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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,
applicats are currently seeking a more reali ic model for the analyses to predict the effect of a caskst

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 studies of a solid steel billet and of a near-full-scale empty cask.

This report contains a summary and evaluaQ:t 'all steel billet testing conducted by Sandia National
Laboratories and Lawrence Livermore Natiow? > aboratory. A series of finite element analyses of the '

billet testing is described and benchmarked against the test data. A method to apply the benchmarked .
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
IMPACT TESTS OF SOLID STEEL EILLET ONTO CONCRETE PADS

1. INTRODUCTION
Spent fuel storage casks intended for use at independent spent fuel storage installations (ISFSIs) typically
are evaluated during the npplication 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 he regulation imposed by the Nuclear Regulatory Commission (NRC), does not requiret

this assumption, applicants are currently seeking a more realistic 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 fle.mre. To develop data suitable for benchmarking these analyses, the NRC has conducted
several series of drc,p-test studies.

The first series, performed in March 1993 by Sandia National Laboratories (SNL), involved five end-
drops of a solid steel billet, nominally 50.8 cm (20 inches) in diameter and 1.83 m (72 inches )long, onto
pads of various stiffnesses from a height of 45.7 cm (18 inches.) The second series 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.co an essentially unyielding surface, from heights
ranging from 45.7 cm (l 8 inches) to 1.52 m (60 iNhes.) These tests were conducted by British Nuclear
Fuels Limited in Winfrith, England. (Two of the, drops in the second series were eponsored jointly by
Electric Power Research Institute and several storage cask user groups, vendors, and utilities.)* The third
test series, performed in September 1993 by SNL, involved eight additional end-drop tests of the billet
onto cancrete pads. These pads were cast either on engineered fill or on undisturbed soil; the billet was
dropped frcm heights ranging from 45.7 cm (18 inches) to 1.83 m (6 feet.) The first three series of tests
are described in Reference 2.

The fourth test series included twelve drops of a solid steel cylindrical billet onto minforced concrete pads
resting on undisturbed soil. This series was conducted by Lawrence Livermore National Laboratory
(LLNL) in February 1996.The size of the billet was selected to match the billet used in the Series I and 3
tests; it was a 1/3-scale model of a spent fuel storage cask (the linear dimension was scaled). The
dimensions of the concrete pad were selected to match the concrete pads used in the Series I and 3 tests;

owever, the outside pad dimension was somewhat larger because tests in this series were primarily 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 the fourth
test series are provided in two reports" published by LLNL.

2. SCOPE AND PURPOSE

This report contains a summary aad evaluation of all steel billet testing conducted by SNL and LLNL
described above. A series of finite element analyses (FEA) of the billet testing is described and
benchmarked against the test data. A method to apply the benchmarked f' ite element model of the soilm
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.

* Note- The second senes of tests is not dncussed in this report.
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Th. ,.imary 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 condh:nns. The LLNL test data described
in this report are directly available to applicants on diskettes from av N AC Public Document Room?

.

3. SUMMARY OF THE BILLET TESTING
1
'

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 censisted 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 lb.)2 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 billet was instrumented with four
I accelerometers attached as shown in Figure 1(a). The drop configurations are summarized in Table 1.

3.2 Series 3 Tests Conducted at Sandia in September 1993

Eight drop tests were conducted at SNL in the third test series." All eight consisted of end drops of the
same billet that was used in the Series 1 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 materials, and drop height
were varied in this series. The billet was equipped with six accelerometers attached as shown in
Figure 1(b). The drop configurations are summarized in Table 2.
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Figure 1. Accelerometer Locations for SNL End Drop Tests

" Note: The second senes of tests of a near fun-scale empty cask is not discussed in this report.
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Table 1. Billet Drop Tests included in the Series i SNL Tests

Test Locaticn / Test Pad Dimensions Soil / engineered Rebar Drop
Date ID fill licight

SNU March #166 N/A unyielding N/A 45.7 cm

1993 surface (18")

SNU March #167 1.83 m x 1.83 m x .3 m pad on unyielding #3 on 45.7 cm (18") 45.7 cm
surface centers (yield strength = (18")1993 (6' x 6' x l')

4.14 x 10' kPa (60 ksi))

