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Federa Railroad Administration Federal Transit Administration
Office of Research and Development  Office of Research, Demonstration, and Implementation

Crash Energy Management
Technology Transfer Symposium

Thursday, June 30,2005
8:30 am Opening David Tyrell, Volpe
Session III: Service Experience with CEM ------

8:40 am Acela Service Experience George Binns, Amtrak

9:05 am Hudson-Bergen Experience Clive Thomes,
Parsons-Brinkerhoff

9:30 am Full-scale Testing: Methodology Kristine Severson, Volpe
9:50 am Full-scale Testing: Structural Crashworthiness David Tyrell, Volpe
10:20 am Full-scale Testing: Occupant Protection Dan Parent, Volpe

10:30 am Break

10:45 am Train Crashworthiness Strategies Kristine Severson, Volpe
11:15 am Parametric Studies of Train Crashworthiness Michelle Priante, Volpe
11:45 am Lunch

,,,,,, Session V: CEM Design, Fabrication, and Evaluation ------

1:00 pm Features, Functions, and Requirements Karina Jacobsen, Volpe

1:25 pm Concept Generation Robert Rancatore, TIAX
1:50 pm Design Aspects of Crush Zones Gabriel Amar, TRA&A

2:15 pm Retrofit of Test Cars Eloy Martinez, Volpe

2:40 pm Break

3:00 pm Component Crush Analysis and Testing Rich Stringfellow, TIAX
3:40 pm Car Crush Analysis Patricia Llana, TIAX
4:00 pm Train Crush Analysis Rich Stringfellow, TIAX
4:20 pm Summary and Review David Tyrell, Volpe
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Federal Railroad Administration Federal Transit Administration
Office of Research and Development  Office of Research, Demonstration, and Implementation

Crash Energy M anagement
Technology Transfer Symposium

Friday, July 1, 2005

8:30 am Symposium Review and Summary David Tyrell, Volpe

9:15am Development of CEM Specifications for Passenger Rail Equipment
Steps for Developing Requirements Jo Strang, FRA
Equipment Specifications Bill Lydon, Metrolink
Industry Standards Tom Peacock, APTA
Funding Issues Ron Hynes, FTA
Operational Issues George Binns, Amtrak
Engineering Issues David Tyrell, Volpe
[11:00 am Close Jo Strang, FRA
Ron Hynes, FTA

Page 3



Federa Railroad Administration
Office of Research and Development

Federa Transit Administration
Office of Research, Demonstration, and Implementation
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Federal Rallroad Admlnlstratlon
Federal Transit Administration

Session | - Overview of CEM

Rail Crashworthiness Research David Tyrell, Volpe
Strategies for Improving Crashworthiness Benjamin Perlman, Volpe
CEM Design, Build, and Test Karina Jacobsen, Volpe
Occupant Protection Dan Parent, Volpe
CEM Structural Standards and Specifications Eloy Martinez, Volpe

Crash Energy Management Technology Transfer Symposium
June 29 through July 1, 2005
San Francisco, California
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Federal Rallroad Admlnlstratlon
Federal Transit Administration

Session | - Overview of CEM
Rail Crashworthiness Research

Crash Energy Management Technology Transfer Symposium
June 29 through July 1, 2005
San Francisco, California

£ ‘%’% David Tyrell
: : Volpe Center
. & US Department of Transportation
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Crashworthiness Strategies

 Conventional
- Static Strength

ﬂ T I
800 kips — -

« Crash Energy Management
- Crush Zones at Car Ends

Crush

— T «+—— Crush

Element Element
8 | { |
= O = = —
Crush g - 2 A @“@M ; Crush

Element Element

Session | Rail Crashworthiness Research

Slide 2

Objectives of Symposium

e Provide the Rail Industry with the Full
Span of CEM Research Results

- Effectiveness, Design, Build, Test
Aid Planned Discussions of CEM

Specification Issues, Options, and
Alternatives

» Help the Commuter Railroads Develop
CEM Specifications for Inclusionin
Equipment Purchases

Session | Rail Crashworthiness Research

Slide 3
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CEM Eesearch and_ _Deve

Crash Energy Management

Conventional

Effectiveness
Studies _» lests

Des{gn / /

_ Full-scale

Studies * > Retrofit
Roo! . : @
Absorber
— Detformable
Anli-climber
Passenger Service Operator
Volume Closet Valume
AA R
Primary Integrated  Pushback
Absorber  End Frame Coupler

Rail Crashwo%iness Résearch

Session |
Symposium Organization

Session | Overview of CEM

Session |} Supplier Capabilities

Session I Service Experience with CEM

Session IV CEM Effectiveness

Session V CEM Design, Fabrication, and
Evaluation

Session Vi Panel Discussion on Development of
CEM Specifications

Session | Rail Crashworthiness Research Stide 5

Page 10




Crashworthiness

- Preserve Occupant Volume
- Maintain Sufficient Space
- Minimize Local Compartment Penetration
- Ensure Occupant Containment
e Limit Forces and Decelerations to
Survivable Levels
- Limit Deceleration of Occupant Volume
- Restrict Secondary Impact Forces
- Secure Interior Fittings

Session [ Rail Crashworthiness Research Slide 6

Passenger Rall Equipment
Crashworthiness Research

Objective
- Development and Evaluation of Concepts for
Improved Rail Equipment Crashworthiness
e Major Outputs
Definition of Scenarios of Concern

Evaluation of the Effectiveness of
Modifications and New Approaches to
Equipment Design

Analysis and Test Techniques

Information for Specifications and
Regulations

3

Session | Rail Crashworthiness Research Slide 7
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Research Methodology

Conventional

Existing & o]
Design Evaluat e —
va e

vatel, [ Compare

Potentially

Potentially

4 Develop Improved
]merJve Evaluation | |and Existing
Designs D

Session | Rail Crashworthiness Research Slide 8

Categories of Collisions

« Collisions with Another Train, e.g.,

- Beverly, Massachusetts - August 11, 1981
New York, New York - July 23, 1984
Secaucus, NJ - February 9, 1996
Silver Spring, Maryland - February 16, 1996
Bourbonnais, lllinois - March 15, 1999
- etal

« Collisions with Objects, e.g., Grade
Crossing Collision

Single Train Events, e.g., Derailment

Session | Rail Crashworthiness Research Slide 9
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Accident Observation

. Structural Damage Focused on Impacting Equipment

B

Secaucus, NJ - February 9, 1996

giiver Spring, Maryland - February 16, 1996

Session | Rail Crashworthiness Research Slide 10

Accident Observation

e Impacting Equipment Can Override

Session | Rail Crashworthiness Research Slide 11
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Accident Observation

a Coupled Cars Tend to Laterally Buckle During Collisions

ot

New York, New York - July 23, 1984

Bourbonnais, Illinois - March 15, 1999

" Session | Rail Crashworthiness Research Slide 12

Scenario: Collision with Another Train

» Based on Accident History

« Developed to Allow Comparison of
Alternative Crashworthiness Strategies

Consist 2:
Locomotive Led Train

- |
| o | | e i}
T I "~ e 5 AL N L8 8.5 it %20 9 T il

Consist 1: Cab Car, \ — Standing
Four Coach Cars, and
Trailing Locomotive

Session | Rail Crashworthiness Research Slide 13
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Potentially Improved Design: CEM

» Sacrificial Crush Zones at Unoccupied
Locationsin Cars

e Crush Zones Designed with a Lower Initial
Force and Increased Average Force

« Energy Absorption is Shared by Multiple Crush
Zones

» Preserves the Integrity of the Occupied Areas

Cab Car Crush Zone Coach Car Crush Zones Cab Car Crush Zone  “onsist 2: Locomo tive and

»  Consist 2: :
Two Ballasted Freight Cars
et e
| DO OO OO oo - TECOM| | OO _l
o _II!..‘_.- = llll_ | O EIR I MO i e
i 3

V —p  Standing

Session | Rail Crashworthiness Research Slide 14

Comparison of Alternative Designs

« Conventional Trains Crashworthy up to
-13 mph

o CEM Trains Crashworthy up to - 32 mph
- When Constrained by Floor Plan
- Higher Speeds Possible if Cab Car Crush

Zone is not Constrained

» CEM Cab Car with Conventional Coach

Cars Crashworthy up to =19 mph

Note: Publications and videos available on the web at
http://www.volpe.dot.gov/sdd

Session | Rail Crashworthiness Research Slide 15
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Gl OB A N am
Federal Rallroad Admlnlstratlon
Federal Transit Administration

Session | - Overview of CEM
Strategies for Improving
Crashworthiness

Crash Energy Management Technology Transfer Symposium

June 29 through July 1, 2005

San Francisco, California
Benjamin Perlman

Volpe Center
US Department of Transportation
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/ Crush
Collision Characteristics

Scenario Evaluate and

Research Methodology

Compare
Designs Occupant

\ Volume Crush

Session | Strategies for Improving Crashwarthiness

Secondary
Impact Velocity

Outline

Scenario

Train Collision Mechanics
- Energy absorption mechanisms
- Force-crush behavior

Conventional vs. CEM Trains
- Crush is focused in a conventional train
- Crush is distributed in a CEM train

Preview of Results

Session | Strategies for Improving Crashworthiness

Slide 3
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Train to Train Collision
- Cab car
- 4 coach cars
- Locomotive

30 rnph closing speed

Session |

Strategies for Improving Crashworthiness Slide 4

Conventional Equipment: Train to Train Test

Sessian | Strategies for Improving Crashworthiness Slide 5
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Uncontrolled Energy Absorption

In-line Crush T ,’(H Jy’i]
LA I~
Derailment
Lateral Buckling
n\\
Override
Session | Strategie; for Improving Crashworthiness Slide 6

Conventional Equipment: Focused Crush

Lateral Buckling ~-22 Feet

In-line Crush and Override

Session | Strategies for Improving Crashworthiness Slide 7
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Crush Distrib__ution

Conventional: Crush Focused on Cab Car

22 Feet

Session | Strategies for Improving. Crashwarthiness

Slide 8

Single Car Tests: 35 MPH

Before
After
- 5 Feet Crushed - 3 Feet Crushed
— o
Crush Crush
Session | Strategies for Improving Crashworthiness

Slide 9
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Force-crush Behavior

CEM vs. Conventional
Higher force than

static strength
Jumps in force

after trigger
]
8]
—
(@]
L Lower force after
structural collapse
®
Crush Distance
Session | Strategies for Imprz)ﬁg Crashworthiness Slide 10

Crush Energy

Energy Absorbed = Area Under the Force-crush Curve

Conventional CRM

Force
Force

,_
-
-

N

o - S |

Crush distance Crush distance

Session | Strategies for improving Crashworthiness Slide 11
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Energy Transfer Mechanisms

a Superball

- Elastic collision

- Energy recovered
a Velcro

- Plastic collision 010

- Energy absorbed () 51
« Slinky

- Elastic wave

- Delayin time

Session | Strategies for Improving Crashworthiness Slide 12

Conventional Train Crashworthiness

Q]_A m
o v
S 5' ‘ ‘
e w
/ Crush Crush
a | L T TER Coeennnn [ s l

[N
| LS
2 - o o T

n

A
o

VELOCITY (MPH)
o w B o

| TIME (SEC)

Session | Strategies far Improving Crashworthiness Slide 13
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Controlled Energy Absorption

« Each car absorbs some of
the train collision energy

e Crush is distributed
through the train with no M
lateral buckling

» Engagementis promoted
at the colliding interface

Session | Strategies for Improving Crashworthiness Slide 14

CEM Train Crashworthiness

30 MPH

TIME (SEC)

Session | Strategies for Improving Crashworthiness Slide 15
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Energy Budget

— 30 mph

- Kinetic Energy,,, =% mV?2

« Typical masses of cab, coach k loco
»« At 30 MPH: approximately 25 million ft-lb

o -15 mph

- Kinetic Energy,, ~ %2 (2m) (v/2)? = Y4 m v?

- More than half of the initial kinetic energy must be
absorbed by crush

Session | Strategies for Improving Crashworthiness

Slide 16

Crash Energy Distribution

Loca coach 4 coach 3 coach 2 coach ¥

» 10 mph

Session | Strategies for Improving Crashworthiness

B AllCEM
| BCEMCab
| ® Conventional

Stide 17
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Summary

« Managed Energy Absorption
- Prevent crush into the occupant volume
- Control coupled car interactions

- Control the mode of deformation at the
colliding interface

 Structural Design
- Force that increases with crush
e Interior Environment
- Mitigate the effects of car acceleration

Session | Strategies for Improving Crashworthiness Slide 18
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Federal Railroad Admin’ [iLration
Federal Transit Administration

Session | - Overview of CEM
CEM Design, Bwild, & Test

Crash Energy Management Technology Transfer Symposium
June 29 through July 1, 2005
San Francisco, California

Karina Jacobsen
Volpe Center
US Department of Transportation
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Consist 1: Cab Car Led
Passenger Consist

Collision Scenario

Upcoming Full-scale Train-to-train Test Scenario:

CEM Coach Cars
CEM Cab Car

E /_

Session |

ML ¥ | Oy OTTITTITTT
i " T | SO ST
T T T T el ] S S it 5 L

Designh Requirements are Dictated by the
Impact Scenario.

Consist 2:
Locomotive Led)|
Train

32 mph —  Standing

CEM Design, Build, & Test

Slide 2

5
I

—\

Session |

Design Overview Topics

Formulate Design
Requirements
v
Develop
Design

v
Retrofit
Existing Cars

Y
Full-scale
Tests

T

Compare Performance with
Design Requirements

CEMDesign. Build, & Tert

Slide 3
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Design Strategy

1. Develop Coach Car Crush Zone

- Structural Components to Manage
Energy Absorption for Coupled Cars

2. Develop Cab Car Crush Zone
- Based upon Coach Car Design

- Additional Structural Components to
Manage Energy Absorption for Colliding
Equipment

- Preserves Operator's Volume

Sessian | CEM Design. Build, & Test

Slide 4

Design Requirements: Coach Car

e Protect Passenger Volume
- Minimize Intrusion
« Energy Absorption
- 2.5 Million ft-lbs Per Car End
e Graceful Deformation

- Crush Zone Collapsesin a Controlled
Manner

- Minimize Lateral and Vertical Motions

Session | CEM Design, Build. 6 Test

Stide 5
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Design Requirements: Coach Car

Energy
Absorber- : >
Integrated fi
End Frame I D D
Energy
Absorber\ ]
Pushback AL = =
Coupler—5 Lo )=
Session | CEM Design. Build, & Test Slide &
Preliminary Design Concepts
Alternative Alternative Alternative
Concept A Concept B ... Concept C
p o Ve sTT e L o
N i \\&i S
== N T . - Nl X
3 Shear \\\ \ 1 ?,'“‘“1‘ /\\\\\| \\
| p:m“"//,x \ l*'Q—; nm/ar:wh‘« I ';:‘1_37.r=:% ‘
uc-.‘:‘.zagwwr-e 2 T |
el ‘E; ] \
vy S N
Double Sliding Sill & Distributed
Energy Energy Energy
Absorber Absorber Absorber
Sessian | CEM Design, Build, & Test B Slide 7
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Coach Car Crush Zone

Roof
Absorbers

Primary
Energy
Absorbers

Sliding &7 s
Sill Pushback Coupler

Session | LCEM Desizgn, Build, 6 Test Slide 8

Design Requirements: Cab Car

e Protect Operator & Passenger Volume
- Minimize Intrusion

« Energy Absorption
- 3.0 Million ft-lbs Per Cab End

» Manage Colliding Equipment

- Crush Zone Collapses in a Controlled
Manner

- Prevent Override as Locomotive and Cab
Car Collide

Session | CEM Design, Build, 6 Test Slide 9
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Design Requirements: Cab Car

Operator’s
Eneray /‘_J\ Compartment
A /
-

Absorber

Integrated
End Frame

Deformable
Anti-climber— 24

Energy

Absorber -—-——2_;___’
EErsT— T . o7 — =

Pushback
Coupler . § UE(\TJ

Session | CEM Design, Build, & Test Slide 10

Final Cab Car Design

Pushback Operator's
Compartment

Roof
Absorbers

Deformable Anti-
climbers

£ 557 «— Pushback
/ p Coupler

Not Visible: Primary Energy Absorbers

Session | CEM Design. Build, & Test Slide 11
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Fabricate |g 4| Prepare
Components Cars

N/

Install
Components

Session | CEM Design, Build, & Test Slide 12

Existing Cars
Purlin Purlin
Cant Rail
Cant Rail
Side Sill
Body Bolster Side Sill
Session | CEM Design, Build, & Tcrt Slide 13
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Integrated CEM Components

Roof Absorbers Pushback Coupler

——

Primary
i Energy
Absorbers Sliding Sill

Session | CEM Design, Build, & Test Slide 14

Completed Test Car

Energy Absorbers Interlocking Anti-climbers Sliding Sill

Session | CEM Design, Build, & Test Slide 15
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Full-scale Tests

35 mph
*Single-car Test i — £ N
[ I [ ﬂ”ii \
_EX ul 2,7 1l
N
% 26 mph
Two-car Test Y

. . 30 mph
Train-to-train Test >, -
| 1 u— |
} mmnﬁ' ool | cooooodn

0L UL et Ty 0 T U0 o

*Conventional and CEM Equipment Tested

Session | CEM Design, Build, & Test Slide 16

Single-car Test Principal Results

For an Impact with Fixed Barrier at 35 mph
« CEM Design Performed as Intended

- No Intrusioninto the Occupant Compartment
- Lateral and Vertical Motions Minimized

Con ional CEM

A m—

- 5 Feet Crushed ~ 3 Feet Crushed
Jimproved Preservation of Occupant Volume Under Similar Test Conditions.

