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Geomatrix Evaluation of Spatial and Temporal Variation of Ground
Motions for the Private Fuel Storage Facility, Skull Valley, Utah

A. Estimate of the Angle of Incidence and Its Effect on Storage Pad Response

It is standard calculation in seismology to obtain the ray path for a seismic body wave
traveling from a point source at depth to a site on the surface. The primary ray path is
one that minimizes the travel time from the point source to the site. The minimum travel
time ray path also obeys Snell’s law in that the ratio of the sine of the incidence angle, i;,
at a layer boundary to the velocity within the layer, V;, is constant all along the ray path:

sin{i,
L = constant

{

We have applied this approach to computing the angle of incidence at the surface for
waves originating on the primary sources of hazard to the PFS site, the Stansbury and
East faults. Figure 1 shows the relationship of the PFS site to the two faults (using the
central estimate of fault dip of 55°). The strain-compatible site velocity profile is shown
on Figure 4 of Geomatrix Calculation 05996.02-G(PO18)-2 (Rev. 1) and is listed in
Table 1 with layer thickness and velocities converted to meters and meters/second,
respectively. We have calculated the ray paths for three points on the fault plane that
span the expected depth range for release of most of the seismic energy (depths of 5 to 15
km). Table 2 lists the computed angles of incidence for this velocity model and the six
point sources shown on Figure 1.

Table 1
Skull Valley Mean Strain-Compatible Velocity Profile
From Figure 4 of Calculation 05996.02-G(PO18)-2, Rev 1

Layer
Layer Thickness | Total Thickness Shear Wave Velocity
(m) (m) (m/s)
1.524 1.524 456.3
1.524 3.048 126.4
0.610 3.658 189.7
1.829 5.486 237.4
2.438 7.925 2317
2.743 10.668 249.4
4.572 15.240 291.3
12.192 27.432 523.1
64.008 91.44 883.9
60.960 152.40 1051.6
60.960 213.36 1204.0
1,186.64 1400 1,950
18,600 20000 3,400
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Figure 1 Example ray paths for seismic waves from fault ruptures in Skull Valley

Surface Layer Angles of Incidenc:?:rlesiull Valley Velocity Model (Table 1)
Source Point Location Surface Layer
Fault Depth Surface Distance 1::i§fn?:2

(km) (km) ©)
Stansbury fault 5 55 6.1
10 2 1.6
15 1.5 0.8
East fault 5 -2 3.1
10 -5.5 3.9
15 -9 4.1

The ray tracing analysis described above is for an infinite frequency wave, one that will
be able to react to all of the layer velocity changes. The velocity model listed in Table 1
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contains thin layers near the surface, which will most influence the response of the site to
high frequency waves. The site response to lower frequency waves can be modeled by
replacing the detailed velocity model (Table 1) with thicker layers of uniform velocity.
For example, the fundamental frequency of the 700-foot thick sedimentary sequence in
Skull Valley is approximately 1 Hz. Thus, the response of the site to 1-Hz waves can be
approximated using a single 700-foot thick layer with a uniform velocity equal to the
average (harmonic mean) of the velocities of all of the layers to a depth of 700 feet (213.4
meters). If one uses this simpler velocity representation to assess the direction of wave
propagation, the thicker single layer with uniform velocity will result in larger angles of
incidence at the surface than those listed in Table 2.

Analysis of the time-histories of response of the casks (see Section C) indicates that the
frequencies of interest are in the range of 1 to 5 Hz. To assess potential ray paths for
waves in this frequency range, simplified velocity models were constructed by combining
layers of the detailed model listed in Table 1 to produce layers with fundamental
frequencies near the target frequency. Table 3 lists these simplified velocity models
representative of layers with predominant frequencies of 5, 2.5, and 1 Hz. Table 4 lists
the computed angles of incidence for these simplified models.

Table 3
Simplified Skull Valley Velocity Model for 5 Hz Waves
Layer
Layer Thickness | Total Thickness Shear Wave Velocity
(m) (m) (m/s)
10.668 10.668 223.0
16.764 27.432 429.8
12.192 27.432 523.1
64.008 91.44 883.9
60.960 152.40 1051.6
60.960 213.36 1204.0
1,186.64 1400 1,950
18,600 20000 3,400

Simplified Skull Valley Velocity Model for 1 Hz Waves

Layer

Layer Thickness | Total Thickness | Shear Wa\)le Velocity
(m) (m) (m/s)
213.35 213.35 832.1
1,186.64 1400 1,950
18,600 20000 3,400

68223
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Simplified Skull Valley Velocity Models Listed in Table 3

Table 4

Surface Layer Angles of Incidence for

Surface Layer Angle of

. . Incidence (°) for

Fault Source Point Location Simplified Velocity

Model for Frequency:
Depth Surface Distance 1Hz 5 Hz
(km) {(km)

Stansbury fault 5 5.5 11.3 3.0
10 2 2.9 0.8
15 1.5 1.9 0.4
East fault 5 -2 5.9 1.6
10 -5.5 7.2 19
15 -9 7.5 2.0

The velocity models listed in Table 3 assume horizontal layer boundaries. Seismic line 2
obtained by Geosphere Midwest [1997, Figure 4.6, reprinted on p. 2 of Attachment A of
Geomatrix Calculation 05996.02-G(PO18)-2 (Rev. 1)] shows that the bedrock surface
beneath the site dips gently down to the east with a 200-ft drop over the ~3,000-ft length
of the profile. Table 5 lists the angles of incidence computing using a Tertiary-bedrock
boundary with a 4° dip down to the east. The sloping bedrock changes the incidence
angles by a few degrees at most.