SNU March #168 1.83 m x 1.8 n x .3 m pad on .3m (l') #3 on 45.7 cm (Is") 45.7 cm

1993 (6' x 6' x l') fill on unyielding centers (yield strength = (18")
surface 4.14 x 10' kPa (60 ksi))

SNU March #169 1.83 m x 1.83 m x .3 m unknown soil A / #3 on 45.7 cm (18") 45.7 cm

1993 (6' x 6' x l') .3m (l') fill centers (yield strength = (18")
4.14 x 10' kPa (60 ksi))

SNU March #170 1.83 m x i.83 m x .3 m unknown soil A / #3 on 45.7 cm (18") 45.7 cm

1993 (6' x 6' x l') .3m (l') fill centers (yield strength = (18")
4.14 x 10' kPa (60 ksi))(reused the pad from test

#169)

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

Test Location / Test Pad Dimensions Soil / engineered Rebar Drop
Date ID fill Height

SNL / Sept.1993 #226, 133 m x 1.83 m x .3 m unknown soil B / #3 on 45.7 cm (18") 45.7 cm

I-A (6' x 6' x l') .3 m (l') fill centers (yield strength = (18")
4.14 x 10' kPa (60 ksi))

SNL / Sept.1993 #228, 1.83 m x 1.83 m x .3 m unknown soil B / #3 on 45.7 cm (18") 45.7 cm

2-B (6' x 6' x l') .3 m (l') fill centers (yic!d strength = (18")
4,14 x 10' kPa (60 ksi))

SNL / Sept.1993 #229, 1.83 m x 1.83 m x .23 unknown soil B / #3 on 45.7 cm (18") 45.7 cm
3-C m (6' x 6' x 9") .3 m (l') fill centers (yield strength = (18")

4.14 x 10' kPa (60 ksi))

SNL / Sept.1993 #230, 1.83 m x 1.83 m x 45.7 unknown soil B / #3 on 45.7 cm (18") 45.7 cm

4-D cm (6' x 6' x 18") .3 m (l') fill centers (yield strength = (l8")
4.14 x 10' kPa (60 ksi))

SNL / Sept.1993 #231. 3 m x 3 m x .3 m unknown soi: B / #3 on 45.7 cm (18") 45.7 cm

5-E (go x 10' x l') .3 m (l') fill centers (yield strength = (18")
4.14 x 10' kPa (60 ksi))

SNL / Sept.1993 #232, 1.83 m x 1.83 m x .3 m unknown soil B, #3 on 45.7 cm (18") 45.7 cm

6-A (6' x 6' x l') (pad on grade) centers (yield strength = (18")
4.14 x 10' kPa (60 ksi))

SNL / Sept.1993 #233, l.b3 m x 1.83 m x .3 m unknown soil B / #3 on 45.7 cm (18") 1.83 m

BA (6' x 6' x l') .3 m (l') fill centers (yield strength = (72")
4.14 x 10' kPa (601:si))

SNL / Sept.1993 #234, 1.83 m x 1.83 m x .3 m unknown soil B, #3 on 45.7 cm (18") 1.83 m

9-A (6' x 6' x l') (pad on grade) centers (yield strength = (72")
4.14 x 10' kPa (60 ksi))
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3.3 Series 4 Tests Conducted at LLNL in February 1996

Twelve drop tests were conducted at LLNL in the fourth 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 lb.) 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 dropped 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 shown in Figures 2a, b, and c. The drop
configurations are summarized in Tables 3 through 5.

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 SNL Series I 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 103 kHz 6-pole Bessel analog antialias filter,

One characteristic of impact testing is the presence of vibratory motions or stress waves within the test
article which are superimposed upon the rigH body decelemtion, giving a high indication of the peak
rigid 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 etTort, several steps were taken. The lowest namral
frequencies of the billet were analytically determined to be between 109 and 14% Hz, as listed in Table 6.
Fourier-spectrum analyses of the hpact 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 min mal amplitude distortions. The time 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 r: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 accomplished 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
filtering effectively removed vibratory motions associated with the billet free vibrations but preserved the,

rigid body response motion. An example 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.
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I Table 3. End Drop Billet Tests at LLNL

Test Location / Test ID Pad Dimensions Soil / engineered Rebar Drop Height
Date fill