Sessicn | CEM Design, Build, & Test Slide 17
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Two-car Test Principal Results

Conventional

Pre-test ( . - 5

Predictions

Session | CEM Design, Build, &:Féét . Slide 18

Conventional Train-to-train Test Principal Result

» Crush Focused on Cab Car
"Volume for 46 Passengers & the Operator

Destroyed.

Session | CEM Design, Build, & Test Slide 19




Federal Railroad
Administration

Single Car
Impact Tests

35 mph

Transportation Technology Center
Pueblo, Colorado
November 16, 1999
December 3, 2003

Train-to-train Test Prediction

Expected CEM

Note: Photo of Impact Coach Car, Two-car Test

[+ ~21/, Feet Crush

Measured Conventional

Crash Energy Management: Crush Distributed Among Cars
(predicted)

Cab Car Led Consist Standing
32 mph —»

Locomoiive Led)|
Consist

Session | CEM Design, Build, & Test Stide 21
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Technical Basis for Structural Specifications

 Design Studies Result in Requirements
- Retrofit Demonstrates Practicality

 Single-car and Two-car Tests Full-scale
Impact Tests Confirm Effectiveness,
Design and Retrofits

« Further Confirmation Expected from
Train-to-train Full-scale Impact Test of
CEM Equipment

Session | CEM Design, Build. f Test Slide 22
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Federal Rallroad Administration
Federal Transit Administration

Session | - Overview of CEM
Occupant Protection

Crash Energy Management Technology Transfer Symposium
June 29 through July 1, 2005
San Francisco, California

Dan Parent
Volpe Center
US Department of Transportation
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Research Approach

Full-scale Testing

Field Study

Occupant Response:
Kinematics, Injury Risk

Computer Simulation

I mprovements to
Occupant Protection

Collision Scenarios, Occupant Response in
Occupant Injury Different Scenarios
h 4

Session | Occupant Protection

Slide 2

Occupant Protection Strategies

1. Preserve occupant volume
- Crash energy management system

2. Ensure compartmentalization
- Seats and tables remain attached
- Restrain occupants

3. Minimize severity of secondary impacts

- Reduce secondary impact velocity
- Rear-facing seats

- Employ energy-absorbing elements
- Padding, frangible materials

Session | Occupant Protection

Slide 3
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-

Critical Measurements

Compartmentalization
- Occupant remains within specified area

s

« Occupant Kinematics
- Predictable interaction with seats =5

e Injury Risk - Maximum injury criteria values
- Head Injury = HIC
- Chest Injury = Cumulative 3ms
- Neck Injury => Nij
- Femur Load

Session | Occupant Protection Slide 4 '

Anatomy of a Collision

» Primary Impact
- Severity determined by:
= Closing speed
e Structure

- Measure of severity:
e Occupied volumeintrusion
« Car body acceleration

e Secondary Impact

- Severity determined by:
« Secondary impact velocity
- Interior configurations

- Measure of severity:
- Loads and accelerations on occupants

e Tertiary Impact L el
v WA

Session | Occupant Protection Slide 5
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Anatomy of a Collision - Primary Impact

|_> Vcab > Voccupant =
| Yan

‘ /\
>

B
7

Pre-impact V

dvcab —
dt Acab

occupant —

Session | Occupant Protection Slide 6

Anatomy of a Collision - Secondary Impact

SIV = AV at time of impact
If cab is infinitely rigid ~ SIV =V 4

Session | Occupant Protection Slide 7
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Evaluation of Secondary Impact Velocity

e For aknown acceleration pulse
- Integrate - relative velocity
- Integrate - relative displacement
- Griiph velocity vs. displacement

Velocity

\ 4

Displacement

Session |

Occupant Protection

Slide 8

Evaluation of Secondary Impact Velocity

A — /_—_
30 mphe= Baar:
facing | Open Bay
Seats | Seats
< 1 foot > 4 feet
20 mph == :
= Seats
u sl Behind
s ﬁu?kqmead
U]
> i1to 4 feet|
10 mph == | Forward- = I
M || facing Seats
@ || 1%to3feet |
<
14 211 3ft ats
Displacement
Session | Occupant Protection Slide9

Page 48




Evaluation of Secondary Impact Velocity

» SIV determines level of protection

30 mphme

| Air bags, lap and shoulder
belts, advanced restraint
systems, etc.

20 mphee

18 to 25
mph

Passive safety,
compartmentalization

Velocity

10 mphe

i<18mph.

sufficient to prevent |

Conventional seating is |
fatalities

1Mt

2 ft 3ft 41t

Displacement

Session |

Occupant Protection

Slide 10

SIV - Measured Conventional Train-to-train

Typical Forward-
facing Commuter

Seats - 2 ft

A
30 mph==
- 20 mphe=
ot
U
S
O
-
10 mph == »'\,-\/_/\—"
1 1 L -
T L) L] »
111 21t 3ft 4ft
Displacement
Session | Occupant Protection

Slide 11
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SIV - Predicted CEM Train-to-train

Typical Forward-
facing Commuter
Seats - 2 ft

30 mph=

20 mph= /
P o

=
U
9o
X
ey
10 mph==
Ilfl 2 ft ift 40
Displacement
Session | Occupant Protection ) Slide 12
SIV - Estimated Placentia, Glendale CA
Typical Forward-
facing Commuter
A Seats - 2 ft
30 mph--
= 20 mphsfe
o
] S
o
QL
> \/
10 mph==
1Ift 2t 3lft 4'rt -
Displacement
Session | Occupant Protection Slide 13
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SIV - 8G Test Pulse

Typical Forward-
facing Commuter
Seats - 2 ft

A
30 mphee
> 20 mphoe /
]
G B /
9
QL
>
10 mph =
11 2 31t 4R
Displacement
Session | o Occupant Protection Slide 14

Secondary Impact Environment

» Large structural deformation = low SlVs
BUT loss of occupant volume
= Injuries that cannot be prevented
Stiffer occupant volume = higher SIVs
NO loss of occupant volume
—> Injuries that CAN be prevented
« Worst-case scenariois in cab car
- Conventional - loss of occupant volume
- CEM - highest SIVs - can be mitigated
- Trailing cars have lower SlVs

Session | Occupant Protection Slide 15

Page 51



Vertical and Lateral Acceleration

» Conventional cars are subject to lateral and
vertical accelerations

- Saw-tooth buckling
» Lateral accelerations
» Occupants thrown into/across aisle

- Draft gear crushing
- Vertical accelerations
e Occupants thrown over seatbacks

« CEM significantly reduces lateral and vertical
accelerations

Session | Occupant Protection Slide 16

Conclusions

a Crash Energy Management
- Preserves occupied volume
- Minimizes lateral and vertical accelerations
- Increases SIVs

» Strategic interior modifications prevent
injuries associated with increased S1Vs
- Improved workstation tables
- Optimized commuter seats Session IV
- Rear-facing seats

» CEM combined with strategic interior

modifications can significantly increase
occupant protection

Session | Occupant Protection Slide 17




Federal Rallroad Administration
Federal Transit Administration

Session | - Overview of CEM
CEM Structural Standards &
Specifications

Crash Energy Management Technology Transfer Symposium
June 29 through July 1, 2005
San Francisco, California

Eloy Martinez
Volpe Center
US Department of Transportation
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Outline
» Background
e Specification Components
- Train Level

- Structural Crashworthiness
- Occupant Protection

Review Some Current CEM Equipment
Specification Development

Session | CEM Structural Standards & Specifications Slide 2

Background

« CEM Concept and Specifications Not New

« Timeline for CEM Specifications

- Established in Europe Since the Early 1980s
» ORE Question B 165 Committee
» Proposedto UIC Standards (not accepted)
» High and Low Speed Technical Specifications for
Interoperability (TSI) across Europe
- Establishedin North America Since Early 1990s
» Amtrak's High Speed Train Specification
» FRA Passenger Equipment Safety Standards
» APTA Manual of Standards and Recommended Practices

Session | CEM Structural Standards & Specifications Slide 3
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Background

« Several Accidents Occurred that Motivated
Development of CEM Specifications
- UK. Accidents
« Head-on Accident: Clapham Junction

- French Accidents
» Grade Crossing Accident: Voiron

Session | CEM Structural Standards & Specifications

Slide 4

Background

o Several Accidents Occurred that Motivated
Development of CEM Specifications A

- North American Accidents
» Rear-end Collision: Chase, MD

« Head-on Collision: Glendale, CA

Session |

CEM Structural Standards & Specifications

Slide 5
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Crashworthiness Specification Components

Structural

Session | CEM Structu_ra.l Stz;ndards& Specifications Slide 6

Train Level Specifications

» Scenario Definition )
- Worst Casefor Corridor of Interest Impacting

/ Interface

In-line: Cab Car to Locomotive
1 [

T oy ™ ) T L0 Gy " o

= v i e
(00
oooooooooooooooooooo o Flﬂﬂnﬂ

ment

Session | CEM Structural Standards & Specifications Slide 7
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Example: Train-Level Performance
Specification

o Tier It 49 CFR Part 238 Subpart E
- Scenario Definition
« In-line Collision Between Identical Trains
« Tangent Level Track
» Closing Speed: (V-¥,)

) ) Impacting
» Requires a Power Car in the Lead /Interface
Vl - = P
7 11 - - - C\{. s %
SEHoooooEooooooooogn oooobooooooo B0
Trailing Coach Cars Power Car Like Train
Session | CEM Structural Standards & Specifications Slide 8

Train Level Specifications
Q'
s & S ¢
&eenatis: Deftii £ & 5 &
cenario verinition -~ s & S
In-line: Cab Car to Locomotive
v v
e = v 3
s o AT
Session | CEM Structural Standards & Specifications Slide 9




Structural Crashworthiness

» Objectives:
- Preserve Occupied Volume
» Set Allowable Crush Stroke
- Control Consist Behavior

» Absorb Collision Energy in Controlled Manner
- Prescribe Amount of Energy Absorption

« Distribute Crush Along Consist Length
- Characteristics of Farce/Crush
« Minimize Vertical k Lateral Motions

. CBM Requirements Are in Addition to Existing Load
Requirements

Session | CEM Structural Standards 8 Specifications Slide 10

Example: Structural Crashworthiness

-« Tier L 49 CR Part 238 Subpart E
- Energy Absorption : 9.6x10¢ ft-1bf Total Each End

CICLICC] | {1 o e e sl Power Car in SN
,,,,,, T e
U0 S gy O [ TU gt £ \ -
B = oo oooo o iq Dnﬁnnunnnnlﬁ"bn&i I
Crush Zone Crush Zore  Crush Zone Crush Zone
Minimom Energy Absorption 3.7x16% ft-Ibf  2.2x10° ft-Ibf .7x10% fi-Ibf

e  Crush Zones Must Be Placed on Either Side of Occupied Areas

e NoRestriction on Crush Stroke Length

Session | CEM Structural Standards 8 Specifications Slide 11
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Structural Crashworthiness

< S
o ~
3

Energy Absorption v v v

>
c{.‘
&

Crush Stroke - -— v

Session | CEM Structural Standards & Specifications

Side 12

Occupant Protection Requirements

« Define Survivable Secondary Impact
Environment
- Set Criteria for Passengers & Crew Members
+ Allowable SI¥Y
» Peak Acceleration Level
» Average Acceleration Level
- Additional Requirements*
» Maintain Compartmentalization
» Allow Quick Emergency Egress
» Set Allowable Injury Criteria

* Additional Requirements Needed for Occupant Protection

Session | CEM Structural Standards & Specifications

Side 13
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Occupant Protection Requirements

a Tier I 49 CFR Part 238 Subpart E
- Maximum Allowable StV: 25 mph

Prior to Impact Secondary Impact

- Peak Allowable Acceleration: 8 g’s

Session | CEM Structural Standards & Specifications Slide 14

Occupant Protection Requirements

& - &2 >
& o g
4 & SES
< & <,
Maximum Allowable SIV
| /3 *
L v v __
Prior to Impact Secondary Impact
_ v v __ __
Peak Acceleration
. - o v -
Allowable Mean Acceleration
® Alternative Requirements Needed
Session | CEM Structural Standards & Specifications Slide 15




Example:
___ Tier ]l Compliant Equipment

» Acela Express - High Speed Trainset

» Manufactured by Bombardier/Alstom

o Trainset ~9.6x106 ft-Ibf Energy
Absorption Per End
- Power Car Plus First Trailing Coach

L& it Tk

I

Session | CEM Structural Standards &t Specifications Stide 16

Example:
Domestic Subway with CEM Features

« New York City Transit R142 -
Rapid Transit Car

» Qualified Designs By:
- Bombardier
- Kawasaki

« Both Designs -1 x 10° ft-Ibf of
Energy Absorption .

http://www.kawasakirailcar.com/rapid Transit.htn

Session | CEM Structural Standards & Specifications Slide 17




Example:
Domestic LRV with CEM Features

* New Jersey Transit Hudson-
Bergen Line - Light Rail Vehicle

» Manufactured by Kinkisharyo

e Total Energy Absorptlon
~0.4x106 ft-Ibf

Session | CEM Structural Standards 6 Specifications Slide 18

Example:
Overseas Service

« XTER - Diesel Multiple Unit
(DMU) (France)

¢ Manufactured by Alstom

» Energy Absorption
~4,3x106 ft-Ibf

Session | CEM Structural Standards & Specifications Slide 19
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Summary

» Objective of Working Group is to Use Information
Presented to Develop a Specification for Inclusion of
CEM Features for the Commuter Railroad Industry

Review
Existing
Information
Structural
7 #{ Crashworthiness
WET Requirements Define
Define Collision \ J Evaluatien/Compliance
Scenario ¢ Procedures
Occupant
» Protection
Requirements | m
Session | CEM Structural Standards & Specifications Slide 20
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Federal Rallroad Administration
Federal Transit Administration

Session Il - Supplier Capabilities

Bombardier CEM Equipment Jacques Brassard, Bombardier
Kawasaki CEM Equipment Toshi Hasegawa, Kawasaki
Indian Railway CEM Equipment Steve Kirkpatrick, ARA
Regulatory Perspective Grady Cothen, FRA

June 29 through July 1, 2005

» 7 .
§““’ "g Crash Energy Management Technology Transfer Symposium
S S . . .
% & San Francisco, California
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Single Rail Vehicle Crashworthiness Study
CEM Technology Transfer Symposium (June 30,2005)

Single Rail Vehicle Crashworthiness
Study

(Reference: Proceedings of the 2001 IEEE/ASME Joint Railroad
Conference, pp.251-257)

Kawasaki Rail Car, Inc.

Toshi Hasegawa

Kenneth Mannen
Kawasaki Heavy Industries Ltd.  Toshinori Kimura

<K Kawasaki

KRC/th D506061-1
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Single Rail Vehicle Crashworthiness Study
Contents

1. Introduction

2. Crash Analysis Preparation

3. Crash Simulation (LS-DYNA)

4. Quasi-Static Analysis

5. Carshell Structure Crash Analysis
6. Conclusion

B << Kawasalki KRC/th D506061-2

Single Rail Vehicle Crashworthiness Study
Introduction

Background

FRA has instituted regulations for operation of Rail
Vehicles of speed above 125 mph, and is considering
Crash Energy Management (CEM) for lower speed
operations, which could be adopted as regulations.

However, interms of cost, it is relatively expensive to
use actual models for crash tests of rail vehicles.

One reasonable method is to evaluate
crashworthiness using numerical simulations.

4R Kawasaki KRCfth 0506061-,58 ge 69




Single Rail Vehicle Crashworthiness Study
Introduction

Kawasaki Approach to Numerical Simulations

There are some reports that have attempted to prove
analytical accuracy by comparing their results with the
results of actual experiments.

However, reports that discuss to what extentitis
possible to evaluate the crashworthiness based on
numerical simulations, and what points should be taken
into consideration in the analysis, are relatively rare.

Numerical simulation was implemented before the
experiment. We showed simulation results of the
behaviors of the rail vehicle during collision, which
could not be known by experiment.