Table 5
Surface Layer Angles of incidence for
Simplified Skull Valley Velocity Models Listed in Table 3 Including 4° Bedrock Slope

Surface Layer Angle of

. . Incidence (°) for

Fault Source Point Location Simplified Velocity

Model for Frequency:
Depth Surface Distance 1Hz S5 Hz
(km) (km)

Stansbury fault 5 5.5 8.9 27
10 2 0.6 0.5
15 1.5 0.8 0.1
East fault 5 -2 8.2 1.9
10 -5.5 9.5 22
15 -9 9.9 2.3

The above results indicate that the expected angles of incidence at the surface for seismic
waves originating from large-magnitude earthquake ruptures on the adjacent faults is
small, typically less than 10° from vertical. Thus, the proximity of the site to the major
active faults does not result in high angle of incidence waves measured from vertical (i.e.,
low angle measured from horizontal) and the assumption of vertically propagating waves
is reasonable for the site.

68224
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Inclined waves will result in a difference in arrival time for waves at two adjacent points.
The time difference for two points separated by distance w measured in the direction
toward the source is approximately equal to w sin(i;)/¥), where the subscript 1 refers to
the surface layer. The storage pads have a width of 30 feet in the east-west (fault-normal)
direction. Using this value for w, the incidence angles listed in Table 4 together with the
velocities listed in Table 3, one obtains time differences on the order 0f 0.001 to 0.002
seconds. These time differences are much smaller than the minimum time step of the
time histories developed for the site (0.005 seconds) and would affect only very high
frequency motions above the highest ground motion frequency of interest (50 Hz). Thus,
the very small time difference for wave arrivals would have negligible effect on the
analysis.

The effects of the low incident angles on the input motion (measured from vertical) to the
pads as compared to vertically propagating waves also can be examined based on the
work by Luco (1976) and Wong and Luco (1978). The controlling parameters are the
normalized frequency, ap = @wa/p, (where @ is the angular frequency in radians/sec, a is
the equivalent radius of the pad, and S is the shear-wave velocity of the near-surface
layer); and the ratio of shear-wave velocity to apparent wave velocity, f/c (equivalent to

the sine of the angle of incidence). The equivalent pad radius = 430x67/7 =253 fi =
7.7 m. For a 5-Hz wave, the largest incident angle of 3° results in f/c = sin(3°) = 0.05.
From Table 3, f=223 m/s, resulting in ag = 1.1. For this case, Luco (1976, Fig. 3)
indicates that an SH-wave would induce a torsional motion equivalent to an additional
horizontal motion of about 3 percent of the amplitude of the free-field motion at the edge
of the pad. For a 1-Hz wave, the largest incident angle of 11.3° results in f/c = sin(11.3°)
=(.2. From Table 3, f= 832 m/s, resulting in @y = 0.06. For this case Luco (1976, Fig.
3) indicates less than 1 percent additional motion. Accompanying this is a slight
reduction in the translation motion.

Wong and Luco (1978, Fig. 4, 5, 6, and 7) show the effect of inclined P/SV waves as a
function of ap and f/c. The parameter a is now defined as the half-width of a square mat
= 4J30x67/2 =224 ft=6.8m. For 5-Hz waves, ap= 1.0 and f/c is very small (0.05).
For this case, Figures 4 through 7 of Wong and Luco (1978) indicate that the response is
generally within 5 percent of that for vertical waves. For 1-Hz motions, ay is very small
(0.06), and the response is again within 5 percent of that for vertical waves.

Thus, it can be concluded that additional rocking and torsional motion of the pad caused
by inclined incident waves at the small angles listed in Tables 2 and 4 is insignificant
compared to the motion caused by the vertically propagating waves.
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B. Estimate of the Degree of Spatial Incoherence for Storage Pads

The degree of spatial variation in ground motions can be measured by the spatial
coherency of ground motion. Abrahamson et al. (1991) developed an empirical model
for spatial coherency using data from the Lotung LSST strong motion array in Taiwan.
They define a model for the “lagged” coherency, {f.£), which models the effects of
scattering on ground motions; and a model for the “unlagged” coherency, yi{f,£ &),
which includes wave passage effects due to inclined waves. Their relationship for
unlagged coherency is given by the expression:

Yu(f:8.6.)=r(f.8)-¢(f.&,)
in which
¥(f>&€) = tanh[(2.535 - 0.0118){exp(£(~0.155 — 0.000837£)) + L £ }1+.0.35]
and

cos(2-0.00037 f£))

A TIT

where fis frequency, £ is the separation distance, and &, is the separation distance
measured along the path toward the source (i.e. fault-normal). The term ¢, &) represents
incoherency due to the wave-passage effect. In the east-west direction &= &, =9.14
meters. For this direction one obtains the following values for the frequency range of
interest:

