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ABSTRACT

Spent fuel storage casks intended for use at independent spent fuel storage installations are evaluated
during the application and review process for low-velocity impacts representative of possible handling
accidents. In the past, the analyses involved in these evaluations have assumed that the casks dropped or
tipped onto an unyielding surface—a conservative and simplifying assumption. Since 10 CFR Part 72, the
regulation imposed by the Nuclear Regulatory Commission (NRC), does not require this assumption,

a plicants are currently seeking a more real stic model for the analyses to predict the effect of a cask
dropping onto a reinforced concrete pad, including energy absorbing aspects such as cracking and flexure.
To develop data suitable for benchmarking these analyses, the NRC has conducted several series of drop-
test stucies of a solid steel billet and of a near-full-scale empty cask.

This report ¢-..tains a summary and evaluar’ “all steel billet testing conducted by Sandia National
Laboratones and Lawrence Livermore Natio, aboratory. A sonies of finite element analyses of the
billet testing is described and benchmarked against the test data. A method to apply the beachmarked
finite element model of the soil and concrete pad to an analysis of a full-size storage cask is provided. In
addition, an application to a “generic” full-size cask is presented for side and end drops, and tipover
events.

The primary purpose of this report is to provide applicants for an NRC license under 10 CFR Part 72 with
a method for evaluating storage casks for low-velocity impact conditions.
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SUMMARY AND EVALUATION OF LOW-VELOCITY
IMPAT TESTS OF SOLID STEEL BILLET ONTO CONCRETE PADS

1. INTRODUCTION

Spent fuel storage casks intended for use at independent spent fuel storage installations (ISFSIs) typically
are evaluated during the application and review process for low-velocity impacts representative of
possible handling accidents. In the past, the analyses involved in these evaluations have assumed that the
casks dropped or tipped onto an unyielding surface—a conservative and simplifying assumption. Since
10 CFR Part 72,1 the regulation imposed by the Nuclear Regulatory Commission (NRC), does not require
this assumption, applicants are currently seeking a more realistic model for the analyses to predict the
effect of a cask dropping onto a reinforced ~oncrete pad, including energy absorbing aspects such as
cracking and fle.ure. To develop data suitable for benchmarking these analyses, the NRC has conducted

several series of drop-test studies

I'he first series, performed in March 1993 by Sandia National Laboratories (SNL), involved five end
drops of a sohd steel billet, nominally 50.8 ¢cm (20 inches) in diameter and | .83 m (72 inches )long, onto
pads of various stiffnesses from a height of 45.7 cm (18 inches.) The second senes of tests, performed
between July and October 1993, involved four end-drops of a near-full-scale empty Excellox 3A cask
onto a full-scale concrete pad and foundation, and or.(o an essentially unyielding surface, from heights
ranging from 45.7 ¢cm (18 inches) to 1.52 m (60 irches.) These tests were conducted by British Nuclear
Fuels Limited in Winfrith, England. (Two of the drops in the second senes were “ponsored jointly by
Electric Power Research Institute and several storage cask user groups, vendors, and utilities.)® The third
test senes, performed in September 1993 by SNL, involved eight additional end-drop tests of the billet
onto cuncrete pads. These pads were cast either on engineered fill or on undisturbed soil; the billet was
dropped frc m heights ranging from 45.7 cm (18 inches) to 1.83 m (6 feet.) The first three senes of tests
are described in Reference 2

[he fourth test series included twelve drops of a solid steel cylindrical billet onto reinforced concrete pads

esting on undisturbed soil. This series was conducted by Lawrence Livermore National Laboratory

LNL) in February 1996. The size of the billet was selected to match the billet used in the Seres | and 3
ests; it was a 1/3-scale model of a spent fuel storage cask (the linear dimension was scaled). The
fimensions of the concrete pad were selected to match the concrete pads used in the Senes | and 3 tests

wever, the outside pad dimension was somewhat larger because tests in this senes were primanly side
drops and earlier tests were end-drops. The concrete pads were approximately 1/3-scale models of the
symmetry section of a hypothetical ISFSI concrete storage pad, including the reinforcing steel and gravel
within the concrete. Results and a preliminary evaluation of the side and tipover results from wne fourth

'nes are provided in two reports  published by LLNL

2. SCOPE AND PURPOSE

report contains a summary aad evaluation of all steel billet testing conducted by SNL and LLNI
te element analyses (FEA) of the billet testing is described and
test data. A method to apply the benchmarked finite element model of the soil
s1s of a full-size storage cask is provided. In addition, an application to a

presented for side and end drops, and tipover events

NUREG/CR-6608




. _.umary purpose of this report is to provide applicants for an NRC license under 10 CFR Part 72 with
a method for evaluating storage casks for low-velocity impact cond:.vns. The LLNL test data described
in this report are directly available to applicants on diskettes from 'C Public Document Room

3. SUMMARY OF THE BILLET TESTING
3.1 Series 1 Tests Conducted at Sandia in March 1993

Five drop tests were conducted in the first testing series at SNL. All five consisted of 45.7-cm (18-inch)
end drops of a solid steel circular cylinder, 50.8 ¢cm (20 inches) in diameter and 1.83 m (72 inches) long
weighing 2994 kg (6600 1b.)? The purpose of these tests was, in part, to characterize the effect of various
foundation stiffnesses on the deceleration of the billet. In each case the biliet was instrumented with four

accelerometers attached as shown in Figure 1(a). The drop configurations are summarized in Table |
3.2 Series 3 Tests Conducted at Sandia in September 1993

Eight drop tests were conducted at SNL in the third test senies.** All eight consisted of end drops of the
same billet that was used in the Series | tests. The purpose of this third series was to further characterize
the effect of various foundation stiffnesses on the deceleration of the billet. In each case the billet was
dropped onto a concrete pad. The pad dimensions, rebar strength, substrate meatenals, and drop height
were varied in this senies. The billet was equipped with six accelerometers attached as shown in

Figure 1(b). The drop configurations are summarized in Tabie 2

Accelarometens

»

.. ¥

Steel Billet Stee! Billet

a) SNL Series 1 End Drop Tests (b) SNL Series 3 End Drop Tests

Figure 1. Accelerometer Locations for SNL End Drop Tests




Table 1. Billet Drop Tests Included in the Series | SNL Tests

Test Location /
Date

Test
D

Pad Dimensions

Soil / engineered
fill

Rebar

l)rnp
Height

SNL/ Marct
1993
SNI

19913

March

SNL/ March

1993

SNI
‘\)\,l

March

SNL/ March
l\)x‘i

#166

#167

#1169

| 83mxi.83m
(6'x6 x 1"

