0.65 

Side 113 36 58.2 0.65 

*Bottom 113 36 58.2 0.65 

*Baffles  
 (lateral) 113 36 58.2 0.65 

*Baffles 
(longitudinal) 113 36 58.2 0.65 

*Drain box 110 36 56.7 0.65 
          *No measurements made; properties were estimated using lowest measured properties  

Table 10. Pre-test Material Properties for Tank 202 FE Model 

Tank 202 

Section Hardness 
(Brinell) 

Yield 
(ksi) 

Ultimate 
(ksi) Yield/Ultimate Ratio 

Top 85 28.3 43.775 0.65 

End 1 85 28.3 43.775 0.65 

End 2 85 28.3 43.775 0.65 

Side 85 28.3 43.775 0.65 

*Bottom 85 28.3 43.775 0.65 

*Baffles 
(lateral) 85 28.3 43.775 0.65 

*Baffles 
(longitudinal) 85 28.3 43.775 0.65 

*Drain box 110 36 56.7 0.65 
          *No measurements made; properties were estimated using lowest measured properties  
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A simplified approach to modeling element failure was included in the pre-test models of tanks 
202 and 232. Because material stress-strain behaviors were not known prior to the impact tests, a 
more detailed failure criterion (e.g., Bao and Wierzbicki) would not offer a better representation 
of failure, as the key inputs for calculating the criterion come from the properties of the materials 
themselves. Instead, the tank bottom sheet area in the vicinity of the impact was modeled using 
solid (hexahedral) elements. When the equivalent plastic strain (PEEQ) reached 40 percent in 
one of these elements, the element was removed from the model. This value of PEEQ strain 
assumed a fairly ductile material for the bottom sheets of both tanks, since it used the material 
strengths derived from the hardness measurements. This element removal technique 
approximates material failure and fracture, and it can be used to estimate the puncture resistance 
of a thin sheet under specified impact conditions.  

4.1.2 Materials in Post-test Models of Tanks 232 and 202 
Following the impact tests of tanks 232 and 202, material coupons were cut from several 
structures within each tank. After the impact tests, a total of 15 samples were cut from the test 
articles and sent out for testing according to ASTM E8M-13a [13]. The analysis showed that the 
yield strengths of the fuel tank steels were higher than those in the initial FE analyses. Table 11 
lists the location of each material sample taken from the fuel tanks.  

Table 11. Locations of Fuel Tank Material Samples 

Fuel Tank Location on Fuel Tank ID of Tested Samples Number of 
Tested Samples 

No. 202 
Bottom Plate 202 Bottom 3 

Baffle 202 Baffle 3 

No. 232 

Bottom Plate 232 Bottom 3 

Longitudinal Baffle 232 Baffle Long 3 

Stamped (Lateral) Baffle 232 Stamped Baffle 3 

 

The material properties obtained through tensile testing were used to update the post-test models 
of the respective tanks. A complete description of the tensile test results and the implementation 
of the material behaviors within the FE models can be found in Appendix B. Figure 20 shows the 
true stress-true plastic strain behaviors that were input into the post-test models of tanks 202 and 
232. 
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Figure 28. Deformed Shape of Tank 232 after 5 mph Impact, Pre-test Model  

(Contours of Displacement in inches) 
The pre-test model of tank 232 demonstrated that the baffles could play a key role in the impact 
response of the tank. For impacts of sufficient energy to close the gap between the bottom sheet 
and the bottom surface of the baffles, the loading conditions on the bottom sheet will change. 
Initially, the bottom sheet is loaded like a plate that is supported at its edges, far from the 
impacted zone. However, once contact is made with the baffles, the load is being transferred 
through the bottom sheet directly into the baffles. These baffles are able to deform and dissipate 
some portion of the impactor’s kinetic energy.  

4.2.2 Pre-Test Model of Tank 202 
The pre-test model of tank 202 was previously described by Jacobsen, Carolan, and Llana. [19] 
Similar to the pre-test model of tank 232, drawings and material specifications were not provided 
for this tank. The material and geometric information used for model inputs were either 
measured or estimated from the actual tank. 