Table 6
Empirical Coherency for East-West Direction
F ’e?l_"‘ze)““y Hf>6) «fs ) 16
1 1.00 1.00 1.00
2.5 0.99 1.00 0.98
5 0.95 0.99 0.94

In the north-south direction, £ = 20.4 meters and &, = 0 (direction parallel to fault). For
this direction one obtains the following values:

PFSF 4790.002 March 11, 2002
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Table 7

Empirical Coherency for North-South Direction

Frea_tl::)ncy A3 A, &) yAfiS -6
1 1.00 1.00 1.00
25 0.98 1.00 0.98
5 0.94 1.00 0.93

As indicated by Abrahamson et al. (1991), the above values represent the fraction of the
power in the ground motions that can be represented by a vertically propagating plane
wave. The values in the table indicate that for the small pad size of interest, nearly all of
the power in the ground motions can be represented by a vertically propagating plane
wave.

In addition, Abrahamson et al. (1991) show in their Figure 10 the residuals between
observed data and their empirical model for two epicentral distance ranges, < 15 km and
>40 km. The mean residuals for the two distance ranges oscillate about each other and
the authors conclude that the data do not indicate a clear dependence of spatial coherency
on distance from the source. On this basis we conclude that proximity to the major active
faults does not require special evaluation of the effects of spatial variation.

68227
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C. Evaluation of Frequency Range of Importance to Cask Response

The frequency range of importance to cask response was determined by analysis of
response time histories obtained at the top of the cask for the worst cases (i.e., a 2-cask
system with coefficients of friction of 0.8 and 0.2). This evaluation is based examination
of the Fourier amplitude of the output motions computed at the top of the cask and the
ratio of the Fourier amplitude between the output motion and the input motion for the two
cases. Time histories of the cask response presented in Appendix A show that the tipping
and sliding of the cask occurs primarily within the time window of 4 to 7 seconds.
Fourier spectra of the velocity time histories of the time window from 4 to 7 seconds for
both output and input motions and the spectral ratio of the Fourier amplitude of the
output motion divided by those for the input motion are shown on Figures 2 to 5. Both
the Fourier spectra of the output motions and the spectral ratios shown on Figures 2 to 5
indicate that the frequency range of peak cask response is between 1 and 5 Hz.
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Figure 2: Fourier amplitudes of Cask 2 output motion (top plot), input motion (middle
plot), and ratio of Fourier amplitudes (output/input) for motion in X-direction (fault-
normal), coefficient of friction = 0.8 and time window 4 to 7 seconds.
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Figure 3: Fourier amplitudes of Cask 2 output motion (top plot), input motion (middle
plot), and ratio of Fourier amplitudes (output/input) for motion in Y-direction (fault-
parallel), coefficient of friction = 0.8 and time window 4 to 7 seconds.
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Figure 4: Fourier amplitudes of Cask 2 output motion (top plot), input motion (middle
plot), and ratio of Fourier amplitudes (output/input) for motion in X-direction (fault-
normal), coefficient of friction = 0.2 and time window 4 to 7 seconds.
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Figure 5: Fourier amplitudes of Cask 2 output motion (top plot), input motion (middle
plot), and ratio of Fourier amplitudes (output/input) for motion in Y-direction (fault-
parallel), coefficient of friction = 0.2 and time window 4 to 7 seconds.
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Appendix A

Time Histories of Cask Response of a Two Cask System
For Coefficients of Friction of 0.8 and 0.2
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Fig. 7 Cask 2 Disp-X vs Time at point 2, cof=0.8, file:ck2disp8

0.5

o

|
-

Displacement (inch)
&
(8]

-1.5

Time (sec.)




6£289

Displacement (inch)

Fig. 8 Cask 2 Disp-Y vs Time at point 2, cof=0.8, file:ck2disp8
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Fig. 9 Cask 2 Velocity X vs Time cof=0.8, file:pfs208
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Fig. 14 Cask 1 Disp-Y, COF=0.2 at point 2, file:ck1disp2
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Fig. 15 Cask 1 Vel-X vs Time,Cof=0.2 at point 2, file:pfs102
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Fig. 17 Cask 1 Accel-X vs Time,cof=0.2 at point 2, file:pfs102
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Fig. 19 Cask 2 Disp-X,COF=0.2 at point 2, file:ck2disp2
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Fig. 20 Cask 2 Disp-Y, COF=0.2 at point 2, file:ck2disp2
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Fig. 21 Cask 2 Vel-X vs time,cof=0.2 at point 2, file:pfs202
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Fig. 22 Cask 2 Vel-Y vs Time,cof = 0.2, file:pfs202
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Fig. 23 Cask 2 Accel-X vs Time,cof = 0.2 at point 2, file:pfs202
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Fig. 24 Cask 2 accel-Y vs Time,cof 0.2, at point 2, file:pfs202
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1.

PURPOSE

The purpose of this calculation is to evaluate possible effects of pad flexibility on the seismic
analysis of the Skull Valley cask storage pads. This assessment is performed to address Paragraphs
D.1.b(i) and D.1.b(ii) of the State of Utah’s unified contention L/QQ.