(reused the pad from test
#169)

unyielding

surface

pad on unyielding
surface

pad on 3m (1
fill on wr yielding

surface

unknown soil A
Im (1Y) fill

unknown soil A
Iim (1) fill

#30n 457

centers (vield

#3 on 45
centers {yiel
414 x 10" kPa

#3 on 45.7 ¢n

centers i

centers

4.14 x 10° kPa

|
|
1

viel
yI1Ci1Q SUC

vield §

n

Table 2. Billet Drop Tests Included in the Series 3 SNL Tests

T'est Location /
Date

Pad Dimensions j Soil / engineered

fill

Rebar

1
| Drop
Height

SNI

unknown soil B

unknown soil B
Im (1) fld

unknown soil B

. . 1"
sm i

unkne

#30n45.7¢cn
cenlers

1 1

4.14 x 10" kPa

#3 on 45

centers (v

yieid §

a5
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3.3 Series 4 Tests Conducted at LLNL in February 1996

Twelve drop tests were conducted at LLNL in the fousth test series. An almost identical billet was used
for this series. The billet was 51.43 cm (20.25 inches) in diameter, 1.83 m (72 inches) long, and weighed
2937 kg (6475 Ib.) The purpose of these tests was to characterize the effect of side drops and tipover
events on the deceleration of the billet and to provide additional data for benchmarking finite element
models. In each case the billet was drupped onto a reinforced concrete pad. The tests included two
45.7-cm (18-inch) end drops to provide a direct comparison with the SNL drop series, eight side drops
from 45.7 cm (18 inches), 91.4 cm (6 inches), and 1.83 m (72 inches), and two tipovers, during which
the billet was propped up to a center-of-gravity over corner position and then released. The pad
dimensions, rebar strength, substrate materials, and drop height remained constant. The billet was
instrumented with four or five accelerometers attached as show in Figures 2a, b, and ¢. The drop
configurations are summarized in Tables 3 through $.

4. EVALUATION OF TEST DATA
4.1 Filtering Data to Determine Rigid Body Motion

Deceleration data were collected using Endevco piezoresistive accelerometers Model 7270A for both the
SNL and the LLNL tests. The SNL tests used 7270A accelerometers rated for peak accelerations of 6000
and 20,000 g's. The accelerometers rated for up to 20,000 g's were considered unnecessary for the LLNL
tests based on the SNL results. The sampling frequency for the SNI. Series | data was 200 kHz. for the
SNL Series 3 data it was 100 kHz. The SNL tests used an antialias filter with a frequency of 30 kHz. The
LLNL data were sampled at 200 kHz and used a 102 kHz 6-pole Bessel analog antialias filter.

One charactenstic of 1inpact testing is the presence of vibratory motions or stress waves within the test
article which are superimposed upon the rigi1 body deceleration, giving a high indication of the peak
ngid body deceleration. To remove this vibratory component of the data, the raw accelerometer data
described above were filtered at an appropriate frequency such that the remaining deceleration
represented the rigid body motion of the billet.

To determine the appropriate filter frequency for this effort, several steps were taken. The lowest nawral
frequencies of the billet were analytically determined to be between 109 and 1406 Hz, as listed in Table 6.
Fourier-spectrum analyses of the impact responses, were also performed to demonstrate the presence of
those frequencies. The analyses showed that, in addition to the rigid body motion, the responses were
dominated by a few modes of vibratory motion. These modes were longitudinal vibrations associated with
the free-free and fixed-free end conditions for the end drop and bending vibrations associated with the
free-free end conditions for the side drop and tipover. A low-pass Butterworth filter was chosen because it
produced minimal amplitude distoriions. The tim: delay or phase shift produced by the filter in the
filtered signal was eliminated by performing a backward filtering after the normal forward filtering. An
8th order filter v as used to provide an adequately sharp cutoff of the high-frequency response. Using the
natural frequencies of the dominant vibrations of the billet as a guide, the cutoff frequency for filtering the
billet drop test results was set at 450 Hz. The filtering was accompiished with the commercial software
package DADISP 4.0." (The Fourier spectrum plots for each accelerometer trace for the SNL and LLNL
tests are provided in References 2 and 3, respectively.) The cutoff frequency was located below the lowest
dominant vibration frequency of the billet. The adequacy of the cutoff frequency was confirmed by
comparing the Fourier spectrum of the filtered and unfiltered responses. The comparison showed that the
‘iltering effectively removed vibratory motions associated with the billet free vibrations but preserved the
rigid body response motion. An ¢ .ample of this comparison is provided in Figure 3. Raw deceleration
time histories for each of the accelerometers for each drop, overlaid with the filtered data at 450 Hz. are
provided in Appendices A and B.

NUREG/CR-6608 4
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Table 3

End Drop Billet Tests at LLNI

T'est Location /
Date

S ———

LLLLNI Fet ST

Test ID

Pad Dimensions

Soil / engineered
fill

Rebar

Drop Height

¢ ximately
known soil (

10104
PPl

approximately

known soil (

3ondS5.7c¢m

(18") centers (yield
strength = 4,14 x
10" kPa (60 ksi
#3ond57 cm
(187) centers (yield
strer.gth =4 14 x

10" kPa (60 ks1)

Table 4. Side Drop Billet Tests at LLNL

T'est Location /
Date

Test ID

Pad Dimensions

Soil /
engineered fill

Rebar

Drop
Height

LLNI

approximately

known sotl (

approximat

Known

approxi

Known so

mately

1 SO (

approx

known &

#londS 7T cem (1R
centers (yield strength
=4 14 x 10" kPa

(64 ks1))
#¥londS5.7cm (I8

centers (vield strength

centers (yvield strength
414 x 10" kPa
(60 ksi

#3ond57cm (18"
~encers (yield strength

114 1
4 14x10

(60 ksi))

" kPa

#londS7Tcem(IR

centers (yield strength
414 x 10° kPa

(O0) Ksi

#lond57cm (IR

centers (yield strength
414 x 10° kPa

60) ks

#londS 7cem (18

centers (vield sticngth

4% 7 cm

(1K




Table !

Tipover Billet Tests at LLNL

Test Location /
Date

Pad Dimensions

Soil / engineered
fill

Rebar

Drop
Heigint

LLNL / Feb

| 996

(reused the pad
fromtest #11

approximalely

known soil (

approximately

known soil (

#3o0n 457 cm |

centers (yield

strength = 4.14
10" kPa (60 kst
#30n 457 ( IR
centers (vield
strength = 4. 14

107 kPa

60 ksi)

18") “f

X

Table 6. Natural Frequencies of 1.83-meter (72-inch) Long, 50.8-cm (20-inch) Diameter Steel Bi'let
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both ends free¢

l ong
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477 Hz

109 H>

Figure 3
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4.2 Discussion of Billet Test Results
4.2.1 End Drop Tests

Maximum rigid body decelerations of the billet resulting from the end drop tests at SNL and LJ NL for
individual accelerometers are tabulated in Tables 7 through 9. Note that the mean is calculated only for
those accelerometers located on the billet upper end: Al through A4 for th= SNL tesis, and Al and AS for
the LLNL tests, because these accelerometers provide data which are readily comparable.

4.2.1.1 Effect of Pad Dimensions on End Drop Results

It can be seen from SNL tests #226, 229, and 230 that the concrete pad thickness affects the deceleration,
as expected.