The exterior geometry of tank 202 and its internal baffle arrangement, as implemented in the pre-
test model, are shown in Figure 29. In this image, the fuel tank has been inverted from the 
normal operating position that it takes when attached to a locomotive. This tank featured a 
distinctly different external shape and internal baffle arrangement than either tank 232 or tank 
234. Whereas tanks 232 and 234 featured a rounded shape with distinct lobes, tank 202 had a 
square bottom and angled sides. As seen in the right side of Figure 29, the baffles included two 
longitudinal and three lateral baffles. Unlike the other tanks, there is no large gap between the 
bottom sheet of the tank and the bottom of the baffles. Rather, the baffles are attached directly to 
the bottom sheet. Tank 202 featured cutouts in the baffles to permit fuel to flow between 
chambers, similar to the other tanks. 
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Figure 32. Deformed Shape of Tank 202 after 5 mph Impact, Pre-test Model  

(Contours of Displacement, in inches) 
The pre-test model of tank 202 indicated that the force-displacement response could be 
significantly different for an impact at a baffle, compared with an impact between baffles. 
Additionally, the attachment of the baffles to the bottom sheet of the tank would change the 
behavior of the tank’s response, compared with an arrangement where there is initially a sizable 
gap between the bottom sheet of the tank and the bottom of the baffles. 

4.3 Modeling Phase 2: After Tests of Tanks 202 and 232, Before Test of Tank 234 
Following the tests of tanks 232 and 202, material samples were cut from various structures on 
each tank to be used in tensile testing. Because of the high computational expense of solid 
elements, the patch of solid elements in the impact zone was abandoned after the tests of tanks 
202 and 232. Future models used shell elements throughout the model, with refined meshes in 
the impact zone for puncture simulations. Appropriate adjustments needed to be made to the 
damage initiation envelopes to compensate for known limitations when used with shell elements, 
compared to solid elements. Additionally, more detailed information on the internal baffle 
arrangements of each tank was gathered after the test. These updates to materials and geometry 
were implemented within the post-test models to more closely approximate the actual conditions 
of the tanks in the tests. The improvements made to the post-test models of tank 202 and tank 
232 were implemented within the pre-test model of tank 234. Results of analysis with updated 
models were compared to test results in Section 5. 
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5. Results – Tests and Analyses 

The results of the three impact tests are summarized in Table 12. 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 Appendices C and D.  

Table 12. Summary of Fuel Tank Impact Tests 

Tank Test Date Target Speed Impact Speed Impact Energy Result 

202 October 9, 
2013 7 mph 6.2 mph ~18,100 ft-lb 

~1.5 inch 
residual dent 
No puncture 

232 October 8, 
2013 6 mph 4.5 mph ~9,500 ft-lb 

~5 inch 
residual dent 
No puncture 

234 August 20, 
2014 12.5 mph 11.2 mph ~59,000 ft-lb 

8.5 inch 
residual dent 
No puncture 

 

5.1 Tank 232 Impact Test Results 
The tank 232 impact test was conducted on October 8, 2013. Just before the test, the temperature 
was recorded as 62oF, with a wind speed of 6 mph W. Tank 232 was impacted at a speed of 4.5 
mph and the impact was centered on the bottom of the tank itself, which corresponded to an 
impact centered between two lateral and two longitudinal baffles. Figure 41 shows a post-test 
image of the deformed shape of tank 232 on the left and the deformed shape of the FE model on 
the right. The FE model shows contours of residual indentation depth. The tested tank had a 
residual dent of approximately 5 inches, and the FE model had a residual dent of approximately 
4.8 inches. 

 
Figure 41. Post-test View of Tank 232 from Test (left) and FE Model (right) 
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Figure 44. Post-test View of Tank 202 from Test (left) and FE Model (right) 

In both the test and the FE model, the deformation pattern of the bottom sheet was very similar. 
The outline of the impactor was clearly visible on the bottom sheet of the fuel tank in both the 
test and the modeled tanks. Outside of the immediate impact zone, the indentation formed a 
roughly “x” shaped pattern. This pattern of indentation corresponds to the intermittent baffle-to-
bottom sheet connections within the tank, where regions of deeper indentation correspond to 
areas without a connection between the baffles and the sheet. 

Following the test, tank 202 was cut open and the interior damage was examined. One observed 
mode of deformation was buckling of the L-shaped brackets used to attach the lateral and 
longitudinal baffles to the bottom sheet of the tank. These L-brackets tended to flatten as the 
bottom sheet was pushed inward by the impactor. Additionally, the baffle to which these 
brackets were attached also buckled in the area surrounding cutouts in the baffles. Figure 45 
shows this mode of deformation on the left for the tested article, and on the right for the FE 
model. 