B <4< Kawasalki KRC/th D506061-4

Single Rail Vehicle Crashworthiness Study
Crash Analysis Preparation

Structure Design of Single Rail Vehicle

End Sill =
End Underframe

Crushable Zones:! End Sill, Center Sill, and ST(ESW

B <€ Kawasaki RN BN e
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Single Rail Vehicle Crashworthiness Study
Crash Analysis Preparation

Evaluation of Strength at End Underframe

Requirements for a structure to absorb the energy
exerted on the carshell structure include the following:

1. To avoid deformation occurring at any other
section, especially the compartments for the
crew and passengers.

2. To be able to absorb the largest possible
crash energy.

In order to meet these contradictory requirements,
relationship between the reaction force and displacement
during the crash of energy absorbing members is shown
in next slide.

B EK@W@%@Q@;@ KRC/th D506061-6

Single Rail Vehicle Crashworthiness Study
Crash Analysis Preparation

Evaluation of Strength at End Underframe

4
Ideal curve
N 1 Absorbing Energy Loss
®
S
a
o= Absorbing Energy Loss

& (Displacement)

Idealized Load-Displacement Curve of Energy
Absorbed Member

B 9 Kawasalki KRCl/th 0506061-IZ->age 71




Single Rail Vehicle Crashworthiness Study
Crash Simulation (LS-DYNA)

LS-DYNA (Finite Element Dynamic Analysis program)

Side Sill

Center Sill

Design Model (Mesh)

End Underframe

KRC/th D506061-8

Single Rail Vehicle Crashworthiness Study
Quasi-Static Analysis

End Underframe Results

.y S
e
e e

RS RAERE O R A Z SN

Experiment Calculation

B < Kawasaki KRC/th D505061~E)ag
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Single Rail Vehicle Crashworthiness Study
Quasi-Static Analysis

End Underframe Results

5000

— Experiment
4000 | —Calculation

Force(kN)
g

f— — -
0 100 200 300 400

Displacement(mm)

Relationship between Load and Compressive
Displacement

<4 Kawasaki KRC/th D506061-10

Single Rail Vehicle Crashworthiness Study
Carshell Structure Crash Analysis

Dynamic Analysis
Actual crash is dynamic, therefore the dynamic strain
rate effect & inertia effect should be considered.

o e

Strain rate effect:
Cowper-Symonds
equation

7
-
= ‘,,,

S T ] e et
T
ROy

AT plate, Collision Posts, and End Underframe Model

B Kaw%aki KRC/th 0506061-‘1_.)‘Iage
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Single Rail Vehicle Crashworthiness Study
Carshell Structure Crash Analysis

Dynamic Analysis Results

Reaction Force (kN)

o 10 200 300 00

Displacement (mm)

Dynamic Effect on Load-Desplacement Relation

B <€ Kawasaki KRC/th D506061-12

Single Rail Vehicle Crashworthiness Study
Carshell Structure Crash Analysis

Carshell Crash Simulation Results

f R
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Single Rail Vehicle Crashworthiness Study
Carshell Structure Crash Analysis

Carshell Crash Testing

T

B < Kawasaki KRC/th D506061-14

Single Rail Vehicle Crashworthiness Study
Carshell Structure Crash Analysis

Carshell Calculation vs. Experiment

Calculation Experiment

B < Kawasaki KRC/th Dsosom-ajsage v
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Single Rail Vehicle Crashworthiness Study
Carshell Structure Crash Analysis

Correlation between calculation and Experiment

0 [g—— B ~
100 = == 05 r : :
0 I ;
m) 80 [ | . é ‘ ‘
N\ \ ; » 04 i
E 5o n — Experiment c " T T~
= Wy ) ; 7 :
5, 40 e Calculaiton E il
- h\"\ | —_— 0 02 . \_
S 20 - sy g / Experiment  — Calculation |
ok 30l
900 =S
0 i i a | }
S 20 20
000 005 010 015 02 0y 005 0| 015 02
Time : se¢

Time (sec)

KRC/th D506061-16

Single Rail Vehicle Crashworthiness Study
Conclusion

1. Single Rail Vehicle Crashworthiness has been
achieved.

2. Numerical Simulation (LS-DYNA) showed that the
calculations sufficiently accurate compared to the
experiment results.

3. Carshell crash testing was implemented and
deformation by crash energy absorption was
visualized.

4. Numerical Simulation is a powerful tool to evaluate
Crash Energy Management. However, assumptions
(especially strain rate) should be considered. Also,
quasi-static test is very important for successful
crash testing.

% & Kawasakg KRC/th 0506061-[1_.]89e 7
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6 RiTES

DEVELOPMENT OF
CRASHWORTHY COACH CARS
FOR THE INDIAN RAILWAYS

Crash Energy Management
Technology Transfer Symposium

June 29 through July 1,2005
San Francisco, California

Z\Yave JCT

Techn
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5 RITES
Crashworthiness Development

m Program is a partnership of:

e Indian Railways (IR)
« Collaboration on all aspects of program.
e RITES Ltd.
» Program Management (India), Design & Engineering.
Transportation Technology Center, Inc. (TTCI)
« Program Management (US), Testing, Design Consulting.

e Applied Research Associates, Inc. (ARA)
« CEM Design, Analysis.

£ \

;
E

Indian Railways

m One of the largest railway operations under
one administration.

m 64,000 route kilometers.
m 1.5 million employees.

m 16 percent of worlds rail passenger
kilometers.

m Fleet with 35,000 coach cars.
m Manufacturing 2,000+ coach carsl/year.

uuuuuuu
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7 RiTES
Operating Environment

m Long distance travel is the normal condition
(up to 48 hour journeys).

m Significant number of sleeper cars.

m Typical consist is locomotive hauled with 17-24
coaches.

e GS and SLR coaches at end of the consist.
m Broad gage (1676 mmy}.
= Low cost equipment (less than $100K/coach).
m Low cost mode of travel (GS = $511000 km).

7 RiTES)

Unmodified GS Impact Analysis

» Detailed Crash Analyses:
(40 kmph impactinto arigid wall)

e Baseline crush behavior analyzed.

e Baseline GS crush strength needed for
development of lumped mass models.

e Effects of the side buffers analyzed.

@ I “f\irq (}‘—a
N2 R s

~1
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Unmodlfled GS Impact Analysis

Time =

06FebO4

'l!i'lﬂ

\ Baseline GS coach crush behavior — v
(@) Fen HCT
) Technoelopy © #, b
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] Baseline GS coach crush behavior =
ARA ..

Unmodified GS Impact Analysis
o
=3
GQQQ Baseline GS coach crush behavior {T‘ctr— |
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-7 RaTES
Detailed Impact Analyses

) BRI SR BRI LI U B L LR

Crush Force (MN)

0] W 200 3W 400 SO0 600 700 B0 800
Longitudinal Crush Distance {mm)

. Baseline GS coach crash behavior —

4 RITES

Baseline GS Crash Behavior

m Side buffers produce undesirable behavior:
e Vaulting of car in collision—override potential.

e localized underframe loading with uncontrolled crush
response.

e Space between car ends not utilized in energy absorption.
m Collapse localizesto end door regions

e May prevent egress after collision.

e Doorzoneis aweak pointin the structure.
m Peak GS car crush forceis 7-9 MN.

e Uniform car body strengthis probably higher.

) PRA M '
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Crashworthy GS Coach Design

m Requirements of crashworthy GS Coach design.
e Controlled energy absorption at car end crush zone.
e Collision energy distributed along length of consist.
e Improved control of train collision dynamics.

m Approach selected is a CBC design with shear away
buff stop and energy absorptionin push back
response.

m Approach meets requirements and is well suited to IR
environmentwith long consists.

e Proven technology.

g ¥
¥ o

— 7 RITES

.w;«—_-T - e

a W '-*'_.-:E 7 Roof Rail

- g S Buckle

o .- Initiators
== ‘ Cant Rail

R S Buckle
. %niﬁators

Head Stock
Buckle

Initiators

L iy New Crashworthy GS Coach Design HCIT
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| rashworthy GS Coach

7 RITES

Secondary

Energy
| / Absorbers

Stanchion Sill
Buckle Initiators

Sole Bar
Buckle Initiator

» e

Crashworthy GS Coach

Breakaway
Connections Primary

\ Buff Stop

Honeycomb Energy x
Absorber
Draft Stop

Crashworthy CBC Draft Gear and
Primary Energy Absorber —

@‘ AHCT
. QIQQ . rransporiation
L Techastegy Center, fic.

15
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Crashworthy CBC Draft Gear and
Primary Energy Absorber
@ QR0

Crashworthy GS Coach

:

Crashworthy GS Coach

Secondary Energy Absorber
&) A Y “nergy

...............
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40 kmph Impact Analvsis

Time =

7 RiTES

B I
LI

Crashworthy GS coach crush behavior

A I
9@9 FTTT
Vv S Cmntan gy

7 RITES

C Yranssoriation
enter. e
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40 kmph Impact Analysis

) ——
40 kmph Impact Analysis

Page 88




7 RGTES
40 kmph Impact Analysis

rrrrrrrrrrrrr
Technslogy Center, Inc

P e

Ramp Platen Crash Test

m The intermediate test was performed at
RDSO, Lucknow

m The test utilized the VCF ramp facility to
accelerate the cars to speed.

.....

TEST TRACK GEOMETRY OF VCF LABORATORY

—_—
) ARH o i
Technalog nier, tnc
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Transporiation
Technology Centar, Inc
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Ramp Test of Crashworthy GS

m Impact Conditions.
e 42 kmph impact speed.
e 39t crashworthy GS coach test vehicle.
e 110t platen car.

e Approximately 1.8 MJ of energy absorbed in the
crashworthy GS coach.

) Pr—— =
& nrr HCT
‘-’%‘ ARA bt

Y Jo Technolon vo7, it

& RITES

4 RITES
Platen Car Ramp Test

Platen Car Model

Transporiatian
Fechnelopy Center, tac

O6F ab04
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Iaten Car Ramp Test

Timne = n

4 RITES

D6FebDe

@ 0

Z[ N

Crash Energy (MJ)

0.0
0.00

—— Total Energy
—— Kinetic Energy

Time (s)
38 krnph GS and Platen Car Impact Analysis

—— Internal Energy| E
—— $liding Energy -
il e Ty
0.05 0.10 0.15 0.20

7 RITES
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Platen Car Ramp Test

Time =

7 RITES

4 38 kmph GS and Platen Car Impact Analysis
& ARA d p y

DEFebO4

30

7 RITES

'y 38 kmph GS and Platen Car Impact Analysis
‘\ ARA p p y
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38 kmph GS and Platen Car Impact Analysis
(@)ren P pact Analy

frapapertation
Tachnaloay Cenler, ins

06F eb04

7 RITES

Measured Behavior M_

n
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- Iaten Car Ramp Test

Measured Behavior

Re— -
ARA Bl
(] I Conter, I
06Feb0s

Under Frame Crush Mode

Transportation
s Technafopy Centar, fic

QEFabl4

35
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Platen Car Ramp Test
e T £ T G e
BE_ Platen Impact Force. | ]
z .F /\\ —_'I;’reei;:xreeﬁ
£ °F . -
P \\/ ]
E :s"i— 2]
b e\
! Cll‘)ﬂ! lurjsl ‘I ‘o,tmi — ‘n:s:—_—
Time (s}
faela Platen Car Impact Force (T!—‘Ufﬂ |
7 RITES
Summary
m Ongoing Program to redesign GS and SLR
Coaches.

e GS design complete and prototype cars to be
placed in service in 2005.
» Additional 2-car crash test scheduled for October 2005.
m SLR Design following similar design

approach.
e SLR located at end of consist
e Higher energy absorption requirements (-5 MJ).
e Test scheduled for October 2005. —
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Federal Rallroad Administration
Federal Transit Administration

Session |l - Service Experience with CEM
Acela Service Experience George Binns, Amtrak
Hudson-Bergen Experience Clive Thomas, Parsons-Brinkerhoff

/ 1’% Crash Energy Management Technology Transfer Symposium
% June 29 through July I, 2005
% £ San Francisco, California
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- CRASH ENERGY MANAGEMENT
TECHNOLOGY TRANSFER SYMPOSIUM
SAN FRANCISCO, CA

SESSION II1

SERVICE EXPERIENCE WITH CEM
HUDSON BERGEN EXPERIENCE
Clive Thornes

Manager Rail Vehicles

PB Transit & Rail Systems, Inc.
June 30t, 2005
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| Where did it Start?

Preliminary Work

m 70% Light Rail Low Floor Car
m NJ Transit desired a lighter car with CEM

m Concern with amount of metal in
underframe
m Structural Requirements Study performed in
1994/1995
— Evaluation of dynamics of collisions
- Evaluation of buff load and overall structural
design
- Effect of difference in height and buff load on
car shell weight
m Technical Paper presented at APTA Rapid
Transit Conference June 1996

Page 101




NJ Transit Specification and
Technical Provisions

Based on a two 40,000 kg car trainin
collision with unbraked two 40,000 kg car
. train at a closing speed of 20 km/h.
m Buff load at anticlimber 392 kN
‘= Buff load at coupler bracket 431 kN

'm Absorb 308 kJ distributed between coupler,
anticlimber and end underframe

i- 600 to 1000 mm controlled collapse
m Coupler 8 km/h closing speed

= a

~ NJ Transit Light Rail
Vehicle

Based on two car train in collision with
unbraked two car train at a closing speed
- of 20 km/h.
‘= Each car 45,000 kg
'w Buff Load at Anticlimber 441 kN
m Buff Load at Coupler Bracket 490 kN

m Absorb 347 kJ distributed between coupler, and
end underframe

m 600 to 1000 mm controlled collapse
m Coupler 14.5 km/h closing speed

Page 102




The NJ Transit Light Rail
Car — HBLRTS and NCS
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Static Test of Cab

Coupler Energy Absorbing
Unit

Page 104




- Unscheduled testing

Two Major Collisions:
— Car 103 T- Bone by Heavy Truck
= April 15t, 2003

—Car 2003 Head on with Heavy truck
= May 12t 2003

R, T

CAR 103

m System — Newark City Subway
m Location — Orange Street Crossing
m Date - April 15, 2003
= Estimated LRV Speed — 10 mph
m Estimated Truck Speed — 35 mph
Truck Weight — 30,000 Ib
m Movement - 6 ft

Page 105




Orange Street NJ TRANSIT

The Wy To Ga

\Grade Crossing
Accident

| LRC 103
April 15, 2003
OR 03-18 _

== To Downtown
| Newark ‘\ m

Orange Street
Eastbound

- — -

Point Of |
Impact

PLATFORM

(?RAHGE STREET STATION

NCS Ipbound Track

I

20'6”

LRC 103
B

24 Fee

YAW Marks From
( Right Rear Wheel 20’ 8”

l

To Route sl

280

L '©N

o811 PUNOQING SN

LRC 103
A

04/16/03

@ Not To Scale

| Orange St. Crossing
: Accident

' Mhi_iowbamaga - LRC 103
Section

- 04/15/03
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nge SL Crossing
%accident
C-Section Damage - LRC 103
04/16/03

L . O R
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Orange St. Crossing § s
L "  Accident :

| Interior Damagé -

|
|
= |

" Car 2003

System — Hudson Bergen

m Location — Newport

= Date — May 12, 2003

m Estimated LRV Speed - 12mph
Estimated Truck Speed — 25 mph

= Truck Weight - 60 ton

m Movement 10 ft (into catenary pole)
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Inferences from Major
Collisions

m Designed Carbody Side Structure performs
satisfactory in side swipe

m End of car with CEM performs in a
satisfactory manner in head on collision

m No sharp objects enter interior of car
m Carbody structure does not disintegrate
m Low Cost to Repair
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NJ Transit Experience
Summary

m Over Five Years of Operation in Revenue
Service HBLRTS and NCS cars have
Performed Very Well

m Lightweight car with CEM

m Proven Very Successful Design

m Several Minor Collisions with Automobiles
m Two Major Collisions with Heavy Trucks
m Structure Remains Intact

m All Cars Quickly Repaired at Low Cost with
Localized Damage

Moving On

Phoenix Valley Metro LRV designed to ASME RT-1
Revision 5 Draft Safety Standard for Structural
Requirements for Light Rail Vehicles

= Same scenario as HBLRTS

= Buff Load at anticlimber 400 kN

m Buff Load at coupler Bracket 450 k N

m End underframe absorbs 350 kJ

m Absorption zone 500 mm to 700 mm

m Energy Absorbing Bumper 8 km/h

= Folding Coupler with Energy Absorbing Element

m "'Friendly" design for all road users and pedestrians

Page 114
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Federal Railroad Administration
Federal Transit Administration

- GEM Effectiveness

Full-scale Testing: Methodology Kristine Severson, Volpe
Full-scale Testing: Structural Crashworthiness David Tyrell, Volpe
Full-scale Testing: Occupant Protection Dan Parent, Volpe
Train Crashworthiness Strategies Kristine Severson, Volpe
Parametric Studies of Train Crashworthiness Michelle Priante, Volpe

June 29 through July 1, 2005

&‘h’g Crash Energy Management Technology Transfer Symposium
& San Francisco, California
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Federal Rallroad Administration
Federal Transit Administration

Session | Effectiveness
Full-scale Testing:
Research Methodology

Crash Energy Management Technology Transfer Symposium
June 29 through July 1, 2005
San Francisco, California

