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21 WHY WE NEED THIS TEST

100

F T Illlllll T IllTln T ll[lrll! T ITI]IH#
'\ :"\‘
10 — ! \
C; [
g
: oL
8 E
< - 4
u n
2 70
?’ = / / LONGITUDINAL AXIS
& /.’ / —-—-— TRANSVERSE AXIS
[-4 01 ——— — -
F VERTICAL AXIS 3
/ m
- 3
0.01 i 1|l||||| ! 1||||n| ) lllIlLLI L talun
0.1 1 10 100 100

FREQUENCY (Hz)

Our Current Data

NUREG 766510 (SAND76-0427), 1978,
“The Shock and Vibration Environments for Large
Shipping Containers on Rail Cars and Trucks”.

0 I

10CFR71.71 requires an
assessment of “Vibration -
Vibration normally incident to
transport” imposed on transport
packages and contents during

b

“normal conditions of transport”.

ENSA/DOE Multi-Modal
Transportation Test with
ENSA ENUN 32P Cask

° 54 days data collection
8 terabytes of data

o

o

4 transport modes
9,458 miles

7 countries

12 states

o

o

o




CASK TEST ROUTE
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Sea tests
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e e - ot Heavy-haul truck tests
a L& .| Rail tests
= - Hous!

% - & Algeria

*Cask handling tests at ENSA, Santander/Spain (JUN 2017, 1 day)
SB[ Heavy-haul truck tests in northern Spain (JUN 2017, 2 days, 245 miles)
&* Ocean transport from Spain to Belgium (JUN 2017, 4 days, 939 miles)
&*Ocean transport from Belgium to Baltimore (JuL 2017, 14 days, 4222 miles,)

Rail shipment from Baltimore to Pueblo (AUG 2017, 6 days, 2000 miles)
Tests at Transportation Technology Center, Inc., Pueblo (AUG 2017, 9 test days; 125 types of tests;

125 tests)
g Rail shipment from Pueblo to Baltimore (0CT 2017, 43 travel days, 18 test days, 1125 test miles)

i. Ocean transport from Baltimore to Spain (DEC 2017, no data collected)




CASK TRANSPORTED BY RAILTO TTCI
a1 FOR SERIES OF RAIL TESTS

8 Types of Tests

125 Separate Test Cases




s| TEST SETUP

TTCI Rail Track Map

Wheel/Rail
Mechanism Track (WRM)

=233 m. 175 m; 150 m curving
pardormance fests

Kasgro 12-Axle Car with Cask at TTCI High Tonnage Loop (HTL) o s

=Cnie 4.3-km loop, three 280-m

Transit Test Track (TIT)
« 14_5-km loop

curves, one 300-m curve R ';)%5 kph max ?5"
~Main use s HAL studies -~ . sy it
» Test bed for various premium ” Ny vUp le 000 amps
Irack components P . Pl ley
=23 milion matrie tons/month in
controlied environment -
e /
7 : | Track {TOT)
/ - y
High Tonnage
| Loop (HTL)
|
|
|
I Subetation #1 w
ll Transit Test
Railroad Test Track (RTT) 1 Track (TTT)
- ot AP ’. prcion est T 1|
=LUna 1 M Crve an ulti-usa ira r
# Siibtation 42 "
four 800-m curves railcar testing
=Maximum speed 285 kph \ - Pitch and bouncs
*12.5-, 25-, and 50-kV \ Tight Turn Precision = Twist and rall
averhead catenary \'\. Loop Test Track ™k ;‘;‘:I:‘EEI
b W (PTT) N - Miscellaneaus studies |
g 1
Railroad Test - +
Track (RTT)

e,

.
Transportation

Technology Center, Inc.