4.2.1.2 Effect ¢ *Substrate Materials 5n End Drop Results

The SNL tests included a variety of substrate matcrials, including an unyielding surface with or without a
concrete pad or engineered fill, and soil with or without engineered fill above it. Details on the engineered
fill are limited. The fill conformed to Stone and Webster Specification 12911.54, which covers site
preparation and foundation preparation. A small amount of dry ceme..t was added to the fill. The effect of
the thirty centimeters of fill was . increase the deceleration of the cask by roughly 33 and 53 percen in
two cases, as can be seen in Figure 4.

Table 7. SNL Series 1
Maximum Deceleration at Each Accelerometer, g's, Filtered at 450 Hz

Test ID Al A2 A3 Ad Mean
#166 . 2100 2115 2589 226 8
#167 183.4 1888 206.0 1894 191.7
#168 2029 197.2 211.6 217.7 2074
#169 983 . 1347 1158 116.3
#170 108.9 " 117.5 126.8 117.7

* Accelerometer failed
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Table 8. SNL Series 3

Maximum Deceleration at Each Accelerometer, g's, Filtered at 451 Hz

Test ID Al A2 A3 A4 AS Ab Mean
#226 1315 103.2 107.6 1313 ¢ 106 .4 1184
#228 129.6 126.2 143.7 141.5 127.0 1208 135.3
#229 1214 99.2 105.6 1234 107.3 100.5 1124
#230 1679 154.5 156.4 164.0 148 6 143.7 160.7
#2311 1348 1171 122.7 140.2 123.2 116 8 128.7
#232 840 895 93 R 87.5 80.1 8C.1 887
#2113 205.2 205.7 210.2 2024 191.0 187.4 2059
#23 123.0 122.3 147.3 146.3 123.7 120.6 134.7

* Accelerometer failed
Table 9. Maximum Deceleration at Each Accelerometer, g's,
Filtered at 450 Hz, LLNL End Drops
Test ID Al A2 Al Ad AS Mean
#1 70.8 80.7 109.5 87.2 103 8 R78
#2 78.7 63.6 89 % 754 88.0 K35
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Figure 4. Effect of Engineered Fill on Decelerations, End Nrops at SNL

4.2.1.3 Effect of Drop Height on End Drop Results

Again, limited SNL test data are available to measure the effect of the drop height on the deceleration
results for the end drop cases, since only two drop heights were tested. Nevertheless, the trend of the
results is the expected one—as the drop height is increased, the deceleration increases.

4.2.1.4 Comparison of SNL and LLNL End Drop Tests

Although no tests had identical configurations at SNL and LLNL, one SNL end drop test is similar to the
«wo LLNL end drop tests. This is SNL test #232, an 45.7-m (18-inch) end drop onto a 1.83 m x 1.83 m x
3 m (€ x 6 x 1') thick concrete pad, without fill. The only differences between this test and LLNL tests
#1 and #2 are that the SNL concrete pad is smaller than the LLNL pad, which was 3m x 3m x .3 m (10’
x 10" x 1') thick, and the test was conducted in a different location with therefore different soil.
Nevertheless, the decelerations are very comparable, with the SNL average for test #232 at 88.7 g's, and
the LLNL averages at 87 8 g's and 83.3 g's for LLNL tests #1 and #2, respectively.

4 2.2 Results of LLNL Side Drop Tests

Maximum decelerations of the billet resuiting from the side drop tests for individual accelerometers are
tabulated in Table 10.
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Table 10. Maximum Deceleration at Each Accelerometer, g's,
Filtered at 450 Hz, LLNL Side Drops

Test ID Drop Al A2 Al
Height

4.2.2.1 Possibie Obliqueness of Side Drops

A review of the deceleration time history plots shows that the billet did not hit squarely on its side for

most of the drops (a summary of this 1s provided in Table 11). The effect of hitting the ground obliquely
1s more significant tor a side drop than 1t 1s for an end drop since rotational motion 1s added to the vertical
velocity as soon as the first end impacts. The time between one end hitting and then the other end hitting
1s usually less than 0.5 milliseconds, which at the impact velocity associated with a 91 .44-cm (36-inch)
drop incicates an out-of-aignment of about one quarter of a centimeter. This rotational motion, even
though 1t was very shight, increased the deceleration at the onds of the billet, sometimes significantly. The

billet center (accelerometer location A3) produced results which were more consistent with each other

than the accelerometers which were located at the ends. A plot of deceleration vs. drop height for all of

the side drops, for channel A3 only, 1s provided in Figure §
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Table 11. Possible Obligueness of Side Drops

Test Identification Drop kevel, yes or no? Comment
Test #3 Yes
45.7 em (18") Tes1 #5 No Bottom end hit first
Side Drops)
Test #10 Mo Bottom end hit first
Test #d No Bottom end hit first
914 cm (36" Test #7 | No Bottom end hit first
Side Drops
Test #9 No Top end hit first
1.83im (72") Test #6 ‘ No Top end hit first
Side Drops
Test #8 No Top end hit first
250 - L L4 T ! v W v T ' L4 1 w T L & = L B ‘ LS L 4 L 3
B R L I i i e B
150 =l R e o e -
w : 3
o o} (o} 5
g 100 o i R k
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Figure 5. Deceleration vs. Drop Height for All of the Side Drops Tests, for Gauge A3 Only
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4.2.3 Tipover Tests

Maximum decelerations of the billet resulting from the tipover tests at LLNL for individaal

accelerometers are tabulated in Table 12

TFable 12 MNuximum Deceleration at Each Accelerometer, g's
Filtered at 450 Hz, LLNL Tipover Tests

’(‘\f ”)

#11

#12

S. DESCRIPTION OF FINITE ELEMENT MODEL REPRESENTATION
OF BILLET TESTING

5.1 General Description of the Finite Element Model

A finite element model of the steel billet, concrete pad, and the subgrade soil was coustructed using the

mueGnd mesh ge ir. The model takes advantage ¢ symmetry planes that exist in this drop

orientation; thus, or quarter model is needed for the billet side p tmpact analysis. A half model was
used tor the billet tipover analy \ l?l ‘l'\(\""’i" model included a 4 5§71 x 4 ] | X m (180" x |8

x 227") deep sou se 1 er sectionofthe 3Imx3Imx .3 10" x 1") thick pad. A nal
model 1s shown in Figure 6 The impact event wars simulated with the nonlinear finite element code
DYNAZ3D " Shde surfaces it (s are "i.hufh\‘ﬁ‘w';'f.[?l' steel billet and the concrete pad and between

the concrete pad and the subgrade A coethicient

friction of .25 was assumed for both shde
surfaces. A non-reflecting boundary condition is also imposed on the embedded faces of the soil model
(\\'\'p{v‘i“\!*“!!:ch""- ace(s), t ; 3 Nt ue sttuation of infinite soil domain with no stress wave

reflection from soi ediun e billet end and impacts were simulated by imposing a untform nitial

velocity on the b
5.2 Material Models Used in the Finite Element Model
5.2.1 Steel Billet Material Representation

e maternial o

supphier. The

§.2.2 Subgrade Soil Representation

SO p

1t hy

Jd

Repr

!