METHOD

The influence of the pad flexibility on the impedance functions will be estimated using the
information provided in Reference 1.

REFERENCES

“Dynamic Response of Flexible Rectangular Foundations on an Elastic Half-Space”, M. Iguchi
and J.E. Luco, Earthquake Engineering and Structural Dynamics, Vol. 9, 1981.

Calculation 05996-G(P017)-2, “Storage Pad Analysis and Design.

ASSUMPTIONS

The paper used as a basis for this evaluation was based on a square foundation on an elastic half-
space of uniform properties. The Skull Valley pads are 67’ long by 30° wide (Reference 2), and are
founded on a layered subgrade. To account for this, following assumptions were made:

The size of the equivalent square was determined by using a square with the same area as the
rectangular pad.

Equivalent uniform soil properties (shear wave velocity, density and Poisson’s ratio) were
estimated from the best estimate soil properties, presented on sheet 8 of Reference 2, using the
top 50° of the soil profile. Values assumed for this evaluation are:

e Shear wave velocity 750 ft/sec.
e Density 100 Ib/fY
e Poisson’s Ratio 0.40 (to be consistent with the value in Ref. 1)

The case presented in Reference 1 without the rigid center (mode] a) was considered more
applicable to the real case.

CONCLUSION

The effects of pad flexibility on the impedance functions are not significant.




5010.65

STONE & WEBSTER
CALCULATION SHEET

CALCULATION IDENTIFICATION NUMBER

7.0. or W.0. No. UNIT NO/SYSTEM CODE OPTIONAL TASK CODE PAGE
05996.02 sC-21 345BE 2
HISTORICAL DATA REVISION
REVISION NO. PAGES AFFECTED DESCRIPTION
Rev. 0 All Original




STONE & WEBSTER ENGINEERING CORPORATION

45010.65 CALCULATION SHEET
CALCULATION IDENTIFICATION NUMBER

J.0. ORW.O.NO. DIVISION & GROUP CALCULATION NO. OPTIONAL TASK CODE PAGE 5
| 05996 Structural SC-21 _ 345BE
CALCULATIONS

Calculate the dimensionless parameter &:

8= E)(na’ (1-v%)
Where:
E = Young’s modulus of the pad (450,000 ksf for 3000 psi concrete)
t = Thickness of pad (3 feet)
p = Shear modulus of soil = p V3= (.100 ksf/ 32.17)(750 fps)2 = 1749 ksf
v =040
a=(sqrt (67’ x 30°))/4 =224’
Substituting, 8 = 0.735

Calculate applicable range of the dimensionless parameter a,

a,=0al/V;
Where
Q = frequency of interest, in radians per second

For frequencies between 1 Hz and 5 Hz (6.3 and 31.4 radians per second), a, ranges from 0.19
to 0.94.

Evaluate effect on impedance functions

From figures 4 (vertical) and 5 (rocking) of Reference 1 for the case of model (a), it can be seen that
for values of a, less than 1.0 and values of & greater than 0.5 there is little difference in the
impedance functions from the completely rigid case. See Attachment A for a details.
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The effects of the flexibility of the foundation plate on the vertical and rocking impedance functions are
illustrated in Figures 4 and 5, respectively. The results shown in these figures were calculated by subdividing
the foundation plate and the contact region into 64 equal square subregions. A value of v = 0-4 was used for
Poisson’s ratio in the soil. The results presented for values of the relative stiffness § = 0-005, 005, 0-5 and o©
(rigid plate) indicate that, at low frequencies, the dynamic stiffness coefficients (_ Ky, K)) for a flexible
foundation plate can be significantly lower than those for a rigid plate. At high frequencies, however, the

Model(a)

gt ®

o}
A

.;.Cv(ao)

Modellb)

g g :
> > H
Z <
g T §

1 2 3 4

Qo
Figure 4. Effects of ﬂcxi!nhty of the foundations on the vertical impedance functions (v = 04, v, = 0)

dynamic stiffness coefficients for flexible foundation plates can be higher than those for a rigid plate. For
Model (a), the effects of flexibility of the foundation on the vertical and rocking stiffness coefficients are snmllar
For Model (b), the effects on the rocking stiffness coefficients are more pronounced. 3
Perhaps the most significant effect shown in Figures 4 and 5 corresponds to the reduction of the dampmg
coefficients (,Cy, ,C\) associated with flexibility of the foundation. It is apparent that a flexible foundation -
plate s less efficient in radiating energy into the ground than a nigid foundation. For Model(a}, the reduction of °
the vertical damping coefficient is more pronounced than that of the rocking damping coefficient. For Model -
(b), the reduction of the rocking damping coefficient is more pronounced. g

EQUIVALENT RIGID FOUNDATION

Since a considerable amount of information on the dynamic response of rigid foundations is available, it is of
interest to explore the possibility of representing a flexible foundation by an equivalent rigid foundation. One -
possibility is to define the dimensions of the equivalent rigid foundation in such a way that the static stiffness