 
Figure 45. Post-test View of Tank 202 Baffles from Test (left) and FE Model (right) 

Similar to the data from tank 232, the longitudinal accelerations measured at location BA2C 
were excluded from the average acceleration calculated for both the test and the FE model using 
the deformable impactor because of persistent ringing. The acceleration at the four remaining 
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Figure 49. Deformation – Vertical Cross-section at the Impact Center 

For the test of tank 234, the test accelerations and the deformable FE accelerations were filtered 
using a CFC60 filter. The acceleration data from accelerometer BA1CX (located directly beneath 
the impactor) was excluded from the average owing to high amplitude peaks that persisted even 
with filtering. High amplitude peaks in accelerometer BA1CX are due to its proximity to the 
impact surface and a higher impact force than in the two previous tests, which increased the 
dynamic response of the impact cart. Figure 50 contains a plot of the force-time histories from 
the test, the FEA using a deformable impact cart, and the FEA using a rigid impactor. 

 
~8.5 inches 
–––– Pre-test scan 
–––– Post-test scan 
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6. Conclusion 

FRA sponsored research into the puncture resistance of passenger locomotive fuel tanks, 
subjected to blunt impacts on their bottom sheets, is currently underway. This program includes 
FE modeling performed by Volpe and impact testing performed by TTCI. This research is 
intended to guide the development of scenarios for evaluating the performance of DMU fuel 
tanks under a variety of impact conditions. The first phase of this research included three impact 
tests of retired F40 passenger locomotive fuel tanks. These first tests were intended to help 
evaluate the test setup, instrumentation needs, and modeling techniques that will eventually be 
applied to DMU fuel tanks of various designs.  

These first tests have proven very useful to developing information on the test setup, 
instrumentation needs, and modeling techniques necessary to further this research program. 
Additionally, these preliminary tests provided valuable information and understanding of the 
structural response of the fuel tanks. In particular, the contribution of the baffles to the overall 
puncture resistance of the fuel tank has been revealed through these first tests. After refinements, 
all developed FE models produced results that matched the tests.  

In the first phase of this program, TTCI conducted impact tests on three locomotive fuel tanks, 
which provided data for Volpe to use in developing its FE models of the fuel tanks. Speeds for 
all impact tests were below target speeds, but were within the pre-test tolerance of ± 2 mph. The 
impacts did not puncture the fuel tanks. Post-test material tests showed that the yield strengths of 
the fuel tank steels were higher than those used in the initial FE analyses. Additionally, post-test 
examination of the fuel tanks revealed differences in the baffle arrangements and their 
connections in each of the three tanks used.  
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Figure A2. Impact Cart Target Locations 
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Figure A3. Target Locations (Tank 202) 

 
Figure A4. Target Locations (Tank 232)  
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Figure A5. Target Locations (Tank 234)  
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was considered acceptable correlation between test and analysis results. A plot of toughness 
versus strain is shown in Figure B11, and a table of values is shown in Table B3. 

 

Figure B11. Tank 232 Toughness vs Strain for Each Tensile Test or Simulation 
 

Table B3. Toughness for Each Tensile Test or Simulation 

 
Toughness (in-kip/in3) % Difference 

Sample 1 15.49 -1.28 
Sample 2 16.03 2.16 
Sample 3 15.55 -0.881 

Test Average 15.69 0 
Solid Mesh (Baseline) 15.76 0.46 
Shell Mesh (Baseline) 16.49 5.09 
Shell Mesh (Shifted) 15.79 0.60 
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Appendix C.  
Test Data 

This appendix contains raw and filtered test data. The raw accelerations measured on different 
locations on the impact cart were processed as follows for all tests. The test data from -1 seconds 
to -0.1 seconds on each channel were averaged, and this value was subtracted from the test 
measurements in order to remove any initial offsets in the data. Each channel was then filtered to 
channel frequency class (CFC) 60, using the procedures given in SAE J211 [10].  

Tank 232 – Impact Speed: 4.5 mph 
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Tank 202 – Impact Speed: 6.2 mph 
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Tank 234 – Impact Speed: 11.2 mph 
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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 finite element analysis 
(FEA) results for the longitudinal acceleration, velocity, and position 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 some results, a corresponding set of FEA results using a rigid impactor with a mass equal to 
that of the deformable cart is also shown. Inclusion of both the rigid and deformable impactor 
FEA results allows the effects of cart deformation to be examined. 

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 inches.   
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Abbreviations and Acronyms 

AAR Association of American Railroads 

APTA American Public Transportation Association 

CFC Channel Frequency Class 

CFR Code of Federal Regulations 

DMU Diesel Multiple Unit 

DOF Degrees of Freedom 

EMD Electro-Motive Diesel, Inc. 

FE Finite Element 

FEA Finite Element Analysis 

FRA Federal Railroad Administration 

MBTA Massachusetts Bay Transportation Authority 

PEEQ Plastic Equivalent 

TTC Transportation Technology Center 

TTCI Transportation Technology Center, Inc. 

Volpe John A. Volpe National Transportation Systems Center 
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