Symmetry Plane

Figure 6. Finite Element Model of 5teel Billet Side Drop and Tipover vnto Concrete Pad ¢ 4 Soil




Table 13. Soil Elastic Parameters’

Subgrade E v

Clay 345kPa-4.13x 104kPa | 0.1-05
(0.05 - 6.0 ksi)

Glaucial fill 1.03x 104 - 1.5 x 105 kPa
(1.5-22.0ksi)

Sand 69x107-83x10°kPa | 02-04
(1.0 - 12.0 ksi)

Sand and Gravel | 48x104-19x10°kPa | 0.1-04
(7.0 - 28.0ksi)

Loess 18x108-55x10*kPa | 0.1-03
(2.0 -8.0ksi)

Shales 14x 10°- 1.4 x 107 kPa
(20.0 - 2000.0 ksi)

Silt 210x100-21x10*kPa | 03-035
(0.3 -3.0ks1

A few analytical simulations of the biliet | 83-meter (72-inch) side drop onto a concrete pad, on top of
soil were made with varying soil elastic parameters. Young's Modulus for the soil was varied from a
minimum of 3.4 x 10°kPa (5 ksi) to a maximum of 4.1 x 10" kPa (600 ksi,) and Poisson' ratio, v, was
varied from 0.7 to 0.45, even though some of these combinations are unrealistic. These variations in soil
elastic properties produced little differences in the predicted initial ‘peak’ d :celeration of the billet, as
shown in Table 14.

A perfectly elastic soil model with

E=4.1 x10"kPa (6 ksi)
v=045
p=2179 kg/m' (136 Ib/ft.")

was selected as most representative of the properties of the Livermore drop test site due to the saturated
nature of the sandy clay ground during the testing in Livermore.

5.2.3 Concrete Representation

The concrete pad 1s modeled using a constitutive model based on a concrete which was developed by
LLNL for the Shippingport Station Decommissioning Project in 1988." The model was developed for the
concrete fill in the reactor pressure v essel/neutron shield tank. At the time that the model was developed,
Stanford Research Institute was e~ itracted to measure the required prooerties of samples of the particular
concrete grout used in the Shippugport project. Because the average compressive strengths of the
Shippingport concrete grout and the concrete pads for this drop test study were similar, a -nodification to
the Shippingport concrete inodel was used for the drop test concrete pad. In the present simulation, no
steel reinforcement has been explicitly modeled even though the pads did in fact contain reinforcing steel.
The model was judged to behave satisfactorily. Details of the concrete model us=d in the simulations
described in this report are provided in Appendix C.
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Table 14. Maximun p's for 1.83-meter (72-inch) Rillet Side Drop Analysis Results Filtered at
450 Hz, for a Range of Elastic Soil Properties

E=4.14 < 10" kPa
(600 ksi) (such as
shale)

Poisson’s ratio | Poisson's ratio | Poissor’s ratio | Poisson’s =atio | Poisson’s ratio
v=0.1 v=0.2 v=0.3 v=0.4. v=0.45
(such as some (such as (such as {such as (such as
rock) unsaturated unsaturated saturated clay) saturated
A lay) clay) o 3 sandy-clay)
p = 1600 kg/m’ ¢ p = 1600 kg/m
(100 Iy | P = 1600kg/m’ | p = 1600 kg/m® | © (100 jp ) | p =2179 ke/m’
Young's Modulus 169 170 171 175
E=3.44 < 10" kPa
(5 ksi) (such as
some rock)
Young's Modulus 170 170 171 177 190
E=4.14 « 10" kPa
(6 ksi)
Young's Modulus 170 170 172 184 19%
E=8.27 < 10° kPa
(12 ksi) (such as
dense sand)
Young's Modulus 173 175 178 201
E=1.93 « 10" kPa
(28 ksi) (such as
dense gravel)
Young's Modulus 206

5.3. Steel Billet Impact Finite Element Simulation Results

The analysis results for the steel billet impact simulation include the response calculated by the finite
element code at each calculational time step (3.7 x 10° seconds). The analysis results were filtered using
the same filtering technique used for the test results, ar eighth-order Butterworth low-pass filter with
cutoff frequency of 450 Hz. Both analysis data and test data were processed using DADiISP 4.0. Results
are provided in Tables 15, 16, and 17. These tables show that the finite element simulation results of the
billet impact event for end drop, side drop, and tipover using the material models described are in good
agreement with test results. The ¢ mparison is also depicted graphically in Figure 7, for the side drops.

Table 15, Maximum Billet End Drop Deceleration Test vs. Simulation

Test #/ Channel # Test data, filtered at 450 H» Finite element analysis simulation,
filtered at 450 Hz

Test #1/ Channel Al 708 ¢g

Test #2 / Channel Al 78.7¢

Test #1 / Channel AS 1038¢g 99.5¢

Test #2 / Channel AS 880¢
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Table 16. Maximum Bilict Side Drop Deceleration Test vs. Simulation

f
Billet drop height /
(Test #)

Test data from channel A3,
filtered at 450 Hz

Finite element analysis simulation,
filtered at 450 Hz

108.2 g

not available

[able 17. Maximum Biliet Tipover Deceleration Test vs. Simulation

Channel #

T'est data, filtered at 450 Hz

Finite elems at analysis simulation,
fiitered at 450 Hz
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Figure 7. Comparison of Analysis and Test Results for Billet Side Drops

6. FULL SIZE “GENERIC” STORAGE CASK FINITE ELEMENT
SIMULATIONS

6.1 Selection and Modeling of “Generic” Cask

A storage cask using representative dimensions, material properties, and cask weight was sclected for this
study. The cask selected is referred to in this report as a “generic” cask, and 1s shown in Figure 8. The

storage cask end and side drops and tipover were simulated with the DYNA3D finite element
code using the concrete and soil matenal property representations described 1in Section 3

The finite element model for the “generic” cask 1s shown in Figure 9. Only the essential structural
members of the cask are included in the model. Components such as truions and an external neutr
shield are negleciad. The basket structure and fuel assemblies are modeled as a sol i cylinder in the
e Senting

The weight distribution of the cvlinder repre

assemblies. The stitfness of th

basket strug




Wt at the edyg i the ca m. DYNA

-![.;n et ! ! with each node tor this rotationa ]

6.2 Additional Finite Element Analyses for End Drop

in order 10 vern y that th It P analy rrectly predicted the o

two additional finite element analyses of the end dr P were accomy
ntents we \ luded at all, and their total weight, including the

the endcap by easing the mass of the endcap. The results of thy

mode!l” int eS| section below

In the second additional analysis. the cask was modeled as a homogenous solid body
required 1 htam the nsec cask total weight, including the fuel assemblie ind ba

this case ar:? refeqred to as the "sohd homogeneous mode!” in the results section bel