Consist Configuration
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s | KASGRO KRL 370350 SCETCH

KRL 370350 - 370398

TE 1 14" OVER PULLING FACES

Kasgro Rail Corporation
2650 Sival Rd N'W Ramsey, IN 47164
ERE-203-5580 812-347-3539 FAX

7¥ 5 14" OVER STRIKERS

| 48" DECK LENGTH ‘

55" AFPROX. DECK HEIGHT
'(, (EMPTY)

TOF MOUNT
" HAND BRAKE

[T

wYm 3‘&, DLC 574 S— R ERER =T

CENTER OF
61 45 ‘ B l 45 B | GRAVITY - 32° | 106 ‘ iy ‘
| 38 6" OVER TRUCK CENTERS ‘
LENGTH OF LOAD LOAD LIGHT RAAXIMLIA SPRING DECK DECK JOURMAL SIZE
LADING {#) LIMITS {ios) LIMITS [loz) WEIGHTS (lbs) | GROSS [bs) TRAVEL (i) LENGTH (fin) | HEMGHT (R4n} | BEARING TYPE
4 & OVER T4 000 44,000 201,000 945,000 414" 48T 4T EMPTY
AL WHEEL DECK DRAFT RekLER
DIAMETER fin) |  WIDTH {fi-in} GEAR
3 -8 15 EQC
KRL 370350 - 370398
370 Ton - 48’ Straight Deck Flat Car
Drawing No. A19626 Rev. C

http://www.kasgro.com/car sketch revisions/SPEC%20A19626,%20Rev.%20C.pdf




71 NUCARS VEHICLE DYNAMICS MODEL
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s | DATA COLLECTED BY TTCI

Locomotive Instrumentation Car 12-axle Cask [ar‘\CC lerometer

IWS axle positions 1 & 7 (12-axle car)

Instrumented Wheel Set Maximum Wheel Load (Crossing Diamond)

30.0

— T, R —a

—— A

N
e
o

N)
o©
o

—A—Maximum vertical wheel load

10.0

Maximum Wheel Load (Kips)
x
o
|

0.0 I e e e e N N AL e e e e e e e e B B L B

0 5 10 15 20 25 30 35 40 45
Speed (mph)

8-11 strain gage bridges per wheel; signals are converted into wheel-rail forces



ol TWIST AND ROLL (I8 TESTYS)

Car’s ability to negotiate
oscillatory cross-level
perturbations

3% inch

39-feet

400-Feet Tangent Track

Staggered Joints on a 39-foot Wavelength
° 39-feet was the typical rail length

> “Rock off Derailments” were once a problem
> Continuously welded rail has reduced, but not eliminated this kind of behavior.




0| PITCH AND BOUNCE (9 TESTS)

Car’s ability to negotiate
parallel vertical rail
perturbations

PITCH AND BOUNCE
Parallel Jointed Track

PTT Track

% ~inch

./X/J\/—\Vf’h\\

1  —

39-feet
400 feet Tangent Track

° 39-foot wavelength

o Parallel Joints ,
Pitch




+ | DYNAMIC CURVING (25 TESTS)

Car’s ability to negotiate curving over jointed track with combination of
lateral misalignment at outer rail joints and cross-level due to low joints on

staggered rails.

° 39-foot wavelength
o Crosslevel deviations

> (Gage deviations that create a “down and out” perturbation
° 10-degree curve with 4-inch superelevation

Cross Level Deviations: %2 inch
39-foot Wavelength

Combined with:
Gage Deviations
-inch to 57.5 inch

39-foot Wavelength

"’"'*\__f"\___/"‘\___f""

High Rail
EE .- !WR‘"

....................




2 1 PUEBLO CHEMICAL DEPOT (17 TESTYS)

Car’s performance Pueblo Chemical
over FRA Depot Tracks
Class-2 railroad . .2 %€
track and tests
through No. 8
turnout and No. 8

crossovers.

Track 1
Class Yard Track 2

Avondale




131 SINGLE BUMP (12 TESTYS)

Car’s performance at grade crossings

< 20-feet —————*

TTCI Single Bump Test [l
TESTE8 70 MPH

Joogle Earth

N

*

1-inch

[ 7-feet *‘







15 I CROSSING DIAMOND (6 TESTYS)

Car’s behavior when crossing diamonds (or “frogs’),
a leading cause of derailments.

Vertical impacts resulting from the wheels traversing gaps in the rails
where tracks intersect.

Stock Rails

Guard (Check) Rails

The crossing diamond was simulated by cutting gaps in the rails matching the
dimensions of those that would be present on an actual crossing diamond.