LLNL / Feb.1996 #1 3m x 3m x .3m approximately #3 on 45.7 cm 45.7 cm (18")
(10' x 10' x l') known soil C (18-) centers (yield

strength = 4.14 x

10' kPa (60 ksi))
LLNL / Feb.1996 #2 3m x 3m x .N approximately #3 on 45.7 cm 45.7 vs. '18")

(10' x 10' x l') known soil C (18") centers (yield
(reused the pad strer.gth = 4.14 x

from test #1) 10' kPa (60 ksi))

Table 4, Side Drop Billet Tests at LLNL

Test Location / Test ID Pad Dimensions Soil / Rebar Drop
Date engineered fill Height
LLNL / Feb.1996 #3 3 m x 3 m x .3 m approximately #3 on 45.7 cm (18") 45.7 cm

([(y x 1(y x F) known soil C centers (yield strength (18")
5= 4.14 x 10 kPa

(60 ksi))
LLNL / Feb.1996 #5 3 m x 3 m x .3 m approximately #3 on 45.7 cm (18") 45.7 cm

(g(y x |o. y) known soil C centers (yield strength (18")x
= 4.14 x 10' kPa
(60 ksi))

LLNL / Feb.1996 #10 3 m x 3 m x .3 m approximately #3 on 45.7 cm (18") 45 7 cm
(10' x 10' x l') known soil C centers (yield strength (18")
(.eused the pad = 4.14 x 10' kPa
from test #9) (60 ksi))

LLNL / Feb.1996 #4 3 m x 3 m x .3 m approximely #3 on 45.7 cm (18") 91.4 cm
(10' x 10' x l') known. soil C ,: enters (yield strength (36")

5
(reused the pad = 4.14 x 10 kPa
from test #3) (60 ksi))

LLNL / Feb.1996 #7 3 m x 3 m x .3 m approximately #3 on 45.7 cm (18") 91.4 cm
(10' x 10' x l') known soil C centers (yield strength (36")

= 4.14 x 10' kPa
(60 ksi))

LLNL / Feb.1996 #9 3 m x 3 m x .3 m approximatch #3 on 45.7 cm (18") 91.4 cm
(10' x 10' x l') known soil C centers (yield strength (36")

5= 4.14 x 10 kPa
(60 ksi))

LLNL / Feb.1996 #6 3 m x 3 m x .3 m approximately #3 on 45.7 cm (18") 1.83 m (72")
(10' x 10' x l') knou 1 soil C centers (yield stiength,

(reused the pad = 4.14 x 10' kPa>

from test #5) (60 N))
LLNL / Feb.1996 #8 3 m x 3 m x .3 m approximately #3 on 45.7 cm (18") 1.83 m (72")

(10' x 10' x l') known soil C centers (yield strength4

(reused the pad = 4.14 x 10' LPa

from test #7) (60 ksi))

.

I
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Table F. Tipover Billet Tests at LLNL
-

Test Location / Test ID Pad Dimensions Soil / engineered Rebar Drop
Date fill Height

_

LLNL / Feb.1996 #11 3mx3mx 3m approximately #3 on 45.7 cm (18") tip

(10' x 10' x l') known soil C centers (yield
strength = 4.14 x

10' kPa (60 ksi))

LLNL / Feb.1996 #12 3 m x 3 m x .3 m approximately #3 on 45.7 (18") tip

(IU x IU x l') known soil C centers (yield

(reused the pad strength = 4.14 x

from test #11) 10' kPa (60 ksi))

Table 6 Natural Frequencies of 1.83-meter (72 inch) Long,50.3-cm (20-inch) Diameter Steel Billet

Longitudinal with Longitudinal with Bending with both Bendiag with one bending with one
both ends free one end free, one ends free end fixed, the other end fixed, the other

end fixed pinned free

1406 Hz 703 Hz 696 Hz 477 Hz 109 H7
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Figure 3. Comparison of the Filtered and Unfiltered Fourier Spectrum for LLNL Test #1, Acceleruneter Al
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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 LLNL 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: A1 through A4 for th- SNL tes;s, and AI and A5 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 cencrete pad thickness affects the deceleration,
as expected.