\S‘ OF TRA’V@

% o)
£ “9’% Kristine Severson
; e Volpe Center
2 ¢ US Department of Transportation

o]
STares OF »
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Outline
e Crashworthiness Objectives
« Research Methodology
e Evaluation Strategy
- Crush Analysis
- Collision Dynamics Analysis
- Occupant Protection Analysis

e Analytical Evolution

Session IV Full-scale Testing: Methodology Slide 2

Crashworthiness Objectives

» Preserve integrity of occupied areas
- Maintain sufficient space
- Minimize local compartment penetration
- Ensure occupant containment
e Limit Occupant forces/decelerations to
survivable levels
- Limit deceleration of occupant compartment
- Limit secondary impact forces
- Interior fittings remain attached

Session ¥ Full-scale Testing: Methodolagy Slide 3
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Define
Scenarios

Session [V

Research Methodology

Existing
Equipment
Design

Develop

L Alternative —

| Designs l

Evaluate

Evaluation
Strategy

—

> Effectiveness

Compare
Crashworthiness
of New and

Existing
Equipment
Design

More detail to follgbw

Full-scale Testing: Methodology

Slide 4

Evaluation Strategy

Crush

Collision

Dynamics

Occupant
Protection

Session IV

Full-scale Testing: Methodology

Slide 5
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Crush Analysis

INPUT OQUTPUT
Geometr ., Force-crush
y | Characteristics
Materials > Crush Analysis,[]
Loads, L Modes of
Boundary —» Deformation
Conditions,

Initial Conditions

Session 1Y Full-scale Testing: Methodology Slide 6

Key Results from Car Crush Analysis

Force-crush Behavior

Y ——

e
Tisedsnang MM
e

CRUSH FORCE
5
=

Session IV Full-scale Testing: Methodology Slide 7
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Collision Dynamics Analysis

INPUT OUTPUT

Crush Distribution

Collision

. —= Train
Scenarios

Collision .
Gross Motion
Force/Crush Dynamics l

Behavior Analysis

Occupant Response

Session IV Full-scalé‘_l'esting: Methodo!ogly Slide 8

Key Results from Collision Dynamics Analysis

e Gross Car Motion

40
35 — Test I
Analysis
— 30 |
Colllslqn - 8 2
Dynamics g ;
® 15 i
]
g 10 — !
o 5 “ﬁ 1 h,. |
< TR ey UAJ‘ M
oyl ;". .\ kw ey
58 1 ”0.1 0.2 0.3 /4 ols
-10 y
Time, seconds
Session IV Full-scale Testing: Methodology Slide 9
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Occupant Protection Analysis

INPUT OUTPUT
Crash Pulse |—» Loads on Seat/Table
Attachment
Interior
Configuration Forces and
Occupant —» Decelerations
Seat/Table Protection Analysis Imparted to
Stiffness 3 Occupants
- v
Occupant —_— Injury Criteria
Size
v
Probability of Injury
Session IV Full-scale Testing: Methodology Slide 10

Key Results from Occupant Analysis

Occupant Injury

=3
o 80
Occupant 5 3
Protection s
@ >
Qo
< 40
i |
T 20 { o |
‘ Lo
0 — ]
0.0 0.1 0.2 03 04 05 0.6
Time, seconds
Session IV Full-scate Testing: Methodology Slide 11
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Analytical Evolution

« Test 1 - Moderate Agreement, Significant
Post-test Model Refinements

3.0E+06

# i -—Pre-lestﬁFi-r.ﬁE Element Model Results
25E+06 1 « Test Resulls _ |
& 206406 {1 —— |
g 1.5E+06 ‘ .
|-
" |
W 1.0E+06 | !
5.0E+05 | T ———

0.0E+00 ~ - —'
2 3 4
Crush, feet

Session IV Full-scale Testing: Methodology Slide 12

Analytical Evolution

e Tests 2 and 3. Closer Agreement,
Incremental Model Refinements

30eth T——

—— Test Data

2 5e+6 — Collision Dynamics Model

LA
2.0e+6 \
| 1
it

1.5e+6 |,
|

I
1.0e+6

| q}ni\ ﬂ N "“x

Force, Ibs

645 )L PN ,J\f&m? P L aa [V F )Y, ]
5.0e+ e It O [ B HN—a,
e+5 w J \J\ﬂ i 4 g \N\ﬁj ll i ‘I
0.0 i’ i \",}\\/ . [N PR -
0 1 2 3 4 5 6 7
Crush, feet
Session IV Full-scale Testing: Methodology Slide 13
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Analytical Evolution
e Tests 4, 5, 6, and 7: Model Predictions
within Repeatability of Tests
— S0A Test — Pre-Test Model with Failure|
400
i
300 !
2 250
f 200
o 150
100
50
0 k. . |
0.0 0.2 0.4 0.6 0.8 1.0
Crush Distance (feet)
iSession v Full-scale Testing: Methedology o Slide 14 J

Analytical Evolution

« Mode of Deformation:

Session IV Fuli-scale Testing: Methodology Slide 15
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Analytical Evolution

Data from each test enables further
refinement of the computer models

« Refined analytical models can be used to
extrapolate beyond test cases to evaluate
variables such as:

- Train length

- Car weight

- Push/pull

- Mixed consists

Session IV Full-scale Testing: Methodology Slide 16

Summary

Strategy developed to evaluate crashworthiness
- integrity of occupied areas
- Forces, decelerations imparted to occupants
o Strategy consists of three parts:
- Car crush
- Train collision dynamics
- Occupant protection
» Strategy can be applied to evaluate influence of:
- Train characteristics
« Car crush behavior, car weight, train length, et al
- Collision conditions
» Speed, train-to-train, train-to-highway vehicle, et al

Session ¥ Full-scale Testing: Methodology Slide 17
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Full-scale Test Objectives

Measure and Compare Structural
Crashworthiness of Conventional and
Alternative Rail Passenger Equipment Under
Impact Conditions

Measure and Compare Occupant Protection
Capabilities of Conventional and Alternative
Interior Arrangements

Provide Information for Refining Analytical
Models

Provide Reference for Extrapolations with
Analytical Models

Session IV Full-scale Testing: Structural Crashworthiness

Slide 2

Full-scale Test Approach

» Arrange Tests to Minimize Reliance on

Analytical Models to Compare the
Crashworthiness of Alternative
Equipment

Session 1Y Full-scale Testing: Structural Crashworthiness

Slide 3
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Pre-test Analysis

o Critical for Defining Test Conditions,
e.g.,

- Too Low an Impact Speed -> Little Damage
- Too High an Impact Speed -> Not Survivable

« Critical for Defining Size and Location

with Incremental Improvements

of Instrumentation, e.g.,
- Views and Locations of Cameras

- Ranges and Locations of Accelerometers

Session IV

Full-scale Testing: Structural Crashwarthiness

Slide 4

Full-scale Tests

Test Conditions

Conventional
Equipment

Improved
Equipment

Single-carimpact
with fixed barrier

November 16.1999

35 mph impact speed

December 3,2003

34 mph impact speed

Two-coupled-car
impact with fixed
barrier

April 4,2000

26 mph impact speed

February 26.2004

29 mph impact speed

Cab car-led train
impact with
locomotive-led train

January 31.2002

30 mph impact speed

February 2006
(Target)
32 mph impact speed

Single cab car
impact with steel coil

June 4.2002

t4 mph impact speed

June 7,2002

14 mph impact speed

Session IV

Full-scale Testing: Structural Crashworthiness

Slide 5
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In-line Tests

wﬂl}m

3y UL UL gt

30 rnph ———  Standing

Session W 7Fu1t-scale Testing: Structural Crashworthiness

Consist 1. Cab Car. Coach Cars, and Consist 22 Locomotive and
Trailing Locomotive Two Ballasted Freight Cars

Slide 6

Objectives of In-line Tests

Test Description

Key Observations

Single-car Test

-Modes of deformation

-Dynamic force-crush behavior

-Gross motions of vehicle

-Minimized vertical and lateral motions

Two-car Test

il
[
S

-Interactions of coupled cars
-Cars remain in-line
-Distribution of crush to the trailing car

Train-to-train Test

l

-Interactions of colliding equipment
-Override of the colliding vehicles
-Lateral buckling of coupled cars
-Distribution of crush along consist
-No override and no {ateratl buckling

Session IV Full-scale Testing: Structural Crashworthiness

Slide 7
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Results of Single-car T(_est_s_

Conventional: Occupant Volume Lost, Vertical Motion

CEM: Occupant Volume Preserved, Remained In-line

Session IV Full-scale Testing: Structural Crashworthiness Slide 8

Underframe Crush Comparison

Pre-impact Post-impact

Conventional

CEM

Sesston IV Full scale Testing Structural Crashworthiness Slide 9
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Single-car Tests
Principal Results

3000000 _ :
‘ |— = CONVENTIONAL|

2500000 | = CEM Coach Car

& 2000000
2
@ 1500000
3]
o
(T

1000000

500000 N S IO R ppp—

0 1 2 3 4 5
Notes: Does not include draft gear.
Idealized from test measurements. Crush (ft)
Session IV Full-scale Testing: Structural Crashworthiness Slide 10

Two-car Tests
Principal Results

>

Conventional T

CEM

Session IV Full-scale Testing: Structural Crashworthiness

Slide 11
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Summary of Results

— for In-line Tests of CEM Equipment
a Increasing Force-crush Characteristic

Coupled Cars Remain In-line

 Structural Damage Distributed Among
Cars in the Train, Preserving Occupant
Volume

Session IV Full-scale Testing: Structural Crashworthiness Slide 12

. Two-car Tests

Sequence of Events
Train-to-train Test of Conventional Equipment

Crush 5 to 6 feet,
Similar to One-car and

Cab Car Body Folds
Body Bolster Fails

Maximum Vertical
Displacement

Maximum Crush

Session IV Full-scale Testing: Structural Crashworthiness Slide 13
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Train-to-train Test of Conventional Equipment |

Energy-Budget

» Conservation of Energy and Momenta
- Initial Kinetic Energy ~ 19.2 x 10° ft-lbs
- Plastic (Crushing) Energy = 9.6 x 10¢ ft-lbs
- Override Energy -0.20 x10¢ ft-Ibs

Session IV Full-scale Testing: Structural Crashworthiness Slide 14

Train-to-train Test of Conventional Equipment |

Analysis Models

» One-dimensional Lumped-parameter Train Model

ey
[lm- M(ﬂnch-l Coschd  Coneh »\wﬁﬁ i-\.‘vwlrj Tloeo | 'Concht  Cowh2  Couch Y| Conch Cab
» Three-dimensional Lumped-parameter Train Model

« Three-dimensional Non-linear Finite-element Train Model

- Post-test; Used to Devdop Cab Car Crush Zone

Session IV Full-scale Testing: Structural Crashworthiness Slide 15
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Summary of Results
for In-line Tests of Conventional Equipment

» Decreasing Force-crush Characteristic

« Coupler/Draft Gear Arrangement
Promotes Lateral Buckling

» Structural Damage Focused on
Impacting Car, Resultingin Significant
Loss of Occupant Volume

Session |V Full scale Testing Structural Crashworthiness Slide 16 |

Key Measurements

« Colliding Cab Car and Locomotive
Interaction

e Interactions of Coupled Cars
« Structural Responses
» Car Body Gross Motions

» Measure Test Dummy Response in
Selected Interior Configurations

| Train-to-train Test of CEM Equipment

Session |V Full-scale Testing: Structural Crashworthiness Slide 17
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Train-to-train Test
of CEM Equipment

. In-line Collision Between a Cab Car led
Passenger Train and a Locomotive led Freight
Train

» Both Consists of Equal Mass
Target Impact Speed of 32 mph

» Five Passenger Cars Retrofitted with CEM Crush
Zones, Trailing Conventional Locomotive

e Conventional Locomotive and Two Ballasted
Freight Cars

Consist 2:

Cab Car Crush Zone Coagh Car Cr nes  Cab Car Crush Zone Lotemotive and Two
e __,______4——‘—“’9// \K‘M\"\“ “~._ Ballasled Freight Cars
- — Qn
| oo suusil,|(ennsnnnesuasl, |HiARauasanany). | [(AVasensnsusuy, | - 3

Standing

Session IV Full-scale Testing: Structural Crashwaorthiness Slide 18 |

Cab Car Crush |
Train-to-train Test and Analysis

Conventional Test: Occupant Volume Lost, Override
R A ] i ¥ P E

CEM Analysis: Occupant Volume Preserved,
Engagement
Session IV Full-scale Testing: Structural Crashworthiness Slide 19
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- Car Crush

- Occupant Protection

Session {V

Full-scale Tests
Summary
a Test Results Show CEM Equipment

Significantly More Crashworthy than
Conventional Equipment

e Tests Also Used to Compare the Occupant
Protection Capabilities of Conventional and
Alternative Interior Arrangements

e Tests Also Used as a Reference Point for
Extrapolations
- Train Collision Dynamics

Full scale Testing Structural Crashworthiness Slide 20
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Objgctive

Measure the occupant protection
capabilities interior arrangements
- Conventional
- Alternative

« Demonstrate the effectiveness of
occupant protection strategies
- Compartmentalization
- Rear-facing seats
- Strategic interior modifications

e Refine computer simulations

Compare

Session IV Full-scale Testing: Occupant Protection Slide 2

Occupant Protection Experiments

» Background

- Acceleration of occupant volume determined by
specific structural full-scale test

» Approach
- Measure 3-D accelerations of occupant volume
- Implement Anthropomorphic Test Devices (ATDs)

- Arrange tests to minimize reliance on analysis to
determine effectiveness of occupant protection
strategies

» Pre-test Analysis

- Define instrumentation, expected outcomes
» Post-test Analysis

- Evaluate occupant protection strategies

Session IV Full scale Testing Occupant Protection Slide 3

Page 143




Previous/Planned Occupant Experiments

Test Conventional
Seating
Qne-car Two-car Train-to-train
Arrangement
Forward-facing

Commuter ‘/ ‘/

Rear-facing

Commuter

Unrestrained
Intercity
Lap Belt and

Shoulder Harness
Intercity

v

LN LYEN
URNEN
™

Workstation Table

Locomotive/Cab \/
Operator
Session IV Full-scale Testing: Occupant Protection Slide 4

Previous/Planned Occupant Experiments

Test Conventional CEM
Seating
\A_rrangement One-car Two-car Train-to-train Two-car Train-to-train

Forward-facing
Commuter

v v v v
v v
v v v

Rear-facing
Commuter

Unrestrained
Intercity
Lap Belt and

Shoulder Harness
Intercity

Workstation Tabte \/ \/

Locomotive/Cab
Operator ‘/ ¢

N ENENAN
NIRNEN

L

Session I¥ Full-scale Testing: Occupant Protection Slide 5

Page 144




Critical Measurements

« Compartmentalization
- Occupant remains within specified area

« Occupant Kinematics LD DL
- Predictable interaction with seats e S 1

e Injury Risk - Maximum injury criteria values
- Head Injury = HIC
- Chest Injury = Cumulative 3ms
- Neck Injury => Nij
- Femur Load

Session IV Full-scaleTesting: Occupant Protection Slide 6

Occupant Protection Strategies

 Effectiveness has been demonstrated:
- Lap belt and shoulder harness
- Rear-facing seating
- Energy-absorbing elements

o Effectiveness to be demonstrated on the
CEM Train-to-train test

- Improved workstation table
- Optimized commuter seat

Session IV Full-scale Testing: Occupant Protection Slide 7
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Lap Belt and Shoul_cjer Harness

o

« Ensures compartmentalization g
- Vertical, lateral accelerations &

» Prevents secondary impacts
- Head, chest, knees

- Reduces overall injury risk

« Implementation Issues
- Seat modifications

- Increasein potential injury modes
o Abdominal Injury
« Loss of survival space

- Misuse

Session 1V Futl-scale Testing: Occupant Protection Slide 8

Rear-facing Seats

Primary Impact | Car Body Acceleration

Acceleration [G]

v

Time

Rear-facing Seats
- Chest Acceleration

>
<
1
)
Acceleration [G]

>
Time

Chest Acceleration
3 1 l‘;‘\ Above Injury
k ot ) = Tolerance
/ 2 ‘ Level
s> L Up to Closing
& X |speed ) / \
h@'h ‘I Time g

Acceteration [G]

Session IV full-scale Testing: Occupant Protection ~ Slide9
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- Protects for wide range of | SemectRamen |
impact velocities while
compartmentalizing occupants &
- Reduces overall injury risk \( | S
e
Gl
Session IV Full-scale Testing: Occupant P?otection Slide 10

Energy-absorbing Elements

« Passive protection strategy
- Absorbs kinetic energy of
occupant

- Arrests motion of occupants
over a longer period of time
» Reduces loads and accelerations

|

Interior Modification Strategy

i. Define Probiem | 2. Analyze Problem | 3. Test Baseline

Lo T

Design

6. Test Improved
Design

| Session 1V Full-scale Testing: Occupant Protection Slhide 11 |
J
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Improved Workstat|on Table