CONDUCTING CROSSING DIAMOND TEST




71 HUNTING HIGH SPEED STABILITY (30 TESTYS)

Car’s stability at 30, 40,
50-75 mph at 5 mph
increments

o Transit Test Track
(T'TT), Number 4

o Railroad Test Track
(RTT), Number 3




8 | COUPLING IMPACTS (10 TESTS)

Evaluate longitudinal inputs from coupling at higher than normal speeds

Maximum Longitudinal Coupler Loads

V4

100.0 —4—A-End Maximum Impact Force (Kips)
=—B-End Maximum Impact Force (Kips)

—

Maximum Impact Force (Kips)

Speed (mph)




19

TTCI DATA SUPPORT THE AAR REQUIREMENTS

Maximum Carbody Acceleration

Peak to Peak Lateral Acceleration

Maximum Vertical Acceleration (g)

1.2

11
1.0
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—M-976 Maximum Car Body Vertical Acceleration (1.0g)

—A—Vert Acc.

P-P Lateral Accel (G)
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1.4

=
N
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90.0
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e
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I e e R T L e e
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—M-976 Minimum Vertical Wheel Load (10%)
——3ft/50 mSec Minimum vertical wheel load

3ft/50msec Maximum Wheel L/V

1.4 A
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1.0 —w ;A N H—,ﬁ
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S
<06 ™\ s 2043

0.4 T ——M-976 3ft/50msec Maximum wheel L/V (1.0)

02 | ACCW 3ft/50 mSec Maximum wheel L/V

®m CW 3ft/50 mSec Maximum wheel L/V
0.0 . 77T T 7 r
0 5 10 15 20 25 30 35

Speed (mph)




20 1 SNLVERSUS TTCI DATA

Acceleration Time History Comparison

o SNL Data Filtered with 15 Hz
TI'CI__Crossmg_gii:?ond 08/18/2017
2 1 I I I I I I I [ I I I [ I I I I I I I I I _/
- Legend -
4 :— — rrc1-n1fi't t0-Blocko | ‘ /;
[ | — TTCI-A192-Segment0-Block ]
1 1 R /:
s | / .
. - J _
TE il ]
-2 : \\\:
3 - | ’ I |Iv “ ‘ “ ”I | } ] Unfiltered SNL Data
-5 - | | | | | 1 | | | 1 | | | | | i | | | 1 | | :
0 20 40 60 80 100
Time (sec)




21 I TRANSPORTATION SYSTEM INSTRUMENTATION

Sandia National Laboratories - Fuel Assembly ENSA - Fuel Assembly
C2 [ [C3 %

Strain Bauges Accelerometers A
SG61-0 SB4 - - SGIE-0 S622-0
S61-90 SB4 - - SG617-0 S623-0
SG1-225 | SB4- - SGI8-0 SB624-0
S62-0 SB5 - SG6I9-0 S625-0
S62-90 | SB5- - S620-0 SG626-0
S63-0 SG6 - - S621-0 S627-0
Korean - Fuel Assembly
[H]
IHHES ==1I Assemblies &
aii s Cask System
Fuel Assembly Locations 5|un o Cask & Cradle on Transport Platform IIlStl‘ umented
T 2 2 with 40
= e Accelerometers
& 37 Strain
Gauges
z Hg_:::z
Atz | f sz




2 I ANALYSIS METHOD

° Analyze time history (corrected for SN L Software Package K2

bias) ot each sensor ° Processing of very large data

o Define all shock events arrays

° Infinite Impulse Response
(IIR) filters

° Finite Impulse Response (FIR)

o Calculate min and max acceleration
and strain for each shock event

° Perform multiple comparisons of flters
time histories and SRSs to define .
relationships between different ° Fast Fourier Transforms
systems (transportation platform, cradle, (FFTs),
baskel, cask, assemblies) ° Integration, Differentiation, |
° Frequency analysis: FFT and PSD Force, Displacement
> Power Spectral Density (PSD
° Attenuation and amplification in ower Spectral Density (FSD)
the system °> Shock Response Spectrum ‘
(SRS)

° Develop conclusions regarding

system behavior Convolution ‘



1 BACK END OF THE TRANSPORTATION SYSTEM

Components Compared — A5Z, A13Z, A15Z, A17Z, A19Z

Cask & Cradle on Transport Platform

Sandia National Laboratories - Fuel Assembly

BE A L2 0O 3
AISX AIBX
AISY AIBY ()R
- Al6Z PA mE

& A5 A4 A3 A2 Al

SGI-0 SB4-0 S67-0 Az
SGI-90 | SG64-90 | SEB-D AZL
S6I-225 | SG64-225 | SG8-80 A3L

S62-0 SG5-0 S68 - 225 A&L
S62-90 | S65-80 | SE9-0 A5z
SG3-0 SGE-D S69-90

Fuel Assembly Locations AR
%(.\”b( Y
1 A ;




