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North American Railroads

 How many miles of track? 289,682 km

* How many locomotives are In service?
26,500 locomotives

« How many freight cars are part of the

system? 1.66 million cars N Raf.?ﬁ'é’:st in
» How many gallons of fuel do we use? A:gti';a
3.54 billion gallons -
+ Tons of traffic hauled? 1,622 billion | — & ¢
tons = e

Other RRs §

» Capital dollars invested? $13 billion

 What is the total revenue of the US
railroads? $70 billion

 How many employees? 148,000
employees ||| x\/


http://www.aar.org/
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subsidiary

« Research, testing, and
training for global rall
industry

« Manages Strategic
Research Initiatives
(SRI) Program

©2022

AAR

The AAR and its Subsidiaries

AAR

 Policy making

« Standard setting

 Industry data, reports & publications
« Research & technology initiatives

Railinc
« For-profit AAR subsidiary

« Rail data and messaging
services to the NA freight
railway industry.

« Railinc Committee:

— Asset Health
Strategic Initiative

— Clear Path — Gateway
Operations Visibility

— PTC Support l " v



The SRI Program

SRI Program Focus Areas

[ i b 1l Infrastruct Mechanical (0] ti Cross Cutti
an d eff I C I e n Cy * Rail * Bearing + Train dynamics « Facility for Accelerated

* Welding * Wheelsets « Train control Service Testing (FAST)
. Revenue service testing

=+ * Bulld exemplary teams and  Soiiimee oo aemime™  iscior sysme

. . » Mechanics & materials
«Bri o + Signaling systems
Bridges Car & truck systems 9 g sy + Predictive analytics

faC I I I t I eS * Track buckling + Communication systems - University affiliated
* Special trackwork laboratories

« International cooperative
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research

« Empower science-based

SO I u t | ons Technology Readiness Level (TRL)
I I

— ldentify and evaluate technologies ' 2 3 4 S5 6 718 9
— Demonstrate understanding sl 3llol & :
of root causes SlEllEliallzllsllIE
— Support implementation o § : % : j §’
— Communicate findings g |l2]3]s i

|
Development| IImpIementatlon l ' ' v
@
©
2022 | The SRI “Bridge” x
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Why Rail Inspection Research?

« Safe, reliable, and efficient train
operations without track mterruptlon
(Origin to Destination) -

* Challenges

» Reliable detection to prevent rail
breaks ,,
. Defect detection over all conditions: |
* Rolling Contact Fatigue (RCF)
» Weld Defects
« Base Defects
« Joint Bar Defects
» Grade Crossing & Dark Territory

* Improved speed and detection
efficiency




= RCF Research Motivation
<
» * Rallway maintenance T e
= challenge e e B
: — RCF damage (cracks and pits) [EFermmsysm B
11 — Complicates rail iInSpection |prmm—r—
= Remediated by rail grinding | & ”Mm: ——
— Material strength i\

. e ‘ !!‘ ‘. o i
= RCF reduces the life of the rall

Gage Corner Cracking

* Focus Examples of RCF Damages in Rail

— Accurate in-motion NDE
measurement techniques
* Crack depth
= Material exhaustion

Top of Rail (TOR)

X Gage Corner

Micrograph of Severely Spalled High Rail

I xV
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RCF Damage in Raills

* Wheel/Rall Interface:
Hertzian contact patch (CP)

« CP s elliptical, ~10 mm major

axis "t A
 Fatigue induced in the CP RS T }(
surface of cntaCt C IR / Lopgitudinal

> 180,000 psi
(1241 MPa)

Lateral Creep
Force

between the wheel and the s o
ral I R g

 Rall yield stress always
exceeded

* Repeated heavy rolling
contact can cause fatigue
damage

» Surface cracks
 Subsurface cracks

Dimct}on of lonm":;dinal
creep forces applied to
rail by wheels

Fl:lkc:s"('r.lckg

Microstructure Laminates
d Ratchetting

c
b. Elastic shakedown [~~~ _7-===2"" |

( ol

y R~ a. Perfectly elasfic 5

2 74
©©Material response to repeated |°ad'”9 l ' xv
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Rail Grinding — Current Best Practices

Rail Grinding Template

* Preventative approach for North i
American Freight Railroads °°’°

* Grind frequency is based on Million Gross - ——s=— oo
N

center of Te railhead

Tons (MGT)* intervals e

* Track segments are grouped based on
the tangent and/or mild or sharp curves

* Additional grind passes for “out-of-
normal” or “severe” situations

* Challenges:
— Highly subjective and gualitative
(dependent on visual analysis by the operator) %
— Removing too much metal on “good rail” .