4.2.1.2 Effect c ' Substrate Material: cn End Drop Results

The SNL tests included a variety of substrate materials, 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 cemt...t was added to the fill. The effect of
the thirty centimeters of fill was n, increase the deceleration of the cask by roughly 33 and 53 percera 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 A4 Mean

#166 * 210.0 211.5 258.9 226.8

#167 | 83.4 188.8 206.0 189.4 191.7

#168 202.9 I97.2 211.6 217.7 207.4

#169 98.3 * 134.7 115.8 116.3

#170 108.9 * 117.5 126.8 117.7

* Accelerometer failed

NUREG/CR-6608 8
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Table 8. SNL Series 3
Maxinmm Deceleration at Each Accelerometer, g's, Filtered at 45111z

Test ID Al .A2 A3 A4 A5 A6 Mean
.

#226 131.3 103.2 107.6 131.3 * 106.4 118.4

. i

#228 129.6 126.2 143.7 141.5 127.0 120.8 135.3
.

4

#229 121.4 99.2 105.6 123.4 107.3 100.5 112.4

#230 167.9 154.5 156.4 164.0 148.6 143.7 160.7
,

#231 134.8 117.1 122.7 140.2 123.2 116.8 128.7

1

#232 84.0 89.5 93.8 87.5 80.1 80.1 88.7
,

#233 205.2 205.7 210.2 202.4 191.0 187.4 205.9

#234 123.0 122.3 147.3 146.3 123.7 120.6 134.7

* Accelerometer failed

Table 9. Maximum Deceleration at Each Accelerometer,g's,
Filtered at 450 Hz, LLNL End Drops

Test ID Al A2 A3 A4 A5 Mean

#1 70.8 80.7 109.5 87.2 103.8 87.8

#2 78.7 63.6 89.8 75.4 88.0 83.3

.
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4.2.1.3 Effect of Drop Ileight on End Drop Results'

I Again, limited SNL test data are available to measure the effect of the drop height on the deceleration
i 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

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
two 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 (C x 6' x l') 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 3 m x 3 m x .3 m (10'
x 10' x l') 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.i

4 2.2 Results of LLNL Side Drop Tests

Maximum decelerations of the billet resulting from the side drop tests for individual accelerometers are
tabulated in Table 10.

l.
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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 A3 A4 AS
Height

#3 45.7 cm 148 8 136.9 108.2 129.9 154.0
(18")

#4 1.83 m 200.0 180.7 110.0 173.1 198.7

(72")

#5 45.7 cm 145.8 172.4 86.0 171.2 164.4
(18")

#6 1.83 m 246.3 225.7 206.7 227.0 251.5
(72")

#7 91.4 cm 154.2 179.5 176.8 162.0*

(36")
,

#8 1.83 m 84.9 * 197.0 227.9 255.1
(72")

#9 1.83 m 274.9 * 125.2 152.5 253.5
(72")

'

#10 45.7 cm 120.6 * 125.5 107.0 135.3 '

(l8")
-

* Accelerometer failed -
,

4.2.2.1 Possible Obliqueness of Side Drops

A review of the deceleration time history plots shows that the billet did not hit squarely en its side for
most of the drops (a summary of this is provided in Table 11).The effect of hitting the ground obliquely
is more significant for a side drop than it is for an end drop since rotational motion is added to the vertical
velocity as soon as the first er.d impacts. The time between one end hitting and then the other end hitting
is usually less than 0.5 milliseconds, which at the impact velocity associated with a 91.44-cm (36-inch)
drop indicates an out-of-alignment of about one quarter of a centimeter. This rotational motion, even
though it was very slight, increased the deceleration at the ends 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, is provided in Figure 5.

1I NUREG/CP.-6608
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Table 11. Possible Obliqwtoess of Side Drops

i Test identification Dmpletchyes or no? Comment

Test #3 Yes

45.7 cm (18") Test #5 No Bottom end hit first >

Side Drops),

Test #10 No Bottom end hit first

Test #4 No Bottom end hit first

91.4 cm (36") Test #7 No. Bottom end hit first
Side Drops

Test #9 No Top end hit first

1.83 m (72") Test #6 No Top end hit first
Side Drops

Test ?S No Top end hit first
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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.