241 FRONT END OF THE TRANSPORTATION SYSTEM

Components Compared — A21Z, A18Z, A16Z, A13Z, A2Z

[:ask 8 I:ra dle - Transpn el Flatfm'm Sandia National Laboratories - Fuel Assuml:lly[:2 -
AISX AIBX m [
AlSY AIBY
AISZ
@ X AZ Al

S64-0 S67-0 Az

S64-90 | SEB-D AZL

SB4-225 | SEB-90 A3Z

S65-0 S6B - 225 A4L
S6Z-80 | S65-90 | SE3-D ASZ
-0 SB6 -0 S63-90

Fuel Assembly Locations AR
/(.\ "b'(:/ AI3Y
AT A ;




s | TRANSPORTATION PLATFORM

Components Compared — A19Z, A20Z, A21Z

Cask & Cradle on Transport Platform

AlsX AlBX
AlsY AlBY
AlsZ Al6Z




26 ‘ SNL ASSEMBLY

Components Compared — SG 4-0, SG 5-0, SG 6-0, SG 7-0

|

Sandia National Laboratories - Fuel Assembly

L2 [ C3

Q% \SG4 "
B
L

BB A
AS A4
Strain Gauges Accelerometers

S61-0 367-0
S61-90 S68-0
SG61 - 225 S68 - 190

S62-0 368 - 225
S6Z-90 S63-0
S63-0 SG69-190




Acceleration (g)

27

Test 59: Speed 40 mph

TTCI_Single_Bump 08/18/2017
Bias

SINGLE BUMP BIASED TIME HISTORIES
Test 70: Speed 75 mph

[ | — TTCI Test 59 Platform
[| —— TICITest 59 Assembly
—— TTCI Test 59 Cradle

[ | —— 7vrcI Test 59 Basket

[ | —— TVCI Test 59 Cask

Acceleration (g)

TP T ToTT) Platform
«~1 Max
—— TICI Test 70 Platform 1
—_— TI'CITeStTﬂASS&mny
—— TICI Test 70 Cradle
—— TTCI Test 70 Basket
—— TICI Test 70 Cask
T
Platform
L .
«—] Min
o LIl NN NN NN IRREE A
0 100 120 140 160 180
Time (sec)



2 | VERTICAL ACCELERATIONS IN THE SYSTEM

Test 59: Speed 40 mph Test 70: Speed 75 mph

10° 102

Legend

—— TICI Test 59 Basket
—— TICI Test 59 Cask
—— TICI Test 59 Cradle
TICI Test 59 Platform T
—— TTCI Test 59 Assembly

0} ) 4 {. 1

| f \ f\\/ Nl LU 5 i M

= ] ~ = 0 .J 3 i

=] 10 s T Y ¥ =] 10 f —y—

£ ¥ S ™ O [l = | Py

E_ ..J ';i f.l ““U 1 bt = + | L] T %

] il k. Pl E A | ro -

) gl In kY i / o
Al iy R ] it —
. ,J' m i ﬁhd....:}h&m
bt fod ™
107" 10
¥ o Legend
H —— TICI Test 70 Basket
'l —— TTCI Test 70 cask
—— TTICI Test 70 Cradle
I TTCI Test 70 Platform
P —— TICI Test 70 Assembly
107 - > 3 . 1073
10 10 10 10 10 10° 10" 102 10° 10*

Frequency (Hz) [LOG] Frequency (Hz) [LOG]
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amplfg [LOG]

PLATFORM X,Y, Z ACCELERATIONS

Test 59: Speed 40 mph Test 70: Speed 75 mph
102 I I I 102
E Legend Legend
| — TTCI Test 59 Platform X —— TICI Test 70 Platform X
: —— TICI Test 59 Platform Y —— TTCI Test 70 Platform ¥ -
|| — TTCITest 59 Platform Z —— TICI Test 70 Platform Z 'if \
R
10" k"’&k fﬂ\& i 10" ] ';’SH
= ~ re — e
A p T
-\JI'I" ; h"ﬁl fg Jw i }i%-‘ -: mL
* ] f
BRI i iﬁa Tl SN
G} ol ==
10° h j k\‘fkg#diw | % 100 ) : ‘)é‘"’f
¥ by Fd -'—5_ J- |4 .:F
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el ¥l
10 Pet@wis 10 E‘o
1672 »