. Impetus High injury risk
Placentia, CA
Burbank, CA
Confirmed by analysis

- Confirmed by baseline test
« Improved design will:

- Compartmentalize the occupant
Limit abdominal load
Distribute load over larger area
Absorb impact energy =
- Protect aisle, window occupants equally

Session IV Full-scale Testing: Occupant Protection Slida 41

Improved Workstation Table

Cantilevered Attachment
To Car Body

(Rounded Rubber Edge , Crushable, Energy-absorbing

Aluminum Honeycomb

Session IV Full-scale Testing: Occupant Protection __Slide 13
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Improved Workstation Table

e Schedule

- Design completed by September

- Four tables fabricated by December
One table will be quasi-statically tested
One table will be sled tested

Two tablesincluded on CBM Train-to-train
Full-scale Test

Session [V Full scale Testing Occupant Protection Slide 14

Optimized Commuter Seat

e Improved design will:

- Compartmentalize the occupant
Limit head, chest acceleration
Limit femur loads
Absorb impact energy
Protect forward- and rear-facing occupants
equally
« Design Requirements

- Crashworthiness performance

- Strength under service loads

- Geometry

Session Y Full-scale Testing: OccupantProtection Slide 15

Page 149




Optimized Commuter Seat

Design Concepts

- Energy absorbersin seat back, pedestal,
attachment to car body, or combination of
all three

- Energy-absorbingimpact surfaces

- Increased seat back height

o Compliant with

- APTA $S-C&S-016-99, Rev 1, Standard for Row-to-row

Seatingin Commuter Rail Cars

- Code of Federal Regulations, Title 49, Part 238, Section 233:
Interior Fittings and Surfaces

« Schedule
- Design completed by September
- Eight seats fabricated by December
- Four seats included on CEM Train-to-train Full-scale Test

Session 1V Full-scale Testing: Occupant Protection Slide 16

CEM Train-to-train Full-scale Test

~ CabCar =~ ——
e
-
1.3 THOR 1.2 H3RS 1.1 Rear-facing
w/Table wiTable Commuter Seat

- i‘lﬁSt Coach Car S

2.2 Forward-facing 21 Forward-facing
Intercity Seat Commuter Seat

!
N

Session ¥ Full-scale Testing: Occupant Protection Slide 17
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| Session IV Full-scale Testing: Occupant Protection Slide 18

Objectives
Measure occupant response in five (5) seating
arrangements
» Evaluate overall injury risk
- Compare results to conventional seating
 Demonstrate effectiveness of strategic
interior modifications
- Improved workstation table
- Optimized commuter seats
- Rear-facing seats
» Measure operator environment for future
research

CEM Train-to-train Full-scale Test i

CEM Train-to-train Predicted Environment

T)_fpicﬂf Rear- Typicol Forward-
facing Commuter facing Commuter
L Seats - 15 ft Seats - 2 ft
30 mph ==
+J
G 3 =)
=
()
>
10 mph ==
L L B
L] L] L] |
£t 2ft ift 4t
Displacement
Session IV Full-scale Testing: Occupant Protection Slide 19
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Conclusions

* Modificationsto the car end structures are
being made to prevent loss of occupant
volume-related injuries
- Crash energy management system

» Modificationsto theinterior are being made
to prevent secondary impact-related injuries
- Improved workstation tables

- Optimized commuter seats
- Rear-facing seats

Combined, these modifications can significantly

Increase occupant protection

Session 1¥ Full scale Testing Occupant Protection Slide 20
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Research Methodology

Compare
X .
Define Develqp Evaluate Cr%?*N%%QW& SS
S i Alternative Effectiveness
Eellspith Strategies Existing
Equipment
Design
y
J [ Apply 1-D Collision Dynamics Model
y
Push vs. Pull
Conventional vs. CBVI
P h 4
[ In-line Train-to-train Collision
Session IV - - lrain wrasnwortniness strategies Slide 2
Evaluate Effectiveness
CEM and Conv.
Force-crush
Characteristics
x Occupant Volu
o Car Crush P me
C0||iSi0n CO”ISIOH _bl Crushed
Scenario Dynaml_cs Acceleration v
Analysis Velocity Probability of
Displacement Fatality due to
l Crush
- Occupant
interior | o i ®  Injury Criteri
Configuration PrOteCt'_On i d a
Analysis ¥
Probability of
Fatality due to
Secondary Impact
Session |V Train Crashworthiness Strategies o Slide 3
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Collision Scenario

Moving Train

CAB Coach 1 Coach 2 Coach 3 Coach 4
Standing Train Moving Train (30 mph)
6 Car locomotive led consist | 6 Car consist:
(identical to moving consist) - Conventional train, cob car leading
- Conventional train, loco leading
- CEM train, cab leading
- CEM train, loco leading
Session IV Train Crashworthiness Strategies Slide 4

Collision Dynamics Analysis

One-dimensional lumped-mass model

- Masses connected by non-linear springs
- ldealized force-crush behavior developed from
FEA models and full-scale test results

Model used to evaluate:
- Car crush

- Gross motion of occupant compartment

- Relative velocity vs. relative displacement for
occupant !
Vy ————» *

!
E Loco Coschd  Cowchd  Conch2  Cosch | . E..{l_ M:_ H-T }-m*( u-n,h}‘v”‘ﬂ!'n:lcil 3
Moving Consist Stationary Consist
Session IV Train Crashworthiness Strategies Slide 5
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Occupant Analysis

« Simplified occupant analysis used to

estimate:
- Secondary impact velocity (SIV)

- Injury Criteria for head, chest, neck and
femur

- Probability of fatalities and serious injuries
based on crush and SIV

Session 1V Tram Crashworthiness Strategies Slide 6

Analysis Results

e Occupant volume crushed

« Secondary impact velocity

 Injury criteria

e Probability of fatality due to car crush
and secondary impact

Session IV Train Crashworthiness Strategies Slide 7
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Occupant Volume Crushed

0
Conv Train, Cab leading (Cab)
[ —=—conv Train, Loco leading (1st Coach)

—4—CEM Train, Cab leading (Cab) | |
CEM Train, Loco leading (1st Coach) | |

Occupant Volume Crush
of Leading Passenger Car, feet

a 5 19 15 20 25 30 35 10
Closing speed

Session |V Train Crashworthiness Strategies Slide 8

Interpreting Occupant Injury

« Calculate SIV at 2.0 feet of travel
(corresponds to forward-facing commuter
seat configuration)

» Correlate SIV to HIC, Chest G, Nij and
Femur load

e Calculate probability of injury >= AIS 5

Session [V , Train Crashworthiness Strategies Slide 9
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Interpreting Occupant Injury

35
Conv Cab Leading, Cab
=-#—Conv Loco Leading, 1st Coach |
30 =+ CEM Cab Leading, Cab |
"S_ CEM Loco Leading, 1st Coach
E 25 — - f :
) Fany g ol
:.31 N Petetate e e
Qo 20 i
o
[
> 15 - ) :
@
= ‘
- |
8 10 / i
()] ™
(v e
5 — ey —
|
0
0.0 0.5 1.0 15 2.0 2.5 3.0
Relative Displacement, feet
* Closing speed is 30 mph —
Session IV Train Crashworthiness Strategies Slide 10

SIV Results

Session [V

* (losing specd is 30 mph
Train Crashworthiness Strategies

Slide 11
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Probability of Fatality due to Secondary Impact
A ————
100% @l l/*rHJr-m--]-_L_.' VE“T*‘ J‘_ _r | ; I ‘!
1 I =t il
00% 4] !f"—fw—w-{f-& L [ e
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L. oSS S e e e e
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uu r] E,
0% | CEI&A ng?‘;‘eading
SRS SR Com? Loco eagr?
b Ony i
& ¥ oh® c,i>~‘?"‘J bR° Cab leadin
* Closing "f“i'lﬁj mph
Session IV Train Crashworthiness Strategies Slide 1

1
Maximum S|V for passenger
o3 Conv Train, Cab leading (Cab) | _-' T
~&~Gonv Train, Loco leading (1st Coach) f
30 | —#=GCEM Train, Cab leading (Cab) |
—%~GEM Train, Loco leading (1sl Coach) [
- 25 l
Q | \
E
- 20 1
& |
2]
E 154 — |
= ‘ |
E | |
% 104 s -
= | ‘ :
| oF | |
54 | ]
| ‘
0 — — k —— .
0 5 10 15 20 25 30 35 40
Closing speed
Session IV Train Crashwarthiness Strategies Slide 13
Page 160




Conclusions

Conventional Cab Car-led Train

- Maximum Crashworthy Speed -13 mph
- Relatively Rapid Loss of Occupant Volume with Increased Closing

Speed

Conventional Locomotive-led Train

- Maximum Crashworthy Speed -25 mph
- Relatively Rapid Loss of Occupant Volume with Increased Closing

Speed

CEM Cab Car-led Train

- Maximum Crashworthy Speed with existing interior -25 mph
- Maximum Crashworthy Speed with modified interior -32 mph
- Relatively Slow Loss of Occupant Volume with Increased Closing

Speed

CEM Locomotive-led Train

- Maximum Crashworthy Speed with existinginterior -30 mph
- Maximum Crashworthy Speed with modified interior -40 mph
- Provides a Very High Level of Crashworthiness

Session IV

Train Crashworthiness Strategies Slide 14
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Operating Parameters

- Train Length

- Car Weight

-MU Train

- Push/Pull Train

- Mixing Conventional and CEM Cars

Session Iv Parametric Studies of Train Crashworthiness Slide 2

Train Length, Weight, Type

e Trains run:
- With different numbers of cars
- With light and heavy loads
- Powered differently (w/ or w/o locomotive)

« How will crashworthiness be affected
for these different operating
conditions?

« Will having a CEM consist ever decrease
crashworthiness?

« What are the potential benefits?

Sessfon [V Parametric Studies of Train Crashworthiness Slide 3
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Train Length, Weight, Type

e Train type
- MU or Push/Pull

e Number of coach cars

2 Coach cars
- (1 Locomotive)< 4 Coach cars > 1 Cab leading
6 Coach cars
« Weight of cars
- 75, 100, 125 and 150 Kips
Session |V Parametric Studies of Train Crashworthiness Slide 4

Collision Scenario

e Initially standing train
- Locomotive led freight train

e Initially moving train
- Cab car led passenger train

- All CEM or all conventional end structures
vV >

TR T—

SRNRERRERARY | DNNRNENENNERR' |
e | || e 1 _
B 018 Ere o i e ey W e

Standing Freight Train|

Session |V Parametric Studies of Train Crashworthiness Slide 5
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Baseline Scenario
100 Kip Cars

Y e s
| iamEnEEEEREnn ||, A NNERANENEREN] | SEEEEENIEEN] VERREENRRERND | llllllllllll
_ U 11 _ II— 11 T e
1 oy DU = ity e -

]
s 1 ey

MU Crashworthy Speed:
CEM (33 mph) Conventional (14 mph)

Push/Pull Crashworthy Speed
CEM (32 mph) Conventional (13 mph)

Session IV Parametric Studies of Train Crashworthiness Slide 6

Train Length

Session IV Parametric Studies of Train Crashworthiness Slide 7
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Train Length

— T 40 ——
L 40 =
e SR |
g a P e — =
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g i | @ 25 {
o 251 - MU | a% =
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¢ m = Baseline Scenario

Session 1V Paramatrir Studies of Train Crashworthiness Qlida 8

Train Length: Observations

« CEM trains have double the crashworthy
speeds of conventional trains

For CEM trains, crashworthy speedis
less sensitive to train length

e CEMis effective for MU and Push/Pull

e Potential benefits: Less crushin
occupied areas in CEM cars

Session IV Parametric Studies of Train Crashworthiness Slide 9
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Car Weight

40 P
z z 4

35 3 —
£ E =
E ol ot B— |
32 3

| & 25 [ |—+-Mu a8 25| —+— MU

": 20 | |—®—Push/pull| 0:1 20 ~a— Push/pull|
£ | =
% 10 B —a ] 'F?; 10
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5] 5 | |
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Session IV Parametric Studies of Train Crashworthiness Slide 10

Car Weight: Observations

« For conventional trains, crashworthy
speed is less sensitive to car weight

CEM trains have twice the crashworthy
speed of conventional trains

» Benefits are equal for MU and Push/Pull
trains

» Potential benefits: Less crushin
occupied areas with CEM trains

Session ¥ Parametric Studies of Train Crashworthiness Slide 11
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What About SIV?

e In CEM cab cars, SIVis more severe

« Taking SIV into account
- Lowers CEM crashworthy speed
- Does not effect conventional crashworthy
Speed
« CEM performance can be further
improved by strategic modifications to
the occupant environment

Session |V Parametric Studies of Train Crashworthiness

Slide 12

What About SIV?

Example of the effect of the interior:

35 ———— - -
— L : = . (Impm\umgnl pmszbl;\
S 30 | T 4 2
£ I * | |4 with adjustments to
T 25 the interior
2 20 1
w
E\ 15 4 s — CONV
= L4} -

g 10 2 ] m CEM
[ =

0 &

g 5 s CEM

© 0 SV

5 6 7 8

IN

Train Length (# of Cars)

Push/Pull, 100 Kip Cars

Session 1V Parametric Studies of Train Crashworthiness

Slide 13

Page 170




Mixing CEM and Conventional Cars

e The transition to CEM likely to take
place by changingindividual cars

« How will crashworthiness be affected if
the consists are mixed?

« |f only some cars can be CEM, which
one(s) should be CEM?

 What are the potential benefits?

Session N Parametric Studies of Train Crashworthiness Slide 14

Train to Train Collision Scenario

ANRENEENEREE! ANANEENNANNS' || SONEEEEERESD! | SNGNGENEEEND!
-5 ST 1|1, ) e |||, e 1|1, IS T i |
SR g I T T TR g Ty

Sy T g e T T

Lcomotive Coach 4 Coach 3 Coach 2 Coach 1 Cab
Standing Train Moving Train
6 Car locomotive led consist 6 Car cab led consist

All conventional
Leading Cab CEM, rest conventional
All CEM

Session Y Parametric Studies of Train Crashworthiness Slide 15 |
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Leading Conventional Cab

e Putting CEM cars behind a conventional
cab is not beneficial

e These three train make-ups behave
similarly
All conventional

15t coach CEM, rest conventional
Leading cab conventional, rest CEM

) Locomotwe Coach 4 Coach 3 Coach 2 Coach 1 Cab

Session IV Parametric Studies of Train Crashworthiness Slide 16

Leading CEM Cab

» Adding a CEM cab to a conventional
consist improves crashworthiness

« An entirely CEM train performs the best

» CEM performance can be further
improved by strategic modifications to
the occupant environment

G

Illlllllllll'- Illlllllllll
-IIIIIIIIIII
e — e

N EEmEEn llllll i

=
INRENNRENENT! ERNANARRNENE!
---I-- llll......l-
- L o g

L aameie Coach 4 Coach 3 Coach 2 Coach 1 CEM Cab/
v
Session IV Parametric Studies of Train Crashworthiness Slide 17
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Damaged Occupant Volume in Cab Car

\
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S
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ﬁ 30 |2 15 mph
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| m
S |03 ‘ ik
1 35 mph
= B :
= |04 25 mph
- Impact
O |5
0 : e = Velocity
All Conv Cab CEM All CEM
Train Make-up
Sessfon I Parametric Studiesd Train Crashworthiness Slide 18

Summary of Expected Fatalities

Total Number of Makeup of Moving Train
Fatalities

(Seats lost + 51V

estimates) All Conv [Cab CEM | All CEM
15 rph 5 0 0

25 mph 20 5 0

35 mph 60 29 15

Coach 3 Coach 2

INNENEREEAND! INNENENERRAE! llllllllllll;“\ 1808
|l T ], | IS ST— " | |1 RS 111 |

——

T g g v 5

o

Coach 1 Cab

Session IV Pararmetric Studies of Train Crashworthiness Slide 19
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Mixed_@nsist Observations

a Replacing any conventional car with a
CEMcar does not put passengers at
greater risk

e CEM cars should be put at the front of
the train
- Putting a CEM car behind a conventional
car does almost nothing
« Potential benefits: Less crushin
occupied areas in most cases

Session 1V Parametri¢ Studies of Tram Crashworthiness

Stide 20

Effectiveness Conclusions

a CEM structureis beneficial for weight and length
variations

operations
« Consists of mixed CEM and conventional equipment

equipment consist
o Improving theinterior configurations of a train can
further improve crashworthiness

Session IV Parametric Studies of Train Crashworthiness

« CEM structure is beneficial for both MU and Push/Pull

always perform at least as well as an all conventional

Slide 21
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Questions?

More information can be found at:
http://www.volpe.dot.gov/sdd

Priante, Michelle, Tyrell, David and A. Benjamin Perlman. 'The Influence of
Train Types, Car Weight, and Train Length on Passenger Train
Crashworthiness", IEEE/ASME Joint Rail Conference, Pueblo, GO, March 16-
18, 2005. RTD2005-70042.