§
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Modei(a)
: 5

Figure 5. Effects of fexibility of the foundations on the rocking impedance functions (v = 04, v, = 0)

coefficients (real parts of the impedance function at a, = 0) coincide with those for the flexible foundation. As
an example, the lengths 24y of rigid square foundations having the same static vertical stiffness coefficients as
flexible foundations corresponding to Model (b} with § = 0-5, 0-05 and 0-005 are defined by ay/a = 0-798,0-641
and 0-551, respectively. The corresponding equivalent lengths 24,, obtained by equating the static rocking
stiffness coefficients are given by dy/a = 0-820, 0-646 and 0-552. For Model (b), values of the ratios dy/a and

dy/a range from 10 for 6 = co to 0-5 for § = 0. It is interesting to notice that the equivalent length for rocking,

excitation is slightly higher than that for vertical excitation.
The equivalent rigid foundation described above is based on the static response of the flexible foundation. It
is, then, necessary to test the adequacy of the equivalent representation at different frequencies. If the flexible

foundation and its equivalent rigid representation give the same force—displacement relationships, the

following equations would be satisfied:
Clap) = (afdy) Cdoy) (19
‘ Culao) = (a/a)* Crddor) (20)

A-2
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rock-like beneath the foundation. A rock-
like foundation is defined by a shear-waveé
velocity of 3,500 ft/sec (1,100 m/sec) or
greater at a shear strain of 10" percent or

smaller when considering preloaded soil

conditions due to the structure,

3.3.1.2 Spatial Variations of Free-Field
Motion— (a) Verlically propagating shear
and compressional waves may be assumed
for an SS] analysis provided that torsional
effects due to nonvertically propagating
waves are considered. ]

(b) Variation of amplifide and fre-
quency:coritent with depth may be con-
sidered for rarﬁally embedded structures.
The spectral amplitude of the acceleration
response spectra in the free field at the
foutidation depth shall bie hot:Jess than

Spee e vthe free fie
3.3.1.3 Three-Dimensional Effects-—-
The three-dimensional phenomenon of

radiation damping and layering effects of-

foundation soil shall be considered in SSI
analysis. :
3.3.1.4 Nonlinear Behavior of Sojl--
The nonlinear behavior of soil shall be
considered and may be approximaled by
«quivalent lincar material properties. Two
types of nonlinear behavior may be iden-
tified: primary and secondary nonlincar-
ities. “Primary nonlinearity” denotes
nonlinear material behavior induced in the
soil due to the excitation alone, i.e., ignor-
ing structure response. “Secondary non-
linearity” denotes nonlinear material
behavior induced in the soil due to struc-
tural response as a result of SSI. Primary
nonlinearities shall be considered in the
SS1 analysis. Except for the provisions of
3.3.1.9, secondary nonlinearities includ-
ing local nonlinear behavior in the vicinity
of the soil-structure interface need not be
considered.

3.3.1.5 Structure-to-Structure Interac- .

tion-- Strutture-to-structure interaction
may be generally neglected for overall
structural response but shail be con-
sidered for local effects due to one struc-

ture’ on another, such as required in 3.5.3

for walls.
. 3.3.1.6 Effect of Mat and Lateral Wall
Flexibility— The effect of mat flexibility
for mat foundations and the effect of wall
flexibility for embedded walls need not be
considered in the SSI analysis.
3.3.1.7 Uncerlainties in SSI Analysis-
The uncertaintivs in the $51analysis shill

Vil
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" be considered. In lieu of a probabilistic

evaluation of uncertainties, an acceptable
method to account for uncertainties in SSI
analysis is to vary the soil shear modulus,
Soil shear modulus shall be varied between
the best estimate value times {1 + C,)and

the best estimate value divided by (1 +°

C,), where C, is a factor that accounts for
uncertainties in the SSI analysis and soil
properties. The minimum value of C, shall
be 0.5.

3.3.1.8 Model - of  Structure--

(a) Structural models defined in 3.1

may be simplified for the SSI analysis,
Simplified models may be used provided
they adequately represent the mass and
stiffness effects of the structure and ade-
quately maich the predominant frequen-
cies, related mode shapes, and
participation factors of the more detailed
structure model,
. (b) When a simplified model is used to
generate in-structure response spectra,
representative in-structure response
spectra also shall be adequately matched
for fixed-base conditions in both the
detailed and simplified models.

3.3.1.9 Embedment Effects-- The
potential for reduced lateral soil support
of the structure should be considered
when accounting for embedment effects,
One method to comply with this require-
ment is lo assume no connectivily between
structure and lateral soil over the upper
half of the embedment or 20 ft (6 m),
whichever is less. However, full connec-
tion between the structure and lateral soil

elements may be assumed if adjacent °

structures founded at a higher elevation
roduce a surcharge equivalent to at least
0 ft (6 m) of sgil.

3.3.2 Subsurface Material Properties

3.3.2.1 General Requirements-- Sub-
surface malerial properties shall be deter-
mined by field and laboratory testing,
supplemegted as appropriate by experi-
ence, empirical relationships, and pub-
lished data for similar materials. The
following material properties shall be
determined for use in equivalent-lincar
analyses: shear modulus, G; damping
ratio, [); Poisson’s ratio, v; and total unit
weight, v,

3.3.2.2 Shear Modulus-- The shear
modulus, G, defined as showan in

Fig. U1, shall be determined as o fune- -

i lion of shear strain level. )

3.3.2.3 Material (Hysteretic) Damping
Ratio-- (a) The material (hysteretic)
damping ratio, D, defined as shown in
Fig. 3300-2, shall be determined as a func-
tion of shear strain level.