— Not removing enough metal on “problem”
locations l" x\/

*MGT: Amount of weight the train carries
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Pre-Grind Inspection — Future State
Profile Templates
Measured Profile + Surface Condition
Automated Laser Profiler Automated high-speed NDE
Profiles collection every meter/foot Maps RCF crack depths & density

Forecasting using historical trending Industry accepted scoring (SQI)

— — =
— I ‘

Where How Dense & Deep |
Future State — Predictive/CBM




RCF Characterization — NDE Methods

* Eddy current (EC)

1. Pohl, R., Krull R., and Meierhofer, R., 2006, “A New Eddy Current Instrument in a Grinding Train,” Proc. ECNDT,
Berlin, Germany.

2. Szugs, T., etal., 2016, “Combination of Ultrasonic and Eddy Current Testing with Imaging for Characterization of
Rolling Contact Fatigue,” Proc. 19" WCNDT, Munich, Germany.

* Magnetic flux leakage (MFL)

1. Y.lJia, K. Liang, P. Wang, K. Ji, P. Xu, Enhancement method of magnetic flux leakage signals for rail track surface
defect detection, IET Sci. Meas. Technol. 14(6) (2020) 711-717.

* Alternating current field measurement (ACFM)
1. Papaelias, M., Lugg, M.C., Roberts, C., and Davis, C.L., 2009, “High-speed Inspection of Rails Using ACFM
Techniques,” NDT & E International, Vol. 42 (4), pp. 328-335
2. Nicholson, G.L., Kostryzhev, A.G., Hao, X.J., and Davis, C.L., 2011, “Modelling and Experimental Measurements of
Idealised and Light-moderate RCF Cracks in Rails Using an ACFM Sensor,” NDT & E International, Vol. 44(5), pp.
427-437.

* Pulsed eddy current thermography (PECT)
1. Wilson, J., Tian, G.Y., Mukriz, |., and Almond, D., 2011, “PEC Thermography for Imaging Multiple Cracks from
Rolling Contact Fatigue,” NDT & E International, 2011, Vol. 44(6), pp. 505-512.

2. Peng, J., Tian, G.Y., Wang, L., Zhang, Y., Li, K., and Gao, X, 2015, “Investigation into Eddy Current Pulsed
Thermography for Rolling Contact Fatigue Detection and Characterization,” NDT & E International, Vol. 74, pp. 72-84

3. Gao, Y., etal., 2017, “Electromagnetic Pulsed Thermography for Natural Cracks Inspection,” Nature Sci. Rep. 7,
42073, doi: 10.1038/srep42073.

* Electromagnetic acoustic transducers (EMATS)
1. Edwards, R.S., Dixon, S., and Jian, X., 2006, “Characterization of Defects in the Railhead Using Ultrasonic Surface
Waves,” NDT & E International, Vol. 39 (6), pp. 468-475.

2. Witte, M., Poudel, A., and Fry, G., 2018, “Rolling Contact Fatigue Measurement Using EMATs,” AAR/TTCI '
Technology Digest TD 18-004. p 4



Existing NDE Techniques - Limitations

<
<
» * 10 determine crack depth, a crack angle must be assumed. Depth
> IS then calculated using crack length and angle

. * Existing NDE techniques tend to overestimate the depth;
" sometimes significantly

_#7"722.98 deg

- 1.78 mm

Kerchof, B., 2015, “Validation of Rail Crack Measurement Devices on NS,

Proc. of WRI Conference. l" v



Electro-Magnetic Field Imaging (EMFI)

<
<
» ®* Noncontact electromagnetic
> NDE technique

* Designed to create a focus EMF :

— to the shape of the object being &
Inspected

* Measures the position of the
mean magnetic field point from
the core (i.e., measures X
distortion of the mean field path) %z

* Detects surface/ near-surface
defects

* Maps the location and colony or
field sizes f

* Measures/analyzes the depth of
the defects

In-motion EMFI System

©2022

*This technology belongs to Athena Industrial Services Inc., Calgary, Canada l ' xv



= EMFI Sensor Architecture

< Ferromagnetic core
Exciter Coil
Exciter Field Coil Exciter Field Focusing Core
Outer Pole Antennzs MR '
Even Channels e, R A7 )
Field Deviation £
Sensor Elements \ Focused EMF XY i
Odd Channels / : ¥ /
Inner Pole Total Energy @’)X‘))XX) -
Sensor Element /ﬁ\‘ /“'k
Exciter coil gﬁ7en erates a
focuséd field
Qdd Channels
Outer Pole (Left Rail) (Right Rail)
CH9 CH7 CH5
) TOtaI Energy & CH11 FACE GAGI CH3
Sensor Element HHH
it
1y
e Phase IV Sensor Configuration
N\ Exciter Field Coil
Omitted for Clarity
Even Channel Field Deviation Sensor Elements Odd Channel Field Deviation Sensor Elements
. EMFI Sensor Antenna Positionin
Top-down view of the even and odd channel 9
field deviation sensor elements
©2022
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EMF Shape Changes
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(b) Ferrous
‘ material with