Table 12 Eximum Deccleration at Each Accelerometer,g's
Filtered at 450 liz, LLNL Tipover Tests

Test ID Al A2 A3 A5

#11 237.5 41.5 107.3 231.5

#12 213.6 17.1 107.8 213.0

.

5. 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 coastructed using the
TrueGrid' mesh generator. The model takes advantage ci symmetry planes that exist in this drop
orientation; thus, only a quarter model is needed for the billet side drop impact analysis. A half model was
used for the billet tipover analysis. The quarter model included a 4.57 m x 4.57.m x 5.77 m (180" x 180"
x 227") deep son section, with a quarter section of the 3 m x 3 m x .3 m (10' x 10' x l') thick pad. A half
model is shown in Figure 6. The impact event wae simulated with the nonlinear finite element code
DYNA 3D.' Slide surfaces with voids are placed between the steel billet and the concrete pad and between
the concrete pad and the subgrade soil. A coefficient of friction of 0.25 was assumed for both slide '

surfaces. A non-reflecting boundary condition is also imposed on the embedded faces of the soil model,
except on the symmetry face (s), to represent the true situation of infinite soil domain with no stress wave
reflection from soil medium. The billet end and side impacts were simulated by imposing a uniform initial
velocity on the billet; the tipover is simulated by applying an initial angular velocity to the billet.

5.2 Material Models Used in the Finite Element Model

5.2.1 Steel Billet Material Representation

The material of the test billet was ASTM 576 Grade 1045 steel, with a tensile strength of 6.69 x 10' kPa
(97 ksi) and a yield strength of 4.14 x 10' kPa to 4.62 x 10' kPa (60 to 67 ksi), as specified by the
supplier. The material can be represented by a perfectly elastic model with

E = 2.0685 x 10" kPa (30.0 x 10^ psi,) Young's modulus

u = 0.29, Poisson's ratio

density = 7819 kg/m'(488 lbift'),

5.2.2 Subgrade Soil Representation

Soil properties vary widely from site to site; therefere, selecting a soil model to cover most situations is
difficult. In light of this uncertainty, a simple clastic model was chosen to represent the subgrade soil.
Representative ranges of soit values, provided in Table 13, vary significantly, even in the elastic range.

13 NUREG/CR.6608
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Table 13. Soil Elastic Parameters'

Subgrade E 9

Clay 345 kPa - 4.13 x 10 kPa 0.1-0.54

(0.05 - 6.0 ksi)

4 5Glacial fill 1.03 x 10 - 1.5 x 10 kPa
(l.5 - 22.0 ksi)

3 4i Sand 6.9 x 10 - 8.3 x 10 kPa 0.2-0.4 i

(1.0 - 12.0 ksi)

Sand and Gravel 4 54.8 x 10 - 1.9 x 10 kPa 0.1 - 0.4

(7.0 - 28.0 ksi)

Loess 4 41.8 x 10 - 5.5 x 10 kPa 0.1-0.3
(2.0 - 8.0 ksi)

5 7Shales 14 x 10 - 1.4 x 10 kPa
(20.0 - 2000.0 ksi)

Silt 3 42.1 x 10 - 2.1 x 10 kPa 0.3 - 0.35

(0.3 - 3.0 ksi)

A few analytical simulations of the billet 1.83-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't ratio, u, was
varied from 0.' to 0.45, even though some of these combinations are unrealistic. These variations in soil
clastic properties produced little differences in the predicted initial ' peak' diceleration of the billet, as
shown in Table 14.

A perfectly elastic soil model with

E = 4.1 x10* kPa (6 ksi)

u = 0.45

p = 2179 kg/m'(136 lbift.')

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 is 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 vessel / neutron shield tank. At the time that the model was developed,
Stanford Research Institute was ccc.tracted to measure the required procerties of samples of the particular
concrete grout used in the Shippmgport project. Because the average compressive strengths of the
Shippingport concrete grout and the concrete pads for this drop test study were similar, a modification to
the Shippingport concrete model 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 used in the simulations
described in this report are provided in Appendix C.
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Table 14. Maximusc p's for 1.83-meter (72-inch) Billet Side Drop Analysis Results Filtered at
450 Hz, for a Range of Elastic Soil Properties

Poisson's ratio Poisson's ratio Poisson's ratio Poisson's -atio Poisson's ratio
u=0.1 u=0.2 o=0.3 t=0.45 - t=0.45

(such as some (such as (such as (such as (such as
rock) unsaturated unsaturated saturated clay) saturated

sandy clay)3 clay) clay) p = 1600 kg/m3p = 1600 kg/m
(100 lbJft.') p = 1600 kg/m' - p = 1600 kg/m' (100 lb/ft.') p = 2179 kg/m'

(100 lbJft.') (100 lbJft.') (136 lbJft.')