(b) At very small strains (<10 * per-
cent), the materdd eiersdmmping
et dheritical.
73.3.2.4 Poisson’s Rallo-- Poisson's
ratio, v, in combination with shear mod-
ulus, G, defines the Young's modulus of
the material in accordance with the theory
of clasticity. For saturated soils, the
behavior of the water phase shall be con-
sidered in evaluating Young's modulus
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and selecting values of v,

3.3.3 Direct Method

5SS analysis by the direct method

shall consist of the following steps:

1. Locate the bottom and lateral bound-
aries of the soil-structure model.

2.. Listablish input motion to be applied
at the boundaries.

3. Establish suil model, properties, and
layer boundaries to be used for the
foundation.

4. Perform SSI analyses in one or two
steps, as discussed in 3.1.1.2, using
structural models as discussed in
3.3.1.8.
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3.3.3.1_ Seismic Input for Model
Boundaries-- (a) Boundary motion input

to the soil model shall be compatible with -

the design earthquake specified at the fin-
ish grade in the free field.

(b) The motions shall be established as
2 function of the soil properties, the type
of waves propagating during the earth-
quake, and the type of boundary assumed.

(c) The analyses 1o establish boundary
motions shall be performed using math-
ematical models and procedures compat-
ible with those used in the SSi analysis,

3.3.3.2 Lower Boundary~ The lower
boundary shall be located far enou gh from
(hg Structure that the seismic response at
points of interest is not significantly
affected. The lower boundary of the model

may be placed at a layer at which the shear-. *

wave velocity equals or exceeds 3,500 {V/
sec (1,100 misec) or at a soil layer that has
a modulus 10 times or more larger than
the modulus of the layer immediately
below the structure foundation level, The
lower boundary need not be placed more
than 3 times the maximum foundation
dimension below the foundation. The

lower boundary may be assumed to be
rigid.

3.3.3.3 Selection of Lateral Bounda-
ries-- The location and type of lateral
boundaries shall be selected so as not to
significantly affect the structural response
at points of interest. Elementary, viscous,
or transmitting boundaries may be used.

3.3.3.4 Soil Element Size-- Soil discre-
tization (clements or zones) shall be estab.
lished to adequately reproduce static and
dynamic effects. When using simple
quadrilateral finite elements, at least eight
horizontal discretizations over the foun-
dation width shall be used, immediately
beneath the foundation, to adequately
reproduce the static_stress distribution

beneath the foundation. The discretiza-

tion adjacent to the foundation shall be
fine enough 1o adequaltely model rocking,
if significant. The svil elements shall be
fine enough to ensure frequency-
lransmitting characteristics up to a fre-
quency of at least 25 Hz, which requires
an element vertical dimension smaller than
or equal to one-fifth of the smallest wave-
length of interest. Larger clement sizes

NUCLEAR STRUCTURES

may be used when juslificd.

3.3.3.5 Time Step and Frequency
Increment-- (a) For solution of the SSi
analysis in the time domain, the integra-
tion time step shall be selected to be small
enough to ensure accuracy and stability
of the solution, ,

(b) For solution of the SSI analysis in
the frequency domain, the frequency
increment shall be selected to be smalil
enough to ensure accuracy of the solu-
tion. A quict period shall be added to the
excitation to damp out structural vibra-
tions. The transfer functions shall be
established using a sufficient number of

oints. hquowieiishrequencywhatvietat
M; i AarmrstRbAdawertrequemncy-

' ' M\eh‘mmégﬂm

Sanignaysboaed

3.3.4 Impedance Method

SS1 analysis by the impedance func-
tion approach shall consist of the fol-
lowing steps:

! 1. Determine the input_motion to the
1 massless rigid foundation. .,
2. Determine the foundation imped-
ance functions.
3. Analyze coupled soil-structure
system.
3.3.4.1"Détermination of Input Motion-
The confrol motion defined at the free-
ficld surface may be input to the massless
rigid foundation. When the control motion
is used as the input, rotational input due
to embedment or wave passage eflects
neced not be considered. Alternatively, the
input motion to the massless rigid foun-
dation may be modified from the control
motion at the free-field surface to incor-
porate embedment or wave passage
cflects, provided the corresponding com-
puted rotational inputs are also used in
the analysis.
3.3.4.2 Determination of Foundation
Impedance Funclions
3.3.4.2.1 Equivalent Foundation Dimen-
sions-- For impedance function calcula-
tions, all mat foundations may be
approximated by #quivalent rectangular
Jor circular shapes. The equivalent rectan-
gular or circular dimensions shall be com-
puted by equating the bagemat soil contact
area for translational modes of excitation
#nd by equating the contact arca moiiient
of inerlia with respect to the reference axis
- of rotation for rolational modes of exci-
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talion. The cquivalent embedment depth
shall be determined by equating the vol-
ume of soil displaced by the embedded
structure,