6.3 Finite Element End Drop, Side Drop, and Tipover Simulation Results

'he maximum rgid body decelerations are obtained from the simulations for end and

tipover of th gener causk. The analy sis results from these simulations have been filtere
stimitlar to the billet data filtering process I'he cutoff '11‘\]u1 ncy for filiering the genernic cask ar

results wa t at 350 Hz based on a review of the significant vibration response in the rFour

Maximum decelerations are histed in Table 18, Deceleration time histories for these analvses are

i Appendix D to this report. The results from the two additional analyses for the end drop are proy
Fable 19. The adequacy of the cutoff frequency was confirmed by evaluating the Fourier spectra of the
responses, averagea throe:gh the endcap for the “hollow model” and through the cask body for the “sol
homogeneous mode as shown in Figures 10 and 11, respectively

T

P
|
|
|

ure 8. Generic Cask Dimensions




Cask shell

Cesk contents : Concrete pad

Symmetry Plane

Figure 9. Finite Element Model of “Generic"” Storage Cask, Side Drop and Tipover Onto
Conrrete Pad and Soil
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Fable 18, ISFSI Gene ask End Drop, Side Drop, uud Tipover Analysis Results

Finite element
analysis simulation

Location of reported g's
filtered at 350 Hz

e ———————————————

s ce——

57 em (I8
End Drop

e ——

45.7 em (18") Side Drop

e c———————————————

91.4 cm (36") Side Drop

L83 m (72") Side Drop

166 m (144") Side Drop*

Fipover

Fable 19. ISFSI Generic Cask End Drop Results for

Additional Analyses

f
|

Finite element
analysis simulation,

Locetion of reported g's
filtered at 350 Hz

45.7 em (18") End Drop
H w Mod

e e e

i
45.7 em (18") End Drop
S Hor § 1s Mode




10 120

Frequenoy (M2)

Figure 10, Fourier Spectrum for Holiow Model Finite Element Analysis Generic Cask
End Drop Results, Averaged Through the Cask End Cap
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Migure 11, Fourier Spectrum for Solid Homogenous Finite Element Analysis of the Generic
Cask End Drop Results, Averaged Through the Cask Body
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model of the billet and pad to be used in a series of dynamic analyses simulating the billet test
conditions. Based on the senes of simulations, a model of the test condition is developed which
characterizes the parameter of primary interest, that is, the ngid body g-loads corresponding to those
determined in Step |

¢ Step 3 Full Size Storage Cask End Drop, Side Drop and Tipover Finite Element Simulations

The constitutive model of the concrete pad and soil system developed for the finite element analysis
in Step 2 1s then utihized in a finite element simulation of a full-scale “generic” cask dropping onto &
typical concrete storage pad.

7.2 Other Considerations to be Addressed

Once a benchmarked model of the impact test has been established, an analyst applying this method to the
evaluation of a specific storage cask might be interested in a variety of aspects of the finite element
results, such as stresses and strains in the cask body, or decelerations for possible application to a
secondary structure. At this point, the analyst must ensure that he has captured the drop orientation of
interest

It was pointed out in Section 4.2.1.2 (Effect of Substrate Materials on End Drop Results) that the
engineered Ml significantly increased the deceleration resulting from a drop onto the concrete pad. The
analyst must ensure that this effect 1s considered and, if necessary, accounted for in any analyses of the
impact

In order to apply the deceleration calculated for the storage cask body to a secondary internal structure
such as a basket, several options are available. An analyst might take the calculated deceleration time
history of the cask body and apply it directly to the secondary structure in a dynamic analysis. Or, an
analyst might choose to perform a quasi-static analysis of the secondary structure, in which case a
dynamic amphification factor needs to be applied to the static load. In the absence of information about
the vibration period of the secondary structure, a dynamic amplification factor of two is appropriate for an
impulse load to the secondary structure.”

8. SUMMARY AND CONCLUSIONS

Tests were performed at SNL and LLNL 10 assess loading conditions on a spent fuel storage cask for end
drops, side drops and tipover events. The tests were performed with a 1/3-scale model billet and a
1/3-scale model concrete pad, and included a variety of substrate matenals. This report was prepared to
provide a summary and an evaluation of all of the billet testing conducted. Deceleration time histories
were evaluated and discussed, and are included in Appendices A and B to this report. The billet and test
pad were modeled with a general purpose finite element code, DYNA3D, using material properties and
techmques provided in thic report. The simulated analytical peak or maximum deceleration results were
conservative for most cases, but in the worst case underpredicted the test result by less than 15%.

A “genenc’ or representative cask was modeied with the benchmarked finite element analysis approach
and evaluated for ISFSI end and side drops and tipover events. The analytical method can be applied to
similar casks to estimate deceleration loads on storage casks resulting from low-velocity drop or up
impacts onto concrete storage pads.
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APPENDIX A. ACCELERATION TRACES, FILTERED AND
UNFILTERED, FOR SNL TESTS




SNL Test #166, Gauge Al Accelerometer did not function,
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Figure A-1 SNL Test #166, Gauge A2 7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.

acceleration: 210.0g)
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Figure A-2 SNL Test #166, Gauge A3 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max
acceleration: 211.5g)
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acceleration: 253.90)
SNL Tust #166 NUREG/CR-6608
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Figure A-4 SNL Test #167, Gauge A1 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 183.4g)

NUREG/CR-6608 SNL Test #167
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Figure A-5 SNL Test #167, Gauge A2 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 188.8g)
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Figure A-6 SNL Test #167, Gauge A3 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 206g)
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Figure A-7 SNL Test #167, Gauge A4 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 189.4g)
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Figure A-8 SNL Test #1658, Gauge Al (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max
acceleration: 202.9¢
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Figure A-9 SNL Test #168, Gauge A2 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 197.2g)
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Figure A-10 SNL Test #168, Gauge A3 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 211.6g)
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Figure A-11 SNL Test #168, Gauge A4 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 217.7g)
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Figure A-12 SNL Test #169, Gauge A1 (45.7-cm (45.7-cm (18-iach)) end drop, filter cutoff: 450Hz, max
sccoleration: 98 3g)
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SNL Test #169, Gauge A2. Accelerometer did not function,

SNL Test #169 NUREGATR-6608
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Figure A-13 SNL Test #169, Gauge A3 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 134.7g)
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Figure A-14 SNL Test #169, Gauge A4 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz
acceleration: 115.8g)
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Figure A-15 SNL Test #1706, Gauge Al (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max
acccleration: 108.9g)
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SNL Test #170, Gauge A2. Accelerometer did not function
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Figure A-16 SNL Test #170, Gauge A3 (45.7-cm (45.7-cm (18-inch)) end drop, fucer cutoff: 450Hz, max.
acceleration: 117.5g)
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Figure A-17 SNL Test #170, Gauge A4 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 126.8g)

SNL Test #170 NUREG/CR-6608
A-21



! 1
gaan B8 WS IR VS s g
A
2 & M .