(a) Free air ///////// Tz ///////// Tz, 0 ErEEl
) ] /4 7. % 35 —
B S RNSS /AR
Test Rail
Free Air
Magnetic Field L

Field Deviation Sensors Measure Field Position
(c) Ferrous Change from Free Air

material with (d) Ferrous

Field Position

perpendicular ' 7/////////% 7//////2 in Areas not /// 07 material with
R | o | / longitudinal crack
crack % R3S 4, % 858 4 Affected by the s // ool g
f: CraCK _—
Test Rail Test Rail
Perpendicular Crack Longitudinal Crack
/ Field Deviation Sensors Measure Field Position L Field Deviation Sensors Measure Field Position
z_ Change Caused by the Perpendicular Crack Change Caused by the Longitudinal Crack

Schematic of EMF Shapes l" v
©2022 Axial Cracking x



EMF Shape Changes Visulaization

EMF in presence of longitudinal cracks EMF in presence of transverse cracks

* EMF shifts are measured with customized antennas inside the sensor
* Algorithms designed correlates EMF shifts to crack depths
HxV
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MxV Rail On-Track Validation

* Two test rails were installed on
the inside/outside loop of the
RDTF WILD CARD test zone

* Qutside (low) rail was 52-foot
long
— Visual Rating: 0.0 - 2.0
— 14-foot rail plug was installed

* Inside (high) rail was 66-foot long
— Visual rating: 0.0 — 2.0

°* 9 measurement locations were
determined for both rails for pre-
and post- grind measurements

—  MiniProf
— Liquid Penetrant Testing (PT)
- EMFI

¢ (High Rail)

| ot

¢. Outside

(Low Rail)

573 NS

Rail Defect Test Facility (RDTF)
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Test Results

Test runs were made at speeds of crawling,
5, 10, and 15 mph, and data was analyze

Immediately after all the runs

* Runs at each speed were repeated five times

_ gregate data, a grind depth
was determined, and the rails were ground
accordingly. The goal was not to remove the
RCF cracks completely during the grinding,

Based on the a

but to leave the cracks behind for

comparison and validation of the post-grind
EMFI measurements with the destructive

analysis

Rﬁloeatablllty and reproducibility of the
EMFI system at different speeds was
determined usin S
coefficient (PCC

Pearson

r

@ e B B3

correlation
> (i — %) (y;, — )

S

= correlation coefficient

= values of the x-variable in a sample
= mean of the values of the x-variable
= values of the y-variable in a sample

= mean of the values of the y-variable
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EMFI Crack Depth Analysis

——-Zone 1Pre —8—Zone 1Post-8—Zone 2 Pre

——8—Zone 2 Post——Zone 3 Pre —8—Zone 3 Post

—-Zone 1Pre —8—Zone 1Post—8—Zone 2 Pre

—a8—Zone 2 Post——Zone 3 Pre —8—Zone 3 Post

4.0 , _ — 4.0 :
E 3c High Rail E 3.5 Low Rail
= 3.0 = 3.0
o o
a 2.5 a 2.5
- -
E 2.0 E 2.0
£ 15 /\ E 15
= =
£ 1.0 A £ 1.0
go. B go.
o 0.0 o 0.0
E 257 260 263 267 270 273 276 279 282 289 E 257 260 263 267 270 273 276 279 282
Measurement Location Measurement Location
] Zone 1 Zone 2 Zone 3
Rails Zone 1 Field face
(Ch. 4,3) | (Ch.6,7,8) | (Ch.9,10)
Zone 2
High Rail Field Center Gage |EBiaime e —aiaaat e o Sl
Low Rail Gage Center Field Zofie 3
[ ———

EMFI sensor zones relative to the rail head




= EMFI Verification - High rail tie location 263
<
= * Residual crack depths were measured using microscope after post-grind
z » Deepest crack remaining for the high rail tie location 263 after grinding was approx. 0.5 mm
3 o High Rail (Inside Rail) Crack Morphology u N, Post-Grind

———— : e Max 492 um . Microscopy

I i e ot B 2htn e ‘ . m Lo O v 129 um

Eim IR ‘ STD um
Pre-Grind 5 m ?