Young's Modulus 169 170 171 175

E=3.44 x 10' kPa
j (5 ksi)(such as
! some rock)

Young's Modulus 170 170 171 177 190

E=4.14 x 10' kPa
,
'

(6 ksi)

Young's Modulus 170 170 172 184 198

E=8.27 x 10' kPa
(12 ksi)(such as
dense sand)

Young's Modulus 173 175 178 201
'E=1.93 x 10' kPa

(28 ksi)(such as
dense gravel)

Young's Modulus 296
E=4.14 x 10' kPa
(600 ksi)(such as
shale)

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, an eighth-order Butterworth low-pass filter with
cutoff frequency of 450 Hz. Both analysis data and test data were processed using DADiSP 4.0. Results
are provided in Tables 15,16, and 17. These tables show that the finite element simulation results of the I

billet impact event for end drop, side drop, and tipover using the material models described are in good
agreement with test results. The er mparison is also depicted graphically in Figure 7, for the side drops. j

!

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

Test # / Channel # Test data, filtered at 450 Hi Finite element analysis simulation, ;

filtered at 450 Hz '

Test #1/ Channel Al 70.8 g

Test #2 / Channel Al 78.7 g

Test #1/ Channel A5 103.8 g 99.5g |

Test #2 / Channel A5 88.0 g

NUREG/CR.6608 16
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| Table 16. Maximum Billet Side Drop Deceleration Test vs. Simulation

'
Billet drop height / Test data from channel A3, Finite element analysis simulation,
(Test #) filtered at 450 Hz filtered at 450 liz

45.7 cm (18 inches) 108.2 g
(Test #3)

45.7 cm (18 inches) 86.0 g 105.0 g
(Test #5)

45.7 cm (18 inches) 125.5 g
(Test #10)

91.4 cm (36 inches) 110.0 g
; Test #4)

91.4 cm (36 inches) not available 142.7 g
(Test #7)

-.

91.4 cm (36 inches) 125.2 g
(Test #9)

1.83 cm (72 inches) 206.7
(Test #6)

1.83 cm (72 inches) 197.0 190.1 g
(Test #8)

Table 17. Maximum Billet Tipover Deceleration Test vs. Simulation

Test # / Channel # Test data, filtered at 450 IIz Finite elemr at analysis simulation,
filtered at 450 IIz

Test #11/ Channel AI 237.5 g

Test # 2 / Channel Al 213.6 g

Test #1I / Channel A5 231.5 g 244.7 g

Test #12 / Channel A5 213.0 g

17 NUREG/CR-6608
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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 selected for this
study.The cask selected is referred to in this report as a " generic" cask, and is shown in Figure 8. The
" generic" storage cask end and side drops and tipover were simulated with the DYNA 3D finite element
code using the concrete and soil material property representations described in Section 5.

The finite element model for the " generic" cask is shown in Figure 9. Only the essential structural
members of the cask are included in the model Components such as truaions and an extemal neutron
shield are neglect:d. The basket structure and fuel assemblies are modeled as a solid cylinder in the
region within the cask cavity occupied by fuel.The weight distribution of the cylinder representing the
basket structure is representative of a typical basket with fuel assemblies. The stiffness of the cylinder is
set at E = 1.9 x 10'kPa (2.8 x 10" psi) to reflect the flexible nature of the basket structure. As can be seen
in Figure 9, the basket is modeled in sections to facilitate data reduction at various locations along the
basket length.