L A AA
ime
LALL R S

Figure A-18 SNL Test #226, Gauge Al (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 131.3g)
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Figure A-19 SNL Test #226, Gauge A2 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 103.2g)
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Figure A-20 SNL Test #226, Gauge A3 (45.7-cm «cm (18-inch)) end drop, fiiter cutoff: 450Hz, max

accelerat 107.6g)
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Figure A-21 SNL Test #226, Gauge A4 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz,
acceleration: 131.3g)




SNL Test #226, Gauge AS. Accelerometer did not function.
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Figure A-22 SNL Test #226, Gauge A6 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 4504z, max
acceleration: 106.4g)
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Figure A-23 SNL Test #228, Gauge Al (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max
acceleration: 129.6g)
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Figure A-24 SNL Test #228. Gauge A2 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 126.2g)
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Figure A-25 SNL Test #228, Gauge A3 (45.7-cm (45,7

' (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 143.7g)
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Figure A-26 SNL Test #228, Gauge A4 (45.7.cm (45.7

«cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 141.5g)
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Figure A-27 SNL Test #228, Gauge AS (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.
acceleration: 127.0g)
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Figure A-28 SNL Test #228, Gauge A6 (45.7-cm (45.7-cm (18-inch)) end drop, filter cutoff: 450Hz, max.

acceleration: 120.8g)
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Figure A-29 SNL Test #22¢ Gauge A1l (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 121.4g)

NUREG/CR-6608




! A A [}

"\AA"\‘

LT AR T vy g Ay
\/ vV L A
V i bbbl

R
o8 R W0 W W0 WO WM WS W6 U7 Ue ue @
e (&)
Figure A-30 SNL Test #229, Gauge A2 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 99.2g)
SNL Test #229 NUREG/CR-6608
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Figure A-31 SNL Test #229, Gauge A3 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 105.6g)
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Figure A-32 SNL Test #229, Gauge A4 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 123.4g)
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Figure A-33 SNL Test #229, Gauge AS (45.7-cm (18-inch) end drop, filter cutoil: 470Hz,
max. acceleration: 107.3g)
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Figure A-34 SNL Test #229, Gauge A6 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 100.5g)
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Figure A-35 SNL Test #230, Gauge A1 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
mux. acceleration: 167.9g)
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Figure A-36 SNL Test #230, Gauge A2 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 154.5g)
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Figure A-37 SNL Test #230, Gauge A3 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 156.4g)

EG/CR-6608




<7

i
J

s

[l

b
/

aceeer,

T — T

. ) e ey S

NG # \ \
‘ N

.‘I
A A N AAY A A4 A N A A A A AN A NP A AR A AdY A MA A AdA A AAS A WM A A
L‘t | 1 { .‘ \ » A ¥ { {

v " V.Y il iy “ iy Wiy vy Vi Wi R vl Ve

Figure A-38 SNL Test #230, Gauge A4 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 164.0g)
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Figure A-39 SNL Test #230, Gauge AS (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 148.6g)
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Figure A-40 SNL Test #230, Gauge A6 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 143.7g)
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Figure A-41 SNL Test #231, Gauge A1 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 134.8g)
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Figure A-42 SNL Test #231, Gauge A2 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleravion: 117.1g)
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Figure A-43 SNL Test #231, Gauge A3 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 122.7g)
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Figure A-44 SNL Test #231, Gauge A4 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. accelerstion: 140.2g)
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Figure A-45 SNL Test #231, Gauge AS (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration. 123.2g)

NUREG/CR-6608 SNL Test #231
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Figure A-46 SNL Test #231, Gauge A6 (45.7-cm (18-inch) enu drop, filter cuto: 450Hz,
max. acceleration: 116.8g)
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Figure A-47 SNL Test #232, Gauge A1 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 84.0g)
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Figure A48 SNL Test #232, Gauge A2 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz
max. acceleration: 89.5g)

NUREG/ACR - 6608




|

06 OO 00O O GO0 0OB QW Q06 00 007 Omé LW 0 R @

e
Figure A-49 SNL Test #232, Gauge A3 (45.7-cm (18-inch) end drop, filte: cutoff: 450Hz,
mux. acceleration: 93.8g)
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Figure A-50 SNI

Test #2132, Gauge A4 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 87.5g)
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Figure A-51 SNL Test #232, Gauge AS (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 80.1g)
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Figure A-52 SNL Test #232, Gauge A6 (45.7-cm (18-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 80.1g)
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Figure A-83 SNL Test #233, Gauge Al (1.83-meter (72-inch) end drop, filter cutoff: 450Hz,
max. acceleration: 205.2g)
NUREG/CR-6608 SNL Test #233
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Figure A-54 SNL Test #233, Gauge A2 (1.83-meter (72-inch) end drop, fiiter cutoff: 450Hz,

max. acceleration: 2087
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Figure A-85 SNL Test #233, Gauge A3 (1.83-meter (72-inch) end drop, filtor cutoff: 450Hz, max.
acceleration: 210.2g)
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Figure A-56 SNL Test #233, Gauge A4 (1.83-meter (3 2-inch) end drop, filter cutoff: 450Hz, max
acceleration: 20, 4g)
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Figure A-57 SNL Test #233, Gauge AS (1.83-meter (72-inch) end drop, filver cutoff: 450Hz, max.
acceleration: 191.0g)
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A-62



~
S
=

=
=
2y
&
fé,

y
»

ame (S8

Figure A-58 SNL Test #233, Gauge A6 (1.83-meter (72-inch) end drop, filter cutoff: 450Hz, max
acceleration: 187.4g)
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Figure A-59 SNL Test #234, Gauge A1 (1.83-meter (72-inch) end drop, filter cutoff: 450Hz, max.
acceleration: 123.0g)

NUREG/CR-6608 SNL Test #234
A-H4
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Figure A<60 SNL Test #234, Gauge A2 (1.83-meter (72-inch) end drop, filter cutoff: 450Hz, max.
acceleration: 122.3g)
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Figure A-61 SNL Test #234, Gauge A3 (1.83-meter (72-inch) end drop, filter cutoff: 450Hz, max.
acceleration: 147.3g)
NUREG/CR-6608 SNL Test #1%4
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Figure A-62 SNL Test #234, Gauge A4 (1.83-meter (72-inch) end drop, filter cutoff: 450Hz, max.
acceleration: 146.3g)
SNL Test #234 NUREG/CR-6608
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Figure A-63 SNL Test #234, Gauge AS (1.83-meter (72-inch) end drop, filter cutoff: 450Hz, max.
acceleration: 123.7g)
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Figure A-64 SNL Test #234, Gauge A6 (1.83-meter (72-inch) end drop, filter cutoff: 450Hz, max
acceleration: 120.6g)
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APPENDIX B. ACCELERATION TRACES, FILTERED AND
UNFILTERED, FOR LLNL TESTS
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Figure B-1 LLNL Test #1, Gauge A1 (45.7-centimeter (18-inch) end drop, filter cutoff: 450 Hz, maximum
acceleration: 70.8g)
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Figure B-2 LLNL Test #1, Gauge A2 (45.7-centimeter (18-inch) end drop, filter cutoff: 450 Hz, maximum
acceleration: 80.7g)
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Figure B-3 LLNL Test #1, Givge A3 (45.7-centimeter (18-inch; end drop, filter cutoff: 450 Hz, maximum
acceleration: 109.5g)