Severson, K. Tyrell, D, Periman, B, "Analysis of Collision Safety Associated
with Conventional and Crash Energy Management Cars Mixed Within a
Consist," American Society of Mechanical Engineers, Paper No. IMECE2003-

44122, November 2003.

Session [V Parametric Studies of Train Crashworthiness Slide 22
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Federal Railroad Administration
Federal Transit Administration

Session V - CEM Design, Fabrication, and Evaluation

Features, Functions, and Requirements Karina Jacobsen, Volpe
Concept Generation Robert Rancatore, TIAX
Design Aspects of Crush Zones Gabriel Amar, TRA&A
Retrofit of Test Cars Eloy Martinez, Volpe
Component Crush Analysis and Testing Rich Stringfellow, TIAX
Car Crush Analysis Patricia Llana, TIAX
Train Crush Analysis Rich Stringfellow, TIAX

Crash Energy Management Technology Transfer Symposium |
June 29 through July 1, 2005
San Francisco, California
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Federal Ralilroad Admlnlstratlon
Federal Transit Administration

Session V - CEM Design, Fabrication, & Evaluation
Features, Functions, 8

Requirements

Crash Energy Management Technology Transfer Symposium
June 29 through July 1, 2005
San Francisco, California

& TR“"V@o
Q{f “% Karina Jacobsen
i(y? Volpe Center
2 & US Department of Transportation
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Conventional Equipment

Session V Features, Functions, & Requirements Slide 2

Objective: Develop Prototype Design

e Coach Car Crush Zone
- Total Energy Absorption of 2.5 Million ft-Ibs
- Structural Crush of 30"

e Cab Car Crush Zone

Based on Coach Car Design

Total Energy Absorption of 3.0 Million ft-Ibs
Structural Crush of 30" Crush

Operator Protection Features

Anti-climbing Features

Capable of Functioning as Coach Car

i

1

session V Features. Functions, & Requirements Slide 3
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e

Preliminary
Design Studies
o —
’ e

Review

Existing

Designs —;,
_

'S

Sessian V

Reaqairemative

Design Process

Design

Design

Conc

Draft
Alternative
Concepts

Evaluate
Concepts

Finalize Design

pE—

Test

Components

Analyze
Design

\ Draft Design

Features, Functions. & Reguirements

/

Slide 4

Scenario: Train-to-train Collision

Scenario Definition

ool il (HED L - f
T | G ||| ) | | e e {1 | porem—n e
i T N Tl % it N L 5 it ™ Bl W L Tl 11 ] L 4 il 4

Identify Design Requirements Propose Design

Improvement:
—

" CEM

[u]

—

o

L

Session V Features, Functions, & Requirements Stide 5
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Train-to-Train Test Scenario

» Accident Investigations Help Identify
Scenarios of Concern

» Collision Behavior
- Car Crushing: Bulk vs. Controlled
- Lateral Motions: Lateral Buckling vs. In-line
- Vertical Motions: Override vs. Engagement

Consist 1: Cab Car Led 1 (:;ogs;'_sJ 2;_ed
Passenger Consist CEM Coach Cars CEM Cab Car -°¢ IT'(F)ar,.ne
= \Q Crush Zones)

32 mph——  Standing

Session V Features, Functions, & Requirements Slide 6

Design Requirements: CEM Coach Car

Target Force-crush Behavior Dxtcupiamt iMedume

1) Structural Trigger M
A Mechanisms

2) Increasing Step-like Loads

2 Trigger
Mechanism

orce

st Trigger
Mesghvainism

!

A\ 4

Crush

Session V Features, Functions, & Requirements Slide 7
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Design Requirements: CEM Coach Car

Key Components

Jr = S - -
States—» ]
|

Primary Energy Absorbers

@ |Draft
v |Gear
.o |
Pushback| |
Coupler Occupant
Volume
F— AN? —— 4"
>
Crush
Session V Features. Functions. & Requirements Slide 8

Design Requirements: CEM Coach Car
Energy Absorbed
= Area Under the Force-crush
A Curve
Total Energy
Absorption
o 2.5 Million ft-lbs
e
(®)
L
L ~_ Crush .
Session V Features, Functions, & Requirements Shde 9
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Design Requirements: Desired Kinematics
| — =
CooopjlE oo P Goupled Coach
1] ars
ETE=T = = - =
= 2) Pushback Coupler
Tl S
([ [T !! 97 O 0 Trioger
e =il
= i 3) End Frames Come
NI o/ [ Together and Sliding
I = Sills Trigger
oo ﬂl@ﬁ Doy 4 Enersy Absorbers
0T =3 o U
Session V Features, Functions, & Requirements Slide 10

Necessary Components: CEM Coach Car

[] \
Ener ,ﬁ:
o Occupant Volume

Absorber i sl S >

Integrated

End Frame ] DED NN

Energy

Absorber L
\__1. T [ S S R
== = =

back o
——t T

Sessian V Features, Functions, B Requirements Slide 11
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Energy, Components,
and Force-crush

Roof

Absorbers Pushback
/\/’T“ Coupler

2%

Energy
% Absorbers

Pushback Sliding sill shear bolts feil
000 S conpler T —
3500 |fpits
3000 \\ ! .
E 2500 \ — | - [ 1 A
i—"— 2000 Honeycomb , \
= criushes
= \ I ! J ilf\‘ TN lf\\__/f\
] TN T N
500 -+ - i | — ! - ! S
0 \/\ffi\ | Pl-inno'rrairrg}'abror-bem cnush
0 5 0 15 20 25 an
Crush (in} ?fmﬂ vohone
Session V Features. Functions. 6 Requirements Slide 12
4Or:cupam‘ Comportment
. Roof Absorbers
Primary
Energy
Absorbers
/ JE
Sliding Sill s
Pushback Coupler
Session V Features, Functions, 6 Requirements Slide 13
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Benefits of Coach Car Design Features

» Pushback Coupler

Promotes Full Contact of Main Structures of Coupled

Equipment
- Absorbs Modest Amount of Energy
- Triggers at Lower Speeds
- Minimizes Vertical Motions

Interlocking Anti-climber

- Promotes Engagement of Coupled Vehicles
- Minimizes Vertical Motions

Energy Absorbers

- Promote Controlled, Progressive Crush
- Absorb Large Amount of Energy

Integrated End Frame
- Supports the Loads Required to Trigger Energy

Absorbers

Session V

Features. Functions, K Requirements Slide 14
Conceptual Cab Car
Roof

Absorber\/\ Deformable

| [ Anti-

climber

Passenger Service Operator
Volume Closet Volume
v Ny

Primary Energy Integrated Pushback

Absorber End Frame Coupler

Session V Features, Functions, & Requirements Slide 15
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Design Requirements: Desired Kinematics

Contact Between
rl‘assenm \C(ln:‘ft? [U":L;ﬁ? Coup!ers Of Cab Car
,Uﬂ\pﬂllﬂ\[-lﬂ e & Locomotive

Pushback Coupler

Passenger Service [jOperator Tr"ggers
Compartment [ Closet [ Volume
Locomotive Hood
N W e 1,7% ‘ Contacts
tcu;ma:(?nrnt Closet J] Yolume " De_formoble Antf'
Climber
e TR, remon E Geon I 4)  Sliding Sill Fuse
(Um;mrlimnl Closet ] Volume Triggers
. 5) Crush Zone
C Exhausted
Session V Features, Functions, & Requirements Slide 16
Design Requirements: Cab Car
! Operator’s
| Compartment
Energy ! Occupant Volume
- — A g T . ot e 1
Absorber—— —— 7/
| |
] —
Integrated S
End Frame ‘_'f :I } ’ ]L ’
Deformable a =) L —
Anti-climber I !
= — — =i
Pushback——  ~l— = =5 [
Coupler ( e [ =]
En ergy
Absorber
Session V Features, Functions, & Requirements Slide 17
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Target Force-crush Characteristic

Crush Zone Absorbs

Pushback Sliding Sill -3 Million ft-lbs
Coupler Fuse Fuse
2514
States—> |1 3 4 5
%\ | Pt
g uif | Note: All numbers are || Occupant
1y -
o | ballpark design values | Volume
a =
[} e miti= e
o climber
O i Primary and
L PBQ Roof| Absorbers
L= Absorber
AV 0s 15 2 25 3 35 ¢4
Draft Gear Crush (feet)
Ses_s-ion ') Features, Functions, & Requirem;nts - Slide 18

Energy, Components,
and Force-crush

Deformable Anti-climber

Roof j
Absorbers »— T —._ Pushback

Coupler

M Stiding Sill Shear, Bolts Fail
} 1

.|
=
e
=
b
=
=
B
=
P

2500 b Pushback

Coupler Y - i l

= 2000 p Fails Dt'ﬁ.erJabIe .

3 Anti-climber |
1500 | Honeycomb | Crushes ‘

3
§ Crushes .
° 1000 | : ! : 1
o & /\/\ ~ N\ — i | Energy Absorbers Crush ‘
0 LV .'- i L i i f
0 10 20 30 40 50 Occupant / 60
Crush (In) Volume Crushes
Session V Features, Functions, & Requirements Slide 19
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Existing M1
Structure

Session V

Retrofitted Cab Car Design

Partition & Roof
Absorbers

Operator's
Compartment

Integrated
<— End Frame

Deformable
Anti-climber

Interlocking
Anti-climber

Underframe L
& Floor Sliding Sill V\ Pushiack
Not Visible: Primary Energy Absorbers 7 Coupler

Features, Functions, & Réquirernents ) Slide 20

Benefits of Design Features

Pushback Coupler
- Accommodates the Locomotive Coupler

« Deformable Anti-climber

- Conformsto Locomotive
- Distributes Load into the Integrated End

Frame
- Helps Limit Vertical Motion

Integrated End Frame/Operator’s

Compartment

- Limits Intrusion into Operator's
Compartment

- Supports Anti-climber

4]

Energy Absorbers
- Absorb a Large Amount of Energy

- Promote Controlled Progressive Crush

w arid
Crush Zone

Session V

Features, Functions, & Requirements Slide 21
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Coach and Cab Designs

Session V Features, Functions, & Requirements

Slide 22
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Concept Generation

Session V: CEM Design, Fabrication & Evaluation

Crash Energy Management Technology Transfer Symposium
29 June -1 July 2005
San Francisco, California Robert Rancatore
TIAX LLC
Cambridge, Massachusetts
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CEM Technology Transfer Symposium Overview

Overview of Presentation
® Objective
® introduction to TIAX
® Description of our Product Development Process
— Phase 1 - Product Definition
- Requirements Definition
— Concept Generation
- Preliminary Analyses
— Phase 2 — Preliminary Design
— Phase 3 -Detailed Design

CEM Technology Transfer Symposium Project Objective

The overall objective of the projects is to investigate and demonstrate

the feasibility of Crash Energy Management for heavy rail passenger
service.

Product
Development
Process

b

Ehas ‘u,‘__-ﬁ Occupant Volume =

Absorber s == o == :
Integrated !
End Frame o0
yimimm
Energy g
Absorbet~——="

Pushback__$ i ‘E‘
Coupler

(@ 1 /: 2. S
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CEM Technology Transfer Symposium Introductionto TIAX

Formed out of Arthur D. Little's Technology & Innovation business,
TIAX builds on more than a century of breakthrough innovation and
client success using collaborative RBD.

¢ The TIAX Team members contributed to the development of the coach and
cab car crush zones:

— TIAX LLC - Program management, non-linear crush analyses, collision
dynamics analyses, design and engineering support

— Taylor, Raynauld, Amar & Associates — Detailed design
- RA Mayville and Associates — Engineering support

— Transportation Technology Systems = Detailed design
— Premier Engineering - Detailed design

- Simula Aerospace and Defense Group, Inc. —-Testing
— Ebenezer Railcar Services Inc. — Fabrication

(@ 1/ 2. .

CEM Technology Transfer Symposium Product Development Process

We followed TIAX’s Product Development Process (PDP) during the
design of each of the crush zones.

Phase 1 Phase 2 Phase 3 Phase 4 Phase 5
Concept Manufacturing’
Product Detail De5|gn Design
Co_ncept 23“::’32':;?:& and Verlﬁcahon Validation and 'rlzlg':f:;it?" b
Definition / Demonslratlon//' Testing Design Rolease/ Support /

Fr

We applied these Phases of the process
for these projects.
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CEM Technology Transfer Symposium Phase 1 - Product Concept Definition

Phase Lincludes the Requirements and Concept Definition Tasks.

Refine concepts

|

t

: Phase 2 Begins

Perform g |
Concept Evaluate and Prelimina ’ ntegrate
Sonzore bl conraton ol oSt L "BEET L) Gonene e
Sessions Concepts Evaluation ! a System
t ’
Team Members.
h Perform
Clggﬂts";‘r';d Simplified
Participate Calculations

CEM Technology Transfer Symposium Phase 1

Requirements Definition

Requirements definition iS an important activity in the PDP because it
helps toidentify critical constraints and analyses early inthe design

process

Requirements

FRA

APTA
Standards

Prior Research
and Existing
Strategies

(T

1

h 4

Crush Zone
Requirements

Analysis
Scenarios

A4

Analysis Load
Cases

Design
Constraints
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CEM Technology Transfer Symposium  Phase 7 Requirements Definition

Several critical requirements must be met by the crush zone design.

Critical Crush Zone Design Requirement Areas

Meeting the 800,000 Ibf static buff strength.

Absorbing the required energy in the defined crush
distance.

Providing space for the pushback coupler, the
operator's compartment and the crush zone given the
existing car geometry.

Limiting intrusion into the operator's compartment.

Integrating the crush zone into the existing car
structures such that loads are distributed without
| overloading the those structures.

((T’ 2] ‘J.’/ gidaran. sinre tann = M
CEM Technology Transfer Symposium  Phase 7 Concept Generation

Developing concepts includes areview of existing systems, holding
concept generation sessions, and categorizing and evaluating the
concepts.

Existing

Systems Concept 1

, Concept a
Multi- Concept Conceptb Evaluate
disciplinary = Generation —* —>~ and - concept2

Participants Session didate ‘
oncep!

7'y Concept z

Clientand
Industry 1 Concept 3

Crush Zone
Requirements

Two examples of using this process include the location and type of
energy absorber designs.

[
1t
]
p— |
i
I

brura it s SHAR
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CEM Technology Transfer Symposium Fhase 1 Concept Generation

Example energy absorption strategy concepts that were evaluated.

Crushable
Structure

Crushable ("%0 ..rl
Structure R A ] s Vestibule I 5 L
Vesllhuie\ ﬁ = wall \ Q =
wall cotl LAPSE
R 2o 3 ; NN NN

INT N T om hY NN

Pa nel/‘

1

e —
aml,rw B0LSTERNYBOLSTER 5
—t

| Crushable
Structure

A B c
Double Energy Sliding Sill Energy Distributed Energy
Absorbers Absorber Absorber

Selected Energy
Absorption Design

8

CEM Technology Transfer Symposium Phase 1 Concept Generation

Examples of energy absorber concepts.

rl_arge Cell Honeycomb ]

elected Primary Energy Absorber I (=]
(€ £ LS

=]
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CEM Technology Transfer Symposium Phase 1

Concept Selection

An example concept ranking to help select the concept to be carried
forward to preliminary design.

Crush Zone Concept

Criterion

Weight

A

B

c

Score

Weightad

Score Weighted

Score | Weighted

1. Weight

2 .

2. Ability to carry operating loads

3.Complexity to operate as a crush zona

4. Offsetivertical joad sensitivity

5. Compatibility w/conventional layauts.

“
-

mlp|ofw|n

6. Ease of manufacturing

N w == =

7.

Total

1=best; 2-intermediate; 3-worst

CEM Technology Transfer Symposium

Phase 1

Preliminary Evaluation

The preliminary analyses guide the design of the conceptto ensure its
planned response is met.

Selected
Concept

| Modify concept design

1= Build
Models

Perform
Analyses

t

t

Component

Results
(as needed)

Test

Loading
Conditions

Ex] Preliminary
valuate
Results %Oe“s‘?SHt
t
Crush Zone
Requirements
= ) == 12
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CEM Technology Transfer Symposium

Phase 1

Preliminary Evaluation

Understanding the response of the components is key to developing a

system that meets the requirements.

sy AN

As-received

(TomX

CEM Technology Transfer Symposium Phase 2

Preliminary Design

The preliminary design of the system begins with the creation of the
layout drawings based on the concept designs.

Preliminary
Concept
Designs

Generate
Layout
Drawings

Analysis
Scenarios

Refine the design

Y Y

4

Analysis Load
Cases

Build System
Model(s) and
Run

Evaluate
Results

B
Vé

(@ 1/ 28

o mtian aree 10

f

Crush Zone
Requirements
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CEM Technology Transfer Symposium Phase 2 Preliminary Design

The component concepts are integrated into a system concept.