Cracks ID

Low Rail (Outside Rail) Crack Morphology
600

Max 427 pm
500

w I Avg 117 pm 2201m
* ]

STD 93 pm High rail tie location 263

Post-Grind

Crack Depth (um)

300
200

Q
o
. [ ]
100 hd )

o PT results for the high rail T T l"xv

tie location 263 CracksiD



= EMFI Verification - High rail tie location 276
<
= e Deepest crack remaining for the high rail tie location 276 after
- grinding was approx. 0.4 mm
o High Rail (Inside Rail) Crack Morphology Post-Grind
vieve | e | i o Microscopy
- j:o . Q\:Q‘ Zone 3
Pre-Grind Em : t . . . : ) \
T — Y ST .. : 5 4 : : : : $ 12 M E

Cracks ID

Low Rail (Outside Rail) Crack Morphology

600
Max 427 pm

500

250
Post.Grind fw il I
i . £ . ) STD 93 pm . A .
g wo . High rail tie location 276
§ 200 !

PT results for the high rail P S S R
tie location 276 N S S [ '
©2022 0 1 2 3 4 5 6 7 8 9 10 l ' xv
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EMFI Verification - Low ralil tie location 273

* Residual crack depths were measured using microscope after post-grind
» Deepest crack remaining for the low rail tie location 273 after grinding was approx. 0.3 mm

Pre-Grind Z o
Zone 2
B o s Aty et _M_: 1
- - Zone 3
BT - SV T— L e
R i 0T Zone 1
Zone 2
Zone 3

PT results for the low rail tie
location 273

©2022

Crack Depth (um)

Crack Depth (um)

600

500

300

200

100

600

500

400

300

200

100

High Rail (Inside Rail) Crack Morphology Post-Grind

Max 492 pm Microscopy

Avg 129 pum - Zone 3

L4 ®
N STD 129 pm

L d
H

N eane @ L

4 6 8 10 12 14
Cracks ID

Low Rail (Outside Rail) Crack Morphology

@ ! SUD| e Low rail tie location 273

® L ]
L ] [ ]
[ ) L] PY
b .
: '
~
2 3 4 5 6 7 8 9 10 x
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£

; : Agion £

oy, ' 8

S/ A M“A. - g

Post-Grind

Crack Depth (um)

PT results for the low rail tie
location 276
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600

500

300

200

100

600

500

400

300

200

100

High Rail (Inside Rail) Crack Morphology
Max 492
Avg 129

. . STD 129

N ese ® L

4 6 8 10 12
Cracks ID

Low Rail (Outside Rail) Crack Morphology

Max 427

EMFI Verification - Low ralil tie location 276

* Residual crack depths were measured using microscope after post-grind
* Deepest crack remaining for the low rail tie location 276 after grinding was approx. 0.2 mm

218um Post-Grind
Microsco
um S Py
pm Zone 3
pm

14

; 250 ym :

Low rail tie location 276

: I xV
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Conclusions

 Destructive microscopy findings match well with the EMFI post-
grind measurements

* RCF crack depth measurements below 0.3 mm are found to be
Insignificant at the lift-off where the sensor is currently operating.
The crack depths within the 0.3 mm regime can be affected by
grinding marks and is within the error band of the EMFI sensor

* MxV Rall has recently completed the revenue service trial of the
production-type EMFI system

« EMFI technology Is ready for implementation in North American
Railroads

 This research demonstrated the design, development, testing,
and validation of EMFI technology for RCF characterization (TRL

2-7) HxV



= EMFI Technology Roadmap (TRL 2-7
>< gy P
< |
e - s P (- : \ ‘ B ANTENNA CENTER
A — & 3 i - X VAl SérsorFace
B )
141RE 5;111.12& ¥ 8
BELT DRIVE - i

SENSOR SCANNING

Echo-Rail

SERVO DRIVE

GAGE FACE
o Echo-Rail Sensor Antenna
MOTOR SENSOR A £ L8 Sensor positioning on the Rail Head
CARRIAGE =k !
Laboratory Test Setup IDLER

ASSEMBLY

Production=Typ

SRl S

wk & P < 0 & . g ) i < =
S = > =5 X ) . > 2 \ ST - 7
© 2022 l ' ' xv



SR 11V AXI

Acknowledgement

* MxV Ralil Team
* AAR Rall Inspection TAG members
* AAR Members

AMTRAK

BIIISF CANADIAN
@ "/ ‘ —ATIWAY PACIFIC
F= " & = TUIL
[ csx ] L \-h = errome " \_h rerrosur FERROVALLE

UNION
PACIFIC

BUILDING AMERICA’

VERMONT RAIL SYSTEM



11vd AXIN