NUREG/CR-6608 LLNL Test #1
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Figure B-4 LLNL Test #1, Gauge A4 (45.7-centimeter (18-inch) end drop, filter cutoff: 450 Hz, maximum
acceleration: 8/.2g)

LLNL Test #1 NUREG/CR-6608
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Figure B-§ LLNL Test #1, Gauge AS (45.7-centimeter (18-‘nch) end drop, filter cutoff: 450 Hz, maximum
acceleration: 103.3g)
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Figure B-6 LLNL Test #2, Gauge Al (45.7-centimeter (18-inch) end drop, filter cutoff: 450 Hz, maximum
acceleration: 78.7g)
LLNL Test #2 NUREG/CR-6608
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Figure B-7 LLNL Test #2, Gauge A2 (45.7-centimeter (18-inch) end drop, filter cutoff: 450 Hz, maximum
acceleration: 63.6g)
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Figure B-8 LLNL Test #2, Gauge A2 (45.7-centimeter (18-inch) end drop, filter cutoff: 450 Hz, maximum
acceleration: 89.8¢)
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Figure B-9 LLNL Test #2, Gauge A4 (45.7-centimeter (18-inch) end drop, filter cutoff: 450 He¢, maximum
accelertion: 75.4g)
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Figure B-10 LLNL Test #2, Gauge AS (45.7-centimeter (18-inch) end drop, filter cutoff: 450 Hz, maximum
acceleration: 88.0g)

LLNL Test #2 NUREG/CR-6608
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Figure B-11 LLNL Test #3, Gauge Al (45.7-centimeter (18-inch) side drop, filter cutoff: 450 Hz, maximum

acceleration: 148.8¢)
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Figure B-12 LLNL Test #3, Gauge A2 (45.7-centimeter (18-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 136.9g)

LLNL Test #3 NUREC/CR-6608
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Figure B-13 LLNL Test #3, Gauge A3 (45.7-centimeter (18-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 108.2g)
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Figure B-14 LINIL Test #3, Gauge A4 (45.7-centimeter (18-inch) side drop, filter cutofT: 450 Hz, maximum
acceleration: 129.9g)
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Figure B-15 LLNL Test #3, Gauge AS (45.7-centimeter (18-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 154.0g)
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Figure B-16 LLNL Test #4, Gauge A1 (91.4-centimeter (36-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 200.0g)
LLNL Test #4 NUREG/CR-6608
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Figure B-17 LLNL Test #4, Gauge A2 (91.4-centimeter (36-inch) side drop, filter cutoff: 450 Hz,
acceleration: 180.7g)
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Figure B-18 LLNL Test #4, Gauge A3 (91.4-centimeter (36-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 110.0g)

LLNL Test #4
B-19
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Figure B-19 LLNL Test #4, Gauge A4 (91.4-centimeter (36-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 173.1g
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Figure B-20 LLNL Test #4, Gauge AS (91.4-cent:meter (36-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 198.7g)
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Figure B-21 LLNL Test #5, Gauge Al (45.7-centimeter (18-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 145.8g)
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Figure B-22 LLNL Test #5, Gauge A2 (45.7-centimeter (18-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 172.4g)
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Figure B-23 LLNL Test #5, Gauge A2 (45.7-centimeter (18-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 86.0g)
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Figure B-24 LLNL Test #5, Gauge A4 (45.7-centimeter (18-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 171.2g)
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Figure B-25 LLNL Test #5, Gauge AS (45.7-centimeter (18-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: .64.4g)
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Figure B-26 LLNL Test #6, Gauge A1 (1.83-meter (72-inch) side drop, filter cutoff: 456 Hz, maximum
acceleration: 246.3g)
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Figure B-27 LLNL Test #6, Gauge A2 (1.83-meter (72-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 225.7g)
NUREG/CR-6608 LLNL Test #6
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Figure B-28 LLNL Test #6, Gauge A3 (1.83-meter (72-inch) side drop, fiiter cutoff: 450 Hz, maximum
acceleration: 206.7g)
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Figure B-29 LLNL Test #6, Gauge A4 (1.83-meter (72-inch) side drop, filter cutoff: 450 Hz, maxinium
acceleration: 227.0g)
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Figure B-30 LLNL Test #6, Gauge AS (1.83-meter (72-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 251.5)
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Figure B-31 LLNL Test #7, Gauge Al (91.4-centimeter

36-inch) side drop, filter cutoff: 430 Hz, maximum
acceleration: 154.2g)
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Figure B-32 LLNL Test #7, Gauge A2 (91.4-centimeter (36-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 179.5g)
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LLNL Test #7, Gauge A3, Accelerometer did not function.
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Figure B-33 LLNL Test #7, Gauge A4 (91.4-centimeter (36-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 176.8g)
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Figure B-34 LLNL Test #7, Gauge A5 (91.4-centimete’ . 6-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 162.0g)
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Figure B-35 Test #8, Gauge Al (L8} -meter (72-inch) side drop, filt :r cutoff: 450 Hz, maximum acceleration
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LIN: Test #8, Gauge A2. Accelerometer did not function.
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Figure B-36 Test #8, Gauge A3 (1.83-meter (72-inch) side dron, filier cutoff: 450 Hz, maximum acceleration.
197.0g)
LLNL Test #8 NUREG/CR-6608
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Figure B-37 Test #8, Gauge A4 (1.83-meter (72-inch) side drop, filter cutoff: 450 Hz, maximum acceleration:
2279¢)
NUREG/CR-6608 LLNL Test #8
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Figure B-38 Test #8, Gauge AS (183 -meter (72-inch) side drop, filter cutoff: 450 Hz, maximum acceleration
2558.1g)
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Figure B-39 Test #9, Gauge A1 (91.4-centimeter (36-inch) side drop, filter cutoff: 450 Hz, muximum
acceleration: 274.9g)
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LINL Test #9, Gauge A2, Accelerometer did not function
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Figure B-40 Test #9, Gauge A3 (91.4-centimeter (36-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 125.2g)
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Figure B-41 Test #9, Gauge A4 (91 . A.centimeter (36-inch) side drop, filter cutoff: 450 H~, maximum
acceleration: 152.5g)
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Figure B-42 Test #9, Gauge AS (91.4-cen ' meter (36-inch) side drop, filter cutoff: 450 Hz, maximum

acleration: 253 ;t‘.‘
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Figure B-43 Test #10, Gauge A1 (45.7-centimeter (18-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 120.6g)
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LINL Test #10, Gauge A2. Accelerometer did not function.
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Figure B-44 Test #10, Gauge A3 (45.7-centimeter (18-inch) s %e drup, filter cutoff: 450 Hz, maximum
acceleration: 125.5g)
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Figure B-45 Test #10, Gauge A4 (45.7-centimeter (18-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 107.0g)
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Figure B-46 Test #10, Gauge AS (45.7-centimeter (18-inch) side drop, filter cutoff: 450 Hz, maximum
acceleration: 138.3g)
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Figure B-47 Test #11, Gauge Al (tipover, filter cutoff: 450 Hz, maximum acceleration: 237.5g)
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Figure B-4¥ Test #11, Gauge A2 (tipover, filter cutoff: 450 Hz, maximum acceleration: 41.5g)