3.3.4.2.2 Uniform Soil Siles—- When the
soil below the foundation basemat is rel-
atively uniform o’ adepth:equal to the
flatgest foundation dithension, frequency-
independent soil spring and dashpot con-
stants, as shown in Table 3300-1 for cir-
cular foundations and Table 3300-2 for
rectangular foundations, may be used.
Frequency-dependent impedance func-
tions for a viscoelastic half-space using the

" integral equation formulation may also be

used. :
3.3.4.2.3 layered Suil Sites-- Where the
soil deposit can be approximated by a
number of horizontal layers of uniform
soil, or where the uniform soil deposit is
underlain by bedrock at a depth less than
the largest equivalent foundation dimen-
sions, frequency-dependent impedance
functions shall be developed. An integral
equalion formulation is acceptable for
computing the impedance functions, The
use of finite-element or finite-difference
formulations is also acceptable.

3.3.4.2.4 Embedded Foundations— (a)ekse

equivalent-radius ralip Jess than,0,3)ath8mwg,
oI TR pedance functions, pro-

vided the soil profile and properties below
thi*"basermt elevation are uscd:fer the
impedance calculations. ’

(b) When the effect of embedment is
considered, a simplified formulation may
be used that assumes that the soil reac-
tions at the base of the foundation are
cqual to those of a foundation placed on
the soil surface assumed at the foundation
elevation and uses lateral soil reactions
calculated independently using soil prop-
erties of the side soil. More accurate for-
mulations using integral equations, finite-
clement methods, finite-difference meth-
ods, or a combination of these methods
may also be used.

3.3.4.3 Analysis of Coupled Soil-
Structure System- (a) The coupled soil-
structure system shall include the struc-
ture, or its modal representation, and the
soil spring and dashpots anchored at the
foundation level. The dynamic character-
istics of the soil shall be defined by imped-
ance functions computed in accordance
with 3.3.4.2. The coupled soil-structure

L




Private Fuel Storage, L1.c

7677 East Berry Ave., Englewood, CO 80111-2137
Phone 303-741-7009  Fax: 303-741-7806

Jobn L. Donnell, P.E., Project Director

U.S. Nuclear Regulatory Commission August 7, 2001
ATTN: Document Control Desk '
Washington, D.C. 20555-0001

COMMITMENT RESOLUTION LETTER #37
DOCKET NO. 72-22 / TAC NO. L22462
PRIVATE FUEL STORAGE FACILITY
PRIVATE FUEL STORAGE L.L.C.

In accordance with our July 31, 2001 conference call, Private Fuel Storage (PFS) submits
the following resolution to NRC/CNWRA questions and comments regarding the
stability analysis for the cask storage pads.

NRC Question/Comment

PFS should provide a basis for the conclusions contained within the SAR that the storage
casks do not tip over, collide, nor slide off the storage pad during the seismic event,
taking into consideration the potential movement of the cask storage pads of up to 6".

PFS Response

A formal evaluation has been performed for PFS by Holtec International to assess the
impact of potential movement of the cask storage pads during a seismic event on the PFS
Site Specific HI-STORM Drop/Tipover Analyses, (Holtec Report No. HI-2012653,
Revision 1, dated May 7, 2001). The Holtec evaluation is attached for your use.

The results of the evaluation demonstrate that the current conclusions reached in the
PFSF Safety Analysis Report remain valid and are bounding for the response of the casks
relative to the pad. '



U.S.NRC 2 August 7, 2001

If you have any questions regarding this response, please contact me at 303-741-7009.

Sincerely,

! Copng

Project Director
Private Fuel Storage L.L.C.

Enclosure

Copy to:
Mark Delligatti-1/1
John Parkyn-1/1
Jay Silberg-1/1
Sherwin Turk-1/1
Asadul Chowdhury-1/1
Scott Northard-1/1
Denise Chancellor-1/1
Richard E. Condit-1/1
John Paul Kennedy-1/1
Joro Walker-1/1
Duncan Steadman-1/1
Utah Document file (D. Bird)-1/1
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August 6, 2001

Dr. Max DeLong
Executive Engineer

Xcel Energy

414 Nicollet Mall (RS-7)
Minneapolis, MN 55401

Reference:  Holtec Project 70651
Dear Dr. DeLong:

In response to your request, we herewith provide the additional information related to the
recent site-specific ISFSI pad sliding evaluations performed for Private Fuel Storage
(PFS).

SCOPE:

Holtec International has previously performed a series of dynamic simulations of a PFSF
ISFSI pad supporting from one to eight spent fuel storage casks and subject to various
seismic excitations; these analyses were performed in support of the PFSF site-specific
ISFSI licensing submittal. Using design input supplied by PFSF, soil-springs were
included in the dynamic model to simulate the effect of the foundation between the base
of the ISFSI pad and the top of competent rock driven by the design basis seismic
excitation. In the previous Holtec analyses, no separation of the soil from the ISFSI pad
lower surface, nor any relative motion (sliding) between the base of the ISFSI pad and the
soil surface was assumed. Recent hypothetical bounding analysis (by others) has
concluded that postulating loss of surface cohesion could result in as much as six inches
of relative displacement of the pad with respect to the soil surface. Therefore, the effect
of such relative movement on the response of the casks requires attention. In this letter
report, Holtec provides the information needed to conclude that this potential sliding of
the ISFSI pad relative to the underlying soil foundation has no significant effect on the
conclusions based on the previous dynamic simulations that assumed no sliding.