10

10
10" 10° 10° 10* 10° 10! 10° 10°

Frequency (Hz) [LOG] Frequency (Hz) [LOG]
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I CASK XY, Z ACCELERATIONS

Test 70: Speed 75 mph

10
Legend
—— TICITest 70 Cask X
—— TICI Test 70 Cask Y
—— TICI Test 70 Cask Z
Test 59: Speed 40 mph
10" o 1DEI = "':'i
| b
11[ y *ﬁ
A _ Y, X : Y
Al T SO ANGE 3 T NS
v L e LA : [ e R
& Z ﬁﬁk}% Lo \‘1541’ LN i i
2 "*-'J:}f _1
= o’ ] 10 P
1=
= I
— Legend
—— TICI Test 59 Cask X
—— TICI Test 59 Cask Y
—— TICITest 59 Cask Z
]_0—2D T ||||||||1 T > S . -2
e e quuencﬁ'm} oo 1 0 * 10° 10" 10° 10° 10*

Frequency (Hz) [LOG]
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Amplifigation

ampl/g [LOG]

PLATFORM SRS/CASK SRS

Test 59: Speed 40 mph

Test 70: Speed 75 mph

10 10
Legend Legend
—— TTICI Test 59 Cask/Platform —— TICI Test 70 Cask/ Platform Block 0
|
| I e pe .
: mplificati
i A
1
| \‘; / \\

1
1

10° ! 10° b :fJ
: 7 oy
el 19 .
:h ‘Ji‘ I‘I o
i Atten n g vl Attendation
i S p
T 3
! i E
' )
1
! W 1 LFUW\ ’
1

10" ] 5 107 u 'i
T LT A !
; 1 7t
; | 3 NNt 71
! 14 A 4 ? | f
! ¥ | [ [ Y
i My ! I
I vy
1
i
1
1
i

1072 1 1072

10° 10" 10° 10° 1 10° 10" 10° 10° 10*

Frequency (Hz) [LOG]

Frequency (Hz) [LOG]



2 | ACCELERATION CORRELATION MATRIX

Correlation between front
end of the cradle and front
end of SNL assembly




13| CRADLE AND CASK PDS

Power Density

0.001

0.0009

0.0008

0.0007

0.0006

0.0005

0.0004

0.0003

0.0002

0.0001

T T H

—— TICI-A18Z-Segment0-Block0
— TICI-A16Z-Segment0-Block0

Legend

_ Cradle

75 100 125

Cask

150

175
Frequency (Hz)

200

225

Laldo.| b .|

E
3

Lo

250

=]
]
ul
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CRADLE AND SNL ASSEMBLY PDS

Power Density

0001 | 777 |

0.0009

0.0008

0.0007

0.0006

Legend

— TICI-A18Z-Segment0-Blockd
—— TICI-A17-Segment0-Block0

0.0005

0.0004

0.0003

g | |
Ialile’

0.0002

0.0001

25

Assembly

50

75

100

125
Frequency (Hz)

150

175

200

225




33 | PLATFORM ACCELERATION PDS FROM NUCARS MODEL

12axle car, METRIC units, with surr impact limiters, 112.7 kph (70 mph) on ‘ 12axle_P&B_112.3.out
[420] Car Body Lead L Latl Acc. (g Units"2/Hz) [422] Car Body Lead V Vert Acc. (g Units"2/Hz)
.0090
.0080 —
.0070
.0060 1 —
.0050 — —
.0040 . —
_— Vertical
.0030 - —
.0020 —
ootoll / Lateral |
i

0000 Am J\J\ JMJI MWL(LW\N hucbo L L I L I

0 50 100 150 200 250 300

Frequency (Hz)