LRoof Energy Absorber l

| Primary Energy Absorber

l Operator’s Compartment

Pioneer Coach Car
Crush Zone

[ Pushback Coupler I

M1 Cab Car
Crush Zone

Deformable

((T'.w_x - Pushback Coupler1 e ad e
! . 15

iy ation secs 1ARA

CEM Technology Transfer Symposium Phase 3 Detailed Design & Fabrication

Phase 3 includes specifying connection and fastener details for

fabrication.
Crush Zone QA/QC
Requirements Documents
+ ¥ _
Create . .
System |—| DetailedPart Fabricate Deliver Install
Design and Assembly Parts and [7] Crush Crush
Drawings Assemblies Zones Zones
' :
Create
Installation
Drawings

€1/ 2.8

Innovalinn soce HAS
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CEM Technology Transfer Symposium Conclusions

The Product Development Process was successfully used to guide the
design of the prototype crush zones.

Defining the requirements early in the design process leads to system
designs that perform as desired.

Critical components were identified, concept designs generated and
analyzed, and the designs integrated into the system design.

The strength and energy-based requirements were compared against the
analysis results throughout the design process to ensure the appropriate
response of the crush zones.

Fabrication of the designs is underway for the remaining six vehicle ends.

(THT” . _ .

CEM Technology Transfer Symposium Ready for Testing

Once completed, the crush zone components and assemblies are

deliveredto TTCI in Pueblo to be installed on the prepared cars.

Coach Car Crush Zone Installed on a Budd Pioneer Car

(@ 1 /2. S .
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Design Aspects of Crush Zones

SESSION V: CEM Design, Fabrication & Evaluation
Crash Energy Management Technology Transfer Symposium

San Francisco, CA 29 June - 1 July 2005
Taylor Raynauld Amar & Associates Inc.
'THX 1751 Richardson, Suite 6.110, Montreal, QC, Canada H3K 1G6 Gabriel Arﬁér
Tel: (514) 933-1083 Fax: (514) 933-3533
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Design Aspects of Crush Zones Introduction

Taylor Raynauld Amar & Associates Inc.

TRANSPORTATIONVEHICLE CONSULTINGENGINEERS
*David D. Taylor - President

*Bernard Raynauld VP -Systems

.Gabriel Amar VP - Structures

Specification and design of rail passenger and transit vehicles,
locomotives and freight cars.
Company established in 1985 (DDT&A)

Involved with Volpe & TIAX since 2002
Ry

Design Aspects of Crush Zones fntroduction

ltems covered in this presentation:

-Pioneer Coach Overall Arrangement
*M1 Coach Car Overall Arrangement
*M1 Cab Car Overall Arrangement
*Key Crush Zone Details
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Design Aspects of Crush Zones Pioneer Coach

Pioneer Coach - Underframe

, END FRAME

FIXED SILL
PRIMARY
ENERGY
ABSORBERS
| SLIDING SILL
| POCKET FOR
PUSHBACK
COUPLER
By x
Design Aspects of Crush Zones Pioneer Coach
!_ ROOF Pioneer Coach - Superstructure ‘A—XIAL |
ABSORBERS . CONTINUITY
o PRPVIDED

b

NEW ROOF
‘ & SIDE
STRUCTURE.
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Design Aspects of Crush Zones M1 Coach

EXISTIN

M1 Coach - Underframe

BOLSTER
STRUCTURE

| RIVETED SIDE SILL
REINFORCEMENT

TRy PUSHBACK COUPLER

& BOX BEAM
ARRANGEMENT

TO SUPPORT
ENERGY
ABSORBERS |

B BUFFER
| BEAM

Desi gn Aspects of Crush Zones M1 Coach

M1 Coach - Superstructure

~ EXISTING
BUDD M1
CAR

TRy

PARTITION
WALL

- END FRAME
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Design Aspects of Crush Zones

M1 Cab Car

| SIMILAR TO
COACH CARY
UNDER- |

M1 Cab Car - Underframe

i

8 LARGE
B COUPLER
& POCKET

Design Aspects of Crush Zones

M1 Cab Car

INBOAR
PARTITION
WAL

} BULKHEA
STRUCTUR!

M1 Cab Car - Superstructure

OPERATOR

|, DEFORMABLE
| ANTI-CLIMBER

‘ INTEGRATE
END FRAM

R

INTERLOCKING
ANTI-CLIMBER

VOLUME
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Design Aspects of Cmsh Zones Key Crush Zone Details

The CEM test cars feature a Fixed Sill & Sliding Sill arrangement
with trigger bolts

FIXED SILL

‘TRIGGER BOLTS
(1 OF 12 SHOWN)

SLIDING SILL

Design Aspects of Or ush Zenes Key Crush Zone Details

The Primary Energy Absorbers are composed of built-up
welded tubes that deform by progressive local buckling

ABSORBER
TUBES

CROSS BEARER
~ NOT SHOWN

| BUFFER BEAM
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Design Aspects of Crush Zones Key Crush Zone Details

The Roof Energy Absorbers are composed of telescoping
steel tubes that crush confined aluminum honeycomb units

FIXED TUBE

SLIDING TUBE

TRIGGER RIVETS

BODY CORNER POST

Design Aspects of Crush Zones Key Crush Zone Details

The Coach Car End Frame employs ASTM A710 built-up
tubes and box sections with ductile connections

COLLISION
POST

BUFFER
BEAM CORNER
POST
INTERLOCKING
ANTI-CLIMBERV
TRy

A.T. BEAM
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Design Aspects of Crush Zones Key Crush Zone Details

OPERATOR
VOLUME
CEILING

The Cab Car End Frame

includes lateral beams to

integrate the collision & -
corner posts, share load.
andsupporta
deformable anticlimber
(not shown)

Design Aspects of Crush Zones Key Crush Zone Details

The cab car's Deformable Anti-climber includes a thick plate
supported by stainless steel crushable tubes filled with
aluminum honeycomb

MACHINED
WAFFLE \\\‘“*\\\*

PLATE

3/8 in. END
CAP

ALUMINUM
HONEYCOMB

4X4X1/8
CRUSH
TUBES

Yz in. BOLTS

Y2 in. PLATE
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Design Aspects of Crush Zones Key Crush Zone Details

The Pushback Couplers (PBC) are AAR standard components
supported by a break-away rear buff lug that crushes different
lengths of aluminum honeycomb on the coach and cab cars

Cab car PBC

22.25 in. BUFF LUG
STROKE

8 in. BUFF LUG
STROKE

smmmsammges

| | Coach car PBC

Design Aspects of Crush Zones Key Crush Zone Details

The Cab Car Crush Zone offered several other deS|gn
challenges such as: o %}‘(ﬂ_ e

P

PROVISION OF AN
OPERATOR VOLUME
THAT MOVES INTO
CAR WITHOUT
INTERFERENCE
WHILE UNDERGOING
LARGE
DEFORMATIONS
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Design Aspectsof Crush Zones Key Crush Zone Details

Other Cab Car Crush Zone design challenges:

INTEGRATION
INTO AN
EXISTING M1
CAR SHELL
WITHOUT OVER
STRESSING
THE
STRUCTURE
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Session V

Background

» Objectives:

- Retrofit Crush Zone Designs Onto Existing Carsin
Preparation for Full-scale Train-to-train Test
« SEPTA Budd Pioneer Cars
» LIRR Budd M1 Cars

- Show Existing Car Designs Can React Crush Zone
Loads

- Demonstrate Feasibility of Retrofitting Cars

Retrafit of Test Cars

Slide 2

Session V

Process to Retrofit Crush Zones
Onto Existing Cars

Fabricate | | Prepare
Components| | Cars

Install

Retrofit of Test Cars

Slide 3

Page 219




e e e —,_—_—_—_—_—————— ]

Fabricate Components

» Fabrication Experience
- End Beam Design Tests
- End Frame Designs tor Grade Crossing Tests
- End Frame bDesigns 1or In-line | ests
- Coach Car Crusn Zone besign

« Fabrication Requirements - Use Typical:
- Materials
- Fabrication Techniques

Session V Retrofit of Test Cars Slide 4

Fabricate Components

Selected Components

Fixed Sill Sliding Sill

Roof Absorbers Reaction Group With
Primary Energy Absorber
Push-Back Coupler y (PE%
Session V Retrofit of Test Cars Slide 5
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COLLISION—__  IF

POST

Fabricate Components

~AT.BEAM

Retrofit of Test Cars ) Slide 6

Session V
Budd Pioneer Car Preparation
Purlin 2 Purlin
Cant Rail Cant Rail
Side Sill Side Sill
Body Bolster
Session V Retrofit of Test Cars _Slide7 |
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Budd Pioneer Car Preparation

' Prepare Body Bolster |

 Sesmonv Retrofit of Test Cars Sides !

g

F Budd Pioneer Car Preparation

l‘

Session V Retrofit of Test Cars Slide 9
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Build Up Side Sills & Position Cross Bearer Assemblies

Session V ~ Retrofit of Test Cars Slide 10

Budd Pioneer Car Preparation

TRIGGER BOLTS
(10F 128H0WN) B

Insert Sliding Sill and Drill Holes

Sessicn V Retrofit of Test Cars Slide 11
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Attach End Frame Assembly

Session V Retrofit of Test Cars

Slide 12

Budd Pioneer Car Preparation

Attach Front and Rear Reaction Groups
Along with Primary Energy Absorbers

Session V Retrofit of Test Cars

Slide 13
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- Budd Pioneer Car Preparation

Session V Retrofit of Test Cars Slide ;

Final Design Retrofitted Onto Budd
Pioneer Passenger Coach Cars

Roof Absorbers

Primary Energy
Absorbers

Pushback
Coupler

Integrated End
Frame

Session V Retrofit of Test Cars Slide 15
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Roof Rail Roof Rail
Upper Window
Upper Window Rail
Rail
Belt Rail Belt Rail
Side Sill Side Sill
Body Bolster
Session V D N Reérofit of Te_st Cars o ) Slide 16 )
Budd M1 Car Preparation
% Partition &
4 = Roof Absarbers
Operator's
Compartment

Integrated
End Frame

Deformable
Anti-climber

Original M1 Structure Interlocking

Ann-climber

Sliding Sill

Underframe & Floor Pushback

Coupler

Session V Retrofit of Test Can Slide 17
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Summary

« CBEM Crush Zone Designs Will Be Retrofitted onto
Existing Car Bodies for Next Full-scale Train-to-
train Test

Budd Pioneer Coach Cars -- Completed

- Budd M1 Coach Cars == Parts Being Fabricated

- Budd M1 Cab Car -- Final Design Completed, Materials To
Be Ordered

« One & Two Car CEM Full-scale Tests and Analyses
Verified Existing Car Body Structure Able to
Withstand Loads Introduced Through Crush Zones

» The Feasibility of Retrofitting Cars with Crush
Zones Demonstrated

Session V Retrofit of Test Cars Slide 18

Participating Organizations

» Federal Organizations
- Federal Railroad Administration
- Volpe National Transportation Systems Center

« Contractors
- Transportation Technology Center, Inc.
- TIAXLLC
« Taylor, Raynauld, Amar & Associates
« Ebenezer Railcar Services, Inc.
o R A Mayville & Associates

o APTA
- SEPTA
- LIRR
- Bombardier

Sesséon V Retrofit of Test Can Slide 19
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Component Crush
Analysis and Testing

Session V: CEM Design, Fabrication & Evaluation

Crash Energy Management Technology Transfer Symposium
29 June -1 July 2005
San Francisco, California Rich Stringfellow

TIAX LLC
Cambridge, Massachusetts

Page 229




0gz abed




Tl BN =Y B 2 A B N 2 A A . T B B R BB e

Component Crush Analysis and Testing Overview

Overview

# Introduction

4 Summary of Component Analysis & Testing Program

+ Review of Primary Energy Absorber Analysis and Testing

+ Review of Cab Car Deformable Anti-climber Analysis & Testing
¢ Summary and Conclusions

(@ 4/ 2. S

Component Crush Analysis and Testing Introduction
Objectives:

The objective of component crush analysis and testing is to assure
that the components meet design requirements.

4 Analyses provide:
- Rapid evaluation of design alternatives
— A framework for any needed tests
+ Tesling:
— Assures that critical components function as designed
— Resolve uncertainties with analyses

(€ 7 /2. S
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Component Crush Analysis and Testing

Introduction

The design of a crush zone for CEM coach and cab cars has been
greatly aided by analysis and component testing.

Component Crush Zone Design Car and
Analysis Train Crgsh |
] ‘ Analysis |
| Component System ‘ B -
pmmcnonl Ivallu.llion Design Design ™" prediction validation
e == Carand |
Component . | Train Crush
Testing Requirements | Testing
N I
. . /

+ Force-Crush ¢ Energy

¢ Deformation # Structural

Curves Absorption Modes Integrity
Component Crush Analysis and Testing Analysis and Testing Sunmar y

A comprehensive component analysis and testing program was
conducted to assure that the key crush zone components meet design

requirements.

r
Detailed Analysis
Component Testing
Component Car Level
Level
Primary Energy Absorber Yes Yes Dynamic
Pushback Coupler Yes Yes Dynamic
Sliding Sill/Fixed Sill Yes Yes Static &
Dynamic
Combined Pushback
Y Y Y
Coupler/Sliding Sill/Fixed Sill s b =
Roof Absorber No Yes No
Deformable Anti-climber Yes Yes No
Honeycomb-filled Tubes Yes Yes Static

(@ 7 /S
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Component Crush Analysis and Testing Coach Car Testing/Analysis

Componenttesting for the coach car was aimed at validating the
mechanical behavior of key contributors to the the crush response of
the CEM crush zone.

fallure of pllsﬂhack crush of
coupler bolts occupant volume
1500

failure of sliding sl
oo boltsiroof rivats
=
=
o 1000
(=
(=4
= crush of roof
and primary
500 aneray
[ erush of absorbers
fixed/sliding sill w ""“‘;Vﬂiﬂ'b
system 05
/ 0
0 10 20 30 40 50
pushback coupler .
system Crush (In)

draft gear
ey Coach Ca Crush Zone Components| araet Coach Car End Crush Response

(@ 4/ 2

Component Crush Analysis and Testing Primary Energy Absorbers

The primary energy absorbers provide an excellent example of the use
of testing and analysis in the design development process.

Design
Concept

Simple
Analysis

Preliminary
Design

Revised
Design

Detailed
Analysis

Detailed Final

Testing — Analysis [ ] Design

((Tlf ’{ﬁ
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Component Crush Analysis and Testing Primary Energy Absorbers

The preliminary design for the primary energy absorbers was chosen
to satisfy force, energy absorption, and deformation requirements.

1" long cutouts of varying

width promote A572-50 steel
progression of folding

measured
properties:

H

Strass (ki)
-

e =

| ;

0.25-inch thick
A572-50

» partitioned into eight 5-inch « welded to each other and

iong seciions to transverse plates
sepalaced by transverse plates —

to promote controlled folding

(@ 7/ . S

6
6" by 6"
groas Earton : fabricated from two halves:
40-inch length: « cut and formed

Component Crush Analysis and Testing Primary Energy Absorbers

Preliminary analvsis showed that this design deforms in a desirable
manner and absorbs the required 1.0 million ft-Ibf of energy.

1000

800

FEA model:
undeformed

[Force (1000 Ibf)

0 5 10 15 20 25 30 35
Crush (in)

Calculated force-crush curve |

FEA model:
after 30" crush
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Component Crush Analysis and Testing Primary Energy Absorbers

Drop tower tests were conducted on the primary energy absorbers to
confirm key performance requirements

+ The primary test delivered 800.000 ft-
Ibf of energy at about 47 mph

+ Key Results:
— The force-crush characteristics
satisfied requirements.

— The mode of deformation did not
completely satisfy requirements

+The unsatisfactorymode of
deformationled to redesign of the

absorbers
The drop height
was 75 feet!
(@ 1/ 2 S
Component Crush Analysis and Testing Primary Energy Absorbers

In spite of the initiation of crush at the supported end, analysis
predictions of reaction force are in generally good agreement with
measured forces.

Finite element analysis
prediction; partially supported

Full-fength test article; partially
supported at the bottom

Reaction Force (kips)

0.01 0.02 003 0.04 0.05 0.06 0.07 0.08
- Time (sec) 10

(TP o
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Component Crush Analysis and Testing Primary Energy Absorbers
As a direct result of the tests, the trigger hole geometry was modified
to make it less likely that the absorber will deform at its supported end.
1000
< g0 —modiﬁeaiesign R
f | — original, tested design
2
g
5
w
£
0
~
(3]
0
0 5 10 15 20 25 30 35
Displacement {Inches)
Tested Design Modified Design | The modification had little effect
onthe overall forcecrush
behavior or energy absorption
(@4 S .
Component Crush Analysis and Testing Cab Car Testing/Analysis

Additional component analysis and testing for the cab car was aimed
at validating the mechanical behavior of the deformable anti-climber.

crush of
occupant volume

1500 -
failure of sliding sill
bolts/roof rivets
erush of
s deformable
& 1000 antl-climbers
8 crush of roof and
= primary energy
o absorbers
£ 500
= crush of honeycomb
blocks
0
0 0 20 30 40 50 60
Crush (in)
compression of
draft gear
Cab Car End with Deformable
Anti-climber Highlighted Target Cab Ca&r End Crush Response

CTwen”__.