Sliding interfaces are placed between the cask and the concrete pad, and between the concrete pad and the
. soil. The concrete pad dimensions used in the simulation are 4.06-meters wide,5.08-meters long, and
.91-m-ters thick (160-inches w:de,200-inches long, und 3%nenes thick.) The full soll model (not
accounting for symmetry) is 20.3-meters wide,14.0-meters thick, and i1.9-meters deep into the ground
(800-inches wide,550-inches thick, and 470-inches deep.) The finite element model takes advantage of
the symmetry plane along the axis of the cask. Non-r:flecting boundary conditions are imposed on all
faces of the soil model to prevent artificial stress wave reflections from the boundaries of the soil model.

The cask tipover impact is simulated with DYNA 3D by imposing an angular velocity of 1.729 radians /sec
(the angular velocity associated with a center-of-gravity over corner tip condition) to the entire cask body.

NUREG/CR-6608 18
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The center of rotation is set at the edge of the cask bottom. DYNA 3D calculates the initial velocity
components associated with each node for this rotational motion.

6.2 Additional Finite Element Analyses for End Drop

in order m verify that the end drop analysis correctly predicted the rigid body deceleration of the cask,
two additional finite element analyses of the end drop were accomplished. In the first analysis, tH cask
contents were not included at all, and their total wr ight, including the basket, was added to the eight of
the endcap by increasing the mass of the endcap. The results of this case are referred to as the " hollow
model" in the resuhs section below.

In the second additional analysis, the cask was modeled as a homogenous solid body with the density
required to obtain the coueci cask total weight, including the fuel assemblies and basket. The results of
this case at: refe red to as the " solid homogeneous model" in the results section below.

6.3 Finite Element End Drop, Side Drop, and Tiposer Simulation Results '

The maximum rigid body decelerations are obtamed from the simulations for end and side drops and

'..
tipover of the " generic" cask. The analysis results from these simulations have been filtered in a manner
similar to the billet data filtering process. The cutoff frequency for filtering the generic cask analysis

;
rer.ults was set at 350 ilz based on a review of the significant vibration response in the Fourier spectmm.

Maximurn decelerations are listed in Table 18. Deceleration time histories for these analyses are included
in Appendix D to this report. The results from the two additional analyses for the end drop are provided in
Table 19.The adequacy of the cuteff frequency was confirmed by evaluating the Fourier spectra of the
responses, averaged through the endcap for the " hollow model" and through the cask body for the " solid
homogeneous model," as shown in Figures 10 and i 1, respectively.
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Table 18. ISFSI Generic Cask End Drop, Side Drop, and Tipover Analysis Resultsi

Finite element
analysis simulation, Location of reported g's
filtered at 350 IIz

45.7 cm (18") 47.3 Averaged through the cask wall
End Drop

45.7 cm (18") Side Drop 23.2 Averaged through the cask wall

91.4 cm (36") Side Drop 36.5 Averaged through the cask wall

1.83 m (72") Side Drop 54.8 Averaged through the cask wall

3.66 m (144") Side Drop * 65.3 Averaged through the cask wall

75.8 Averaged through the cask lid

Tipover 73.2 AveraSed through the cask lid

' Plots nd included

Table 19. ISFSI Generic Cask End Drop Results for Additional Analyses

Finite element
analysis simulation, Locetion of reported g's
filtered at 35011:

45.7 cm (18") End Drop 44.5 Averaged through the end cap
ilollow Model

37.1 Averaged through the cask wall

78.0 Averaged through the cask lid

45.7 cm (18") End Drop 38.6 Averaged through the cask body
Solid llomogeneous Model

21 NUREG/CR-6608
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7. APPLICATION OF METIIODOLOGY
7.1 General Approach

in order to use the test data provided in References 2 and 3 to evaluate impact loads for a full-size storage
cask, a series of steps needs to oc taken. A brief summary is given here.

Step 1: Rigid Body Motion of Billet Tests*

The accelerometer data collected and reported in References 2 and 3 include unfiltered data for
twenty-five tests. The data must be filtered at an appropriate frequency to remove the vibratory
components in the data such that the remaining deceleration represents the rigid body motion of the
billet. A filter frequency of 450 ilz was used in this report.