LLNL Test #11 NUREG/CR-660%
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Figure B-49 Test #11, Gauge A3 (tipover, filter cutoff: 450 Hz, maximum acceleration: 107.3g)
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Figure B- 50 Test #11, Gauge AS (tipover, filter cutoff: 450 Hz, maximum acceleration: 231.5g)
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Figure B-51 Test #12, Gauge A1 (tipover, filter cutoff: 450 Hz, maximum acceleration: 213.6g)
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Figure B-52 Test #12, Gauge A2 (tipover, filter cutoff: 450 Hz, maximum acceleration: 17.1g)

LLNL Test #12 NUREG/CR-6608
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Figure B-53 Test #12, Gauge A3 (tipover, filter cutoff: 450 Hz, maximum acceleration: 107.8g)
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B-58



"3 i
s
i
0 1
ni'
|
”.l
L ‘ \‘ ':1 4 l}
il :‘fl.i' i ' |
g | g L AL duik 1

Inca il bl L\ WAL ki
l

i

00 00 00 MO G0M ONS OW6 0P 00 0N® 000 00 000 000 GO 008
e (s¢)

Figure B-£4 Test #12, Gauge AS (tipover, filter cutoff: 450 Hz, maximum acceleration: 213.0,)
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APPENDIX C. DETAILS OF CONCREYE MODEL

DYNA3D has an option for a concrete constitutive model known as Material Model 16, which was
developed 10 give provide concrete and geologic matenal modeling capabilities to DYNA. For the finite
element simulation described in this report, Mode 11 B was the option selected within Material Model 16,
which was used with Equation of State Form 8. This option provides two yield vs. pressure curves, so that
once the material has failed in comprassion, the model skips to the lower yield vs. pressure curve. The two

yield-vs -pressure curves are defined as the upper, or undamaged, curve, represented by

P

a ..0"'——"—'
o a +a,P

S = the material yield stress at the undamaged state

P = pressure

A, 4, 8, = material constants that charactenze the yield-vs.-pressure relctionship in the
undamaged state

and the lower, or failed (damaged), curve is represented by

ay, 0 gy ¥ sr—.
ma .|'+.2P

Oraited = the material yield stress at the damaged state

ay. A, &, = matenal constants that characterize the yield-vs.-pressure relationship in the

damaged state

After defining these two curves and introducing an appropriate “damage” scale factor, 1), the following
equation 1s used

Oyield = Ttailed * MO max = Otaited) -

to describe either a hardening or a softening phenomenon as commonly observed in the concrete material
according to the amount of plastic strain produced in the material. The pressure-volumetric strain
relationship of the material is treated independently of its deviatoric behavior and can be described by using a
tabulated equation-of-state form. The volumetric strain, €y , is defined as the natural logarithm of the
relative volume: £y = In (V/V(), and is negative in compression.

The maximum principal stress at tensile failure is set at an 870-psi cutoff. Since data on strain rate effects
were unavailable, a constant load curve multiplier of unity was used.

C-1 NUREG/CR-6608



Included below is a summary of the required input for DYNAJ3D used for the finite el ment simulation

descrnibed 1o this re port

hesion {a,) ,Ulll‘» }
pressure hardening
pressure hardening coefficient = O O000DK3S
pressure hardening coefficient for failed matenal

€ plastic strain vs

Effective Pla Strain factor, 1

 ——— o

00094
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The pressure-volume behavior of the concrete is modeled in Equation of State Form » with a tabulated

pressure-vs.-volumetric strain relationship.

Volumetric strein (g,)

Pressure ( psi)
0.0 0.0
-0.006 4600
0.0075 5400
<0.01 6200
0.012 6600
-0.02 7800
-0.038 10000
-1.06 12600
0.0755 15000
0.097 18700

The unloading bulk modulus, K, is assumed to be a constant 700 ksi at any volumetnic strain.

The material constants that characterize the yield-vs -pressure relationship for the concrete in the damaged
state and the “damage” scale factor are purameters described in the DYNA3D User's Manual for the specific

material model employed

C-3
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APPENDIX D. ACCELERATION TRACES, FILTERED AND
UNFILTERED, FOR FINITE ELEMENT ANALYSIS SIMULATION
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Figure D-2 Finite Element Analysis, Billet (45.7-centimeter {18-iuch) side drop, filter cutoff: 450Hz, max.
acceleration: 105g)

Billet NUREG/CR-6608
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Figure D-3 Finite Elemert Analysis, Billet (91.4-centimeter (36-inch) side drop, filter cutoff: 450Hz, max
acceleration: 142.7g)
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Figure D% Finite Element Analysis, Billet (1.83-meter (72-inch) side drop, filter cutofi: 450Hz, max.
acceleration: 190.1g)
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Figure D-5 Finite Element Analysis, Billet (tipover, filter cutoff: 450Hz, max. acceleration: 244 Tg)




Figure D-6 Finite Element Analvsis, Generic Cask (45.7-centimeter (18-inch) end drop, filter cutoff: 350Hz,
max. acceleration: 47.3g averaged through the cask wall)
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Figure D-7 Finite Element Analysis, Generic Cask (45.7-centimeter (18-inch) side drop, filter cutoff: 350 1z,
max. acceleration: 23.2g)
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Figure D-8 Finite Element Analysis, Generic Cask (91.4-centimeter (36-inch) side drop, filter cutoff: 350Hz,
max. acceleration: 36.5g)
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Figure D9 Finite Element Analysis, Generic Cask (1.83-meter (72-inch) side drop, filter cutoff: 350Hz,
max. acceleration: 54 8g)
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Figure D-10 Finite Element Analysis, Generic Cask (tipover, filter cutoff: 350Hz,

max. acceleration: 73.2¢)
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Figure D-11 Finite Element Analysis, Generic Cask Hollow Model (18-in end drop, filter vutoff: 350H2,
max. acceleration: 44.5g averaged through the end cap)
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Figure D-12 Finite Element Analysis, Generic Cask Hollow Mode! (18-in end drop, filter cutoff: 350Hz,
max. acceleration: 37.1g averaged through the cask wall)
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Figure D-13 Finite Element Analysis, Generic Cask Holiow Model (18-in end drop, filter cutoff: 350Hz,
nax. acceleration: 78.0g averaged through the cask lid
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Figure D-14 Finite Element Analysis, Generic Cask Solid Homogeneous Model (1£-in end drop, filter cutoff:
350Hz, max. acceleration: 38.6g averaged through the cask body)
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