12
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Component Crush Analysis and Testing

Deformahle Anti-climber

Component analyses and testing for the cab car were focused on the
development of the design of the cab car deformable anti-climber.

t=0.015 sec

t=0.03 sec

Deformation results from deformable
((T’"'-’""% anti-climber component-level analyses

Component Crush Analysis and Testing

Deformabte Anti-climber

This analysis effort contributed significantly to the specification of a
3x3 pattern of honeycomb-filled tubes as the principal energy
absorbing elements of the deformable anti-climber.

V8 in END
CAP
12 INCH ALUMINUM
MACHINED HONEYCOMB
WAFFLE~_ /
PLATE R
AXEX1E
CRUSH
TUBES
4in. BOLTS
- tin PLATE
K
v p. 4
(T#mx

050

000

gan
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Component Crush Analysis and Testing Tube Crush Tests

Concerns about the crush characteristics of the tubes and especially

their tendency to fracture led us to conduct a series of quasi-static
tube crushtests.

Key results from the tube testing:

+ Annealingis necessary to
remove the risk of material
fracture.

+ Strength is greatly reduced by
annealing.

+ Required strength levels are
reached by selecting:

— 301 stainless steel as the tube

material
— filling the tubes with 2150 psi
aluminum honeycomb Tests were conducted on a 300.000
ibf hydraulic compression machine.
((T' £ ;.{.,;:‘_'.L - 15
Component Crush Analysis and Testing Tube Crush Tests

A key result of the testing is that annealing of the tubes is necessary to
prevent cracking, particularly for filled tubes.

As-received Annealed

(@ 4 [ S

16
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Ferce (1000 Ibf)

Component Crush Analysis and Testing

Tube Crush Test s

Tube testing results were used to verify model behavior. Agreement
between the force-crush behaviors and deformation modes provides
confidence inthe manner in which the tube crush behavior is modeled.

120

100

@
8

2

20

—

—test --301 88
— model

1.0 20 30 4.0
CGrush (in)

/

The model is nor able la capture the fuli extent of the
dropin load thatIs likely caused by the reduction of
the effective crush area of the honeycomb.

(@ 1/ 2.8

The model is able to predictthe
deformation mode quite well.

Component Crush Analysis and Testing

Summary

Summary:

® Design uncertainties were resolved with both analyses and tests.
— The critical components were tested.

+Analyses and tests show that components meet design requirements.

O

Coach car crush zone components performed as designedin

the single-car and two-car full-scale tests. !

ana
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Car Crush Analysis

Session V: CEM Design, Fabrication & Evaluation

Crash Energy Management Technology Transfer Symposium
29 June -1 July 2005
San Francisco, California Patricia Llana

TIAXLLC

Cambridge, Massachusetts
Page 241




GEE GBS OGNS NG BN BN OGNS ONN SN BN NG R BN BN E R =R =N .
Zyz abed




CEM Crush Zone Design Process

Crush Zone Design Overview

Afler conducting the component analysis and testing and seeing that
the components behave well individually, the integrated system
design must be analyzed for both the coach car and cab car CEM

structures.
‘ Component Crush Zone Design Car Crush
| Analysis r | Analysis
‘ I Component System | =
Design Design
prediction validation [ prediction validation
Component . Car Crush
Testing Requirements Testing

| : J
prediction l '\mlidatiun
-
F \

| Train Crush |
’ Analysis ’

Train Crush
Testing

N /

+ Load-Crush + Energy

_ + Deformation e Structural
Curves Absorption Modes Integrity

(@ 1/ 2.9

CEM Crush Zone Design Process

FEA Models and Analysis Overview

The objective of this presentation is to review the finite element
models generated for the single car crush analyses. The results from

these analyses will also be discussed.

—_—

Overview of Presentation
* FEA Process

» FEA Model Development
* Pioneer-basedCoach Car
¢ MiIl-based Cab Car
* Mil-based Coach Car
*  F40PHM-based Locomotive

3 Coach Car Analyses
e Static Analyses
* Dynamic Crush Analysis

3 Cab Car Analyses
+ Static & Quasi-static Analyses
* Dynamic Crush Analysis — ldeai Case

Dynamic Crush Analysis — Non-ideal & Offset Conditions

(@ £ /2.9
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CEM Crush Zone Design Process FEA Process
The finite element analysis process is an iterative undertaking.
Feedback between steps is critical to achieving a successful design.
— outputs
Inputs Finite Element Analyses | B ]
_ = e Load-Crush
: Curves
Geometry Static |
/ Analyses T ——
—_— = Y S Energy
; Absorption
. _Material ) Quasi-static P
Properties Requirements Analyses I%
I —
- - +—r | Deformation
) | Modes
Loads, BC, | Dynamic
Ic Analyses
—— - Structural |
\ Integrity |
((r’ﬁ;{_w 3

FEA Model Development

Car and Locomotive FEA Models

M1-based Cab Car Model l

4

Locomotive Model
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Coach Car Analyses Summary of Analyses

One dynamic and nine static loading conditions were analyzed for the
M1 coach car. All stresses were below yield in each of the static
analyses. The dynamic analysis results satisfied the requirements.

Mi-based Coach Car Analyses

> Static Analyses
= 60 kip longitudinal load on collision post midway between gusset 8 AT beam
= 30kip longitudinal load on comer post 18 inches above buffer beam
*  20kiplongitudinal load on comer post midway between gusset 8 AT beam
30 kip tateral load on comer post 18 inches above buffer beam
= 20kip lateral load on corner post midway between gusset & AT beam
800kip longitudinal tead on back of coupler pocket
*  800kip langitudinal load on buffer beam behind anticlimber
] 100 kip vertical load on buffer beam behind anticlimber, before erush
* 100 kip vertical load on buffer beam behind anticlimber, after 30 inches of crush

¥ Dynamic Crush Analysis
Rigid barrier analysis

(Tomx ..

Coach Car Analyses Static Analysis Set-up

One static analysis investigated whether an 800 kip linear longitudinal
load applied to the back of the coupler pocket could be supported
without yield in any part of the structure.

Model fixed at the rear

Symmetry boundary
conditions at car centerline

(TImx_..

800 kip longitudinal load applied
to back of coupler pocket
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Coach Car Analyses Static Analysis Results

The 800 kip linear longitudinal load on the back of the coupler pocket
resulted in no stresses above yield.

S, Mises
Multiple section poirtls
(Ave. Crit. 75%)

800 kip longitudinal load applied
to back of coupler pocket

(Faemx_...

Coach Car Analyses Dynamic Analysis Set-up

In the dynamic crush analysis, the coach car model was fixed at the
rear and the rigid object had an initial speed of 30 mph.

Model fixed along

car mid-plane B —
Rigid object with initial
speed of 30 mph

(€ 1 [ 2 S )
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Coach Car Analyses Dynamic Analysis Results

The calculated load-crush curve for the rigid barrier dynamic analysis
of the M1 coach car is consistent with the design target. The required
energy absorption of 2.5x10¢€ ft-Ibf is achieved.

3000 |

——FEA model Occ. Vol. ‘ Ef:'
——design target Video Clip
2500 Shear bolts Iso view, barrlar POV
=
2000
= PEA ‘ E*_]
o Video Chip
9__1 1500 /\ ‘ Side view
§ HC
£ 1000 l H
Video Chip
500 i Side view: sliding sill
0 ’ )
0 10 20 30 40 50 e

Iso view, coach car POV

Crush (in) ‘

(Tamx

Cab Car Analyses Summaty of Analyses
Nineteen loading conditions were analyzed for the cab car design. All
stresses were below yield in each of the static analyses and the
dynamic and quasi-static analysis results satisfied the requirements.

~  Static Analyses
. 60 kip lonaituding! load or collision pest midway between gusset 6 AT beam
. 100 kip longitudinal load on sorrer port 18 inches above buffer beam
. 45 kip tongitedinal load on erner post midway between gusset & AT beam
- 100 kip lateral load on corner post18 inthes abowe buffer beam
45 kip Iateral load on corner post midway betwesn gusset & AT beam
200kip longitudinat load on back of coupler pocket
. 800 kip longitudinal load on buffer beam behind anti-climber
. 100 kip vertical load on buffer baam behind anti-climber. before crush
. 100 kip vertical load on buffer beam behind anti-climber, after 30 inches of crush

»  Quasi-statlc Analyses
200 kip longitudinal load on the ¢ollision port30 inches above the buffer beam
. 100 kip lengitudinal load on the corner post 18 inches above the buffer beam
>  Dynamic Crush Analyses
. Ideal Case
Load only through deformabie anti-¢limber
- Load only through coupler
vertical offset —locomative ralsed by 6 inch—
Vertical offset = locomotive loweredby 6 inches
Ll Lateral offset ~ locomotive shifted by +6 Inches
Lateral offset -~ locomotive shined by r 6 inches

L] carﬁblned tateral and vertical offset -- lotomotive lowered 8 inches and shifted laterally by -§
inches

((T’ {_ B 10
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Cab Car Analyses Quasi-Static Collision Post Crush

A full-width version of the model was used to evaluate whether the cab
car can support a 200 kip longitudinal load onthe collision post, 30"
above the floor.

fixed along car
mid-plane

rigid indenter travelling at 15 mph

(12" wide, 3" radius)

(€ 1 /2. S,

Cab Car Analyses Quasi-Static Collision Post Crush
The calculated force-crush curve indicates that the 200 kip ultimate
strength requirement is easily met.
i
| 600 ]
‘ 500 I
l 5 400 ‘
S ) ‘
g 300 200 kips ‘
8
£ 200 ‘ APTA: 1
| +— 135,000 ft-lbs
- _ S @10inches| |
100
i
| 0 ' T i |
| 0 2 4 6 8 10 12 14
| Crush (in)
(FoemX_ ;
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Cab Car Analyses Quasi-Static Collision Post Crush

After 6 inches of crush, some parts of the end frame have plastically
deformed. However, the ultimate strength has not been reached.

5, Mises

Multiple section points

(Ave. Crit.: 75%)

- +050e+04

g +B.712+04
2 +792p+04

- +1582+04
- +7 92803
- +0.00e+00

rigid indenter travelling at 15 mph
((T’ X (12" wide, 3" radius)

13

Cab Car Analyses Ideal Dynamic Analysis Set-up

In the ideal dynamic crush analysis, the cab car model was fixed atthe
car mid-plane and the locomotive had an initial speed of 30 mph.

Model fixed along
cab car mid-plane

(@ 1 /: 2. 0.

14
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Cab Car Analyses Ideal Case

The calculated load-crush curve for the ideal case compares favorably
with the design target. The required energy absorption of 3.0x108 ft-lbf
is ezzalssoiéy achieved.

— FEA model E

— design target Occ. Vol. \/ Videa Clip

) Side view
2000 \

Shear bolts

PEA E
1500 Video Ol
Skde view: sliding sill

HC1,2,3 ﬁl,
v

Iso vie*. toco POV

Force (10
-
o
E=4
-

500 e B —
1] - Yueo Op
0 10 20 30 40 50 120 view. eaach car B
Crush (in)
(T#a” .. ;
Cab Car Analyses Anti-climber Only Dynamic Analysis Set-up

In the anti-climber only dynamic crush analysis, contact between the
couplers is turned off so that all of the load goes through the
deformable anti-climber.

Model fixed along
cab car mid-plane

(Tom”__._
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Cab Car Analyses Combined Offset Dynamic Analysis Set-up

In the combined offset dynamic crush analysis, the locomotive is
moved laterally 6 inches, and lowered 6 inches with respect to the cab

car.

Model fixed along
car mid-plane 30 mph

(T X
e L N pm
Cab Car Analyses Nan-ideal Cases
The calculated load-crush curve for these two non-ideal cases
compare favorably with the ideal case. The required energy
absorption of 2.5x108 ftibf is achieved in both cases.
3000
—ideal M
2500 | —avitl-cllmb-er only - AC\';“;:li-“sbido
——-6" combined offset of loco (full-width model)
= Video Clip
Ed %080, AC: :—.nm':.f_:. sill
(=]
=3
= 1500 _
3 b
B Video Qip
w 1000 Combined: full side
500 @
vidgea Cip
Combined: bottom
0
0 10 20 30 40 50 60 70 e
Viuteo Chp
Crush (in) Combined: zoom side
e D o
((1-’11!-;? ————
' la
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Car Crush Analyses Summary

Summary:

+ Coach car crush analyses indicated that the crush zone would perform
as designed.
— The single-car and two-car CEM full-scale tests demonstrated that the
design requirements were met.

+ Cab car crush analyses predict that the cab car crush zone will also meet
the design requirements.

e

Coach car crush zone performed as designed in the single-
car and two-car full-scale tests.
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Train Crush Analysis

Session V: CEM Design, Fabrication & Evaluation

Crash Energy Management Technology Transfer Symposium
29 June -1 July 2005

San Francisco, California Rich Stringfellow

TIAXLLC
Cambridge, Massachusetts
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Train Crush Analysis Overview

Overview:

% Introduction
# Review of Model Development
® Review of Selected Model Resulls

+ Summary and Conclusions

(@ 7 2. S

Train Crush Analysis Introduction
A full-train crush model was developed to simulate the full-scale train-
to-train collision test that was performed at TTC1in Pueblo, Colorado
on January 31.2002

635.000 /&
635,000 /b

Consist 1: Cab Car, Three Coach Consist 2. Locomolive and
Cars. and Trailing Locomotive Two Ballasted Fraight Cars
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Train Crush Analysis Introduction

Full-train crush analysis integrates the function of collision dynamics
models and car crush models.

FEA Crush Analysis
of Isolated Vehicle

End
- i FE Analysis of
Colliding Vehicle Entire Train
Deformation Collision
Nonlinear Modes
P-A curve e T Colliding Vehicle
Definition of Heuristic =
otk Blombnis DeformationModes
| Vehicle Motions
Collision Dynamics
Analysis of Entire Vehicle Forces
Train Collision
Vehicle Motions
Vehicle Forces ‘Integrated’ Approachj
L ‘Discrete’ Approach: J
To_.... . :
Train Crush Analysis Introduction
Objective:

The objective of full-train crush analysisis to assure thatthe CEM cab
car interacts with locomotive as designed

+ Advantages:
- Provides an analytic representationof colliding interface
— Models the influence of impacting car motions

+ Limitations:
— Requires voluminous input
— Time intensive — several days are required for each analysis case
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Train Crush Analysis Model Development

The full-train finite element model brings together sub-models of four
key elements:

4 Cab Car Body:

*Standing Locomotive:

# Cabh Car Truck and Truck-to-Body Connectors:

*Trailing Vehicle and Vehicle-to-Vehicle Connections:

Kas Kas K Kn Ku
- [ M, M, M, M,
Train Crush Analysis Model Development

The model for the cab car body is an extension of the quarter-
symmetric car crush model.

Reflection of mesh for M1-
original assembly

ESimpllfied end structure I

Quarter-Svmmetry
Car~'ode~

(Tomm*_..
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Train Crush Analysis Model Development

Thelocomotive model consists of deformable and rigid elements.

Deformable

elements (in blue) Rigd Elements ‘
(in gray)
rea” . ,
Train Cr ush Analysis Model Development

An existing model for the cab car trucks has been further developed
using connector features in ABAQUS:

Longitudinal truck Primary
to body bolster suspension

Y

Hangars to
body bolster

Rigid Truck

Wheels to rail

To .
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Train Crush Analysis Model Development

Trailing Vehicles and Vehicle-to-
Vehicle Connections were Modeled
using Lumped Mass Elements

M = mass
K = spring constant
C = damping coefficient

Train Crush Analysis Model Development

Analysis of the Full Train Collision Model was Performed with
ABAQUS/Explicit

+ Aninitial velocity of 32 mph was assigned to the moving passenger
train

4 The first 0.4 seconds of the collision were simulated

+ 260 hours of CPU time (5+ days using 2 parallel CPUs) on a high-
performance PC-workstationwere required

The Finite Element Mesh [
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Train Crush Analysis Model Results

A comparison with results from the quarter-symmetry model at 50
inches of crush shows that the deformation modes are consistent.

Full-train |
model

Deformation at
| 50" of crush

| Quarter-car |
model |
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Train Crush Analysis Model Results

Predictions of crush between the cab car and the standing locomotive
are consistent with 1-D collision dynamics models and indicatethat a
total of about 53 inches of crush will occur.
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Train Crush Analysis Model Results

The collision force-crush curve, calculated directly from CEM train
motions, is consistent with the design objective.
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Train Crush Analysis Model Results

Predictions of passenger train car velocities are consistent with those
made by 1-D collision dynamics models.
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Train Crush Analysis Summary

Summary:

# Model results show that the CEM cab car will interact with the locomotive
as designed.

# |deal and non-ideal initial impact conditions have been evaluated
4 Thedesignrequirementshave been met:

— Energy absorption

— Force-crush characteristics

— Modes of deformation.

of Conventional Cab Car
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