36‘ WHEEL FORCE PDS FROM NUCARS MODEL

12axe car, METRIG unite, with surr impactimiters, 112.7 kph (70 mphy on [ pae_iiz
we Lft Wh Axle 1 (Newtons”2/Hz) Me Rgt Wh Axle 1 (Newtons”"2/Hz)
4.0E+07 | i
3.5E+07 | |
3.0E+07 || |
2 5E+07 / Vertical |
2.0E+07 |
1.5E407 |- |
1.0E+07 ﬁ |
5.0E+06 A r \\ J |
3.3E+00 j\\w}y\‘w\, /LVVU Vm Mm ww | J\"M s
0 50 100 150 200 250 300
Late ral Frequency (Hz)




7 I STRAINS AT 0, 90, AND 225 DEGREES

SG1-0; SG1-90, and SG1-225

1D,IIIIIIIIIIIIIIIIIIII|IIIIIIII,

Legend
—— TICI-SG1-0-Segment0-Blockd
—— TICI-SG1-225-Segment0-Block0
I‘ \ ‘l “ | | ‘ — TICI-SG1-90-Segment0-Blocko

T i | |
et i




ampliuE [LOG]

s | SNL ASSEMBLY STRAIN

Test 70: Speed 75 mph

10
Legend
—— TICI Test 70 Strain Gauge 4-0
—— TICI Test 70 Strain Gauge 5-0
—— TICI Test 70 Strain Gauge 6-0
TICI Test 70 Strain Gauge 7-0
Test 59: Speed 40 mph
|
|
_;In M
1 I - TN
L Q .
o ron 8 |
i / : [ AL
= | .
[l7L /- : | 1 R L
4 o © 1
1R A i TN AT
if‘% { ’F M\ 5\:\
k Mi\v“-"‘\ Iy WP { k.ﬁ- S
PRI e oY
el LR WY T 7 i | {1
A A /A AR 1S
A NE LR ¥ Fe L e ] ] e
‘?L 3 i-?" [ S g i"v-..-_.___ ru\ ki L
BSRFALANRIINS Back End| T it [
;h&gfl x"s._g‘qf‘"xﬂr r Legend
-j\/ —— TICI Test 59 Strain Gauge 4-0 l”‘
—— TTICI Test 59 Strain Gauge 5-0
{ —— TTICI Test 59 Strain Gauge 6-0
TTCI Test 59 Strain Gauge 7-0
| T [ [T o
1o 10 10 10 10 107 10" 10 10° 10*

Frequency (Hz) [LOG]
Frequency (Hz) [LOG]
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MAXIMUM VERTICAL ACCELERATIONS
o1 FOR DIFFERENT SPEEDS

Front and back ends of
Transportation Platform

"’Middle of Transportation / ..... -

Platform y...........o" e e - - - - -

.......
TR

e 737 | SNL Assembly

@ 1

ie]

E — [\57

U @ spejeeeep

) A157

o

é Al177

= Cradle

= 01 - o= - \187
...... A197

Cask TTCI A207
- e= A\D17
0.01
40 45 50 55 60 65 70 75

Speed (mph)




s I ACCELERATION-STRAIN FOR THE MO ROD, SNL ASSEMBLY

20
18
® °
16 L
)
14 (]
°
°
= — o9 o°
g ® A2.5G4 front
g 10 .
S ® A4-SG6
= 8 ® A55G7 :I— end
.
6 L | 0 0 e Linear (A2_SG4)
4
2
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Acceleration (g)




2 1 NUREG VERSUS NEW DATA

TTCI_Crossing_Diamond 08/18/2017
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43‘ SHAKER TABLE EXPERIMENT
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o 2 tests with block on shaker table
o 2 tests with block on 4 rubber legs
o 2 tests with block on 4 plywood legs

|
L Rubber or plywood leg, 5.16 emx5.16 cm, 1.27 em thick
/ / @  Triaxial Accelerometer
|
Steel Block Leg Size Calculated From
° Weight: 3,800 Ib (1,723.65 kg) ° Transportation system weight: 149,000
> Dimensions: ke (loaded cask, impact limiters, cradle |
0.60mx0.60mx0.60m and instrumentation box)
Legs ° Leg area in transportation test: 48cm x
> Size: 5.16 cm x 5.16 cm, 48cm
thickness 1.27 cm Approach ‘
* Material: rubber and plywood > Maintain same volume of compressed
Frequency rubber/plywood in expetiment as in ‘
° 2 g frequency sweep 1-100 Hz transportation test