Step 2: Finite Element Model Representation of Billet Tests*

The data collected and filtered in Step 1 are then used to determine the response characteristics of the
billet-pad-soil interaction system during impact in order to develop a material model of the concrete
pad for analysis of low-velocity impact conditions. This task involves developing a finite element
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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 series of simulations, a model of the test condition is developed which
characterizes the parameter of primary interest, that is, the rigid body g-loads corresponding to those
determined in Step I,

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 is then utilized in a finite element simulation of a full-scale " generic" cask dropping onto a
typical concrete storage pad.

7.2 Other Considerations to be Addressed

Once a benchmarked nulel 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 simcture. 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 fill significantly increased the deceleration resulting from a drop onto the concrete pad. The
analyst must ensure that this effect is 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 tuly and apply it directly to the secondary structure in a dynamic analysis. Or, an
analyst might choose to perfonn a quasi static analysis of the secondary structure, in which case a
dynamic amplification 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 th: secondary stmeture."

8. SUMMARY AND CONCLUSIONS

Tests were performed at SNL and LLNL to 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 materials. 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. DYNA 3D, using material properties and
techniques provided in thi: 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 " generic" or representative cask was modeled 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 tip
impacts onto ecncrete storage pads.
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SNL Test #226, Gauge AS. Accelerometer did not function.
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acceleration: 171.2g)
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LLNL Test #7, Gauge A3. Accelerometer did not function.
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LLNL Test #10, Gauge A2. Accelerometer did not function.
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APPENDIX C. DETAILS OF CONCRETE MODEL

DYNA 3D has an option for a concrete constitutive model known as Material Model 16, which was

developed to give provide concrete and geologic material 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 compression, the model skips to the lower yield vs. pressure curve. He two

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

Pa ,, = a + .

m o
. p

where

o,,,, = the material yield stress at the undamaged state

P = pressure

a , ai, a2 = material constants that characterize the yield-vs.-pressure relr.tionship in theo

undamaged state

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

P
Ufalled = a0f + p'

where

o,,w = the material yield stress at the damaged state

a , a , a2 = material constants that characterize the yield-vs.-pressure relationship in them u
damaged state.

After deGning these two curves and introducing an appropriate " damage" scale factor, T1, the following

equation is used

falled) '6 yield = Ufalled + II(U -6mas

| to describe either a hardening or a softening phenomenon as commonly observed in the concrete material

j 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, ty , is defined as the natural logarithm of the
relative volume: c = In (V/Vo), and is negative in compression.v

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
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Included telow is a summary of the required input for DYNA 3D used for the finite element simulations
descrited in this report.'

mass density = 2.09675E 4 lb sec'/ in'

Poisson's ratio = .22

cohesion (a h 2000 psio

pressure hardening coeflicient (ai)= 0.418

pressure hardening coefficient (a2)= 0.0000835

pressure hardening coefficient for failed material (alf)= 0.385

The effective plastic strain vs. q is shown below:

Effective Pla:fje Strain Scale factor, 9

0.0 0.0

0.00094 0.289

0.00296 0.465

0.00837 0.629

0.01317 0.774

0.0234 0.893

0.04034 1.0

1.0 1.0

' Note that values with English units are provided , since these are the values which were used in the
described finite element simulations.

NUREG/CR-6608 C-2
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De pressure-volume behavior of the concrete is modeled in Equation of State Form 8 with a tabulated
pressure-vs. volumetric strain relationship;

Volumetrie strain (t,) Pressure ( psi)

0.0 0.0

-0.006 4600

-0.0075 5400
1

-0.01 6200

-0.012 66(X)'

-0.02 7800

-0.038 10000

- ).06 12600'

-0.0755 15000

-0.097 18700
.

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

De material constants that characterize the yield-vs.-pressure relationship for the concrete in the damaged

state and the " damage" scale factor are prameters described in the DYNA 3D User's Manual for the specific

material model employed.i

C-3 NUREG/CR-6608,



APPENDIX D. ACCELERATION TRACES, FILTERED AND
UNFILTERED, FOR FINITE ELEMENT ANALYSIS SIMULATION
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Figure D 1 Finite Element Analysis, Billet (45.7. centimeter (18. inch) end drop, filter cutoff: 450Hz, max.
acceleration: 99.5g)
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Figure D-3 Finite Elemer.t Analysis, Billet (91.4-centimeter (36-inch) side drop, filter cutoff: 450Hz, max.
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Figure D-6 Finite Element Analysis, 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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