DISCUSSION:

The loss of cohesion leading to pad movement, relative to the top layer of the soil, is well
represented by assuming frictional behavior at the pad/soil interface. Therefore, at some
limiting value of horizontal force, the pad begins to move, relative to the soil, and this
movement may affect the response of the casks, relative to the pad. Whether the effect on
the cask response is detrimental or beneficial is the subject of this letter report.
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We note that the simulation responses to date effectively assume an infinite value for the
coefficient of friction between the pad and the soil as the horizontal soil resistance is
modeled as a linear spring-damper that is always fully effective. The results from the
various simulations predicted minimal movement of the pad and a combination of tipping
and sliding of the casks relative to the pad (dependent upon the cask/pad coefficient of
friction used). To address the issue at hand, we note that if we postulate the other extreme
limit for the pad/soil coefficient of friction, namely zero, then the pad/cask system is fully
isolated from the input seismic excitation and the casks experience no motion (either
sliding or tipping) relative to the pad. The pad, however, experiences maximum relative
movement relative to the soil. Based on this simple physical argument, we are led to the
conclusion that any sliding of the pad relative to the soil serves to decrease the energy
input to the casks and therefore decreases the motion of the casks relative to the pad. If
our argument is valid, then the current FSAR statement (repeated below for
completeness) remains valid and supplies bounding values for the response of the casks,
relative to the pad.

“In addition, the vendor performed a site specific analysis for HI-STORM
storage casks subjected to the design basis ground motion associated with
the probabilistic seismic hazard analysis with the 2,000-yr return period
(0.711g horizontal, 0.695g wvertical), and determined maximum
displacement of the cask of less than 4 inches (Reference 61). The
analyses concluded that the casks do not tip over, collide, nor slide off the
storage pad for these earthquakes. Soil-structure interaction was
considered in the site-specific analyses. The seismic cask stability
analyses are fully described in Section 8.2.1.”

Although the qualitative argument presented above is convincing in its simplicity, it must
be backed by equally convincing confirmatory analyses. A series of dynamic simulations
have been performed to confirm the applicability and correctness of the heuristic
argument presented previously. Based on these confirmatory results, we conclude that the
FSAR statements remain valid as they served to quantify the cask movements relative to
the pad.

CONFIRMATORY ANALYSES:

The dynamic simulation model used in all previous submittals on this matter is capable of
simulating linear or non-linear behavior across and interface; specifically, the resisting
normal force and in-plane forces at the pad/soil interface may be represented by linear
springs or by a compression-only normal spring and two orthogonal friction springs. The
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characteristic of each set of two friction springs (FY1, FY2) associated with a
compression only normal spring (FW) is as follows:

Let FH = (FY1%+FY2%)#

Then, if the computed value of FH < (L FW, the springs FY1 and FY2 behave as simple
linear elements at this instant in time with a stiffness and damping associated with the
soil.

If the computed value of FH exceeds p FW, then the computed values of FY1 and FY2
are limited to the values that maintain FH = p FW for the next time step.

Three dynamic analyses were performed using the Holtec QA validated simulation code
DYNAMO to evaluate the effect of pad/soil relative motion. These analyses were
performed using the following model parameters:

Pad/soil coefficient of friction = 0.306

Seismic input time histories - Latest 2000 Year Return Seismic Event
Cask/pad coefficient of friction = 0.8

Number of casks on ISFSI pad = 8 (2 x 4) array

The three analyses differ in only one aspect; the magnitude of the soil damping associated
with the non-linear elements representing normal and in-plane resistance from the soil.
For case 1, we assume that the previously computed values for soil resistance due to
damping were maintained. For case 2, we assume that the soil damping forces are
reduced to 10% of the values used in case 1. Finally, for case 3, we assume that the soil
damping forces are reduced to 1% of the values used in case 1. The cases using reduced
damping reflect the reality that the damping forces are not active while slip is occurring
so that the net effect of the structural damping over the duration of the event must be
reduced. The following table summarizes the results obtained for pad center in-plane
movement.
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CASE .| % OF SOIL DAMPING VALUE MAX. PAD -~ [MAX.PAD
PREVIOUSLY USED IN LINEAR | MOVEMENT (inch) | MOVEMENT (inch)
... | ANALYSES ' o N-S E-W
1 100 0.537 0.537
2 10 3.989 2.692
3 1 8.808 5.178

As expected, the amount of pad sliding, as a rigid body is a strong function of the level of
soil damping assumed to continuously act over the entire duration of the seismic event.
Note that cases 2 and 3 bound from either side, the 6” result obtained from a static
equivalent analysis using the 100%-40%-40% combination rule. '

The results for cask movement relative to the pad from each of the simulations confirmed
the initial assertion that as more pad/soil sliding occurred, the cask/pad relative
“movements decreased and the propensity for cask overturning was nonexistent. For
example, for case 2, the maximum cask excursions, relative to the pad, did not exceed
0.02” at the top or bottom of the cask; i.e., even though the cask/pad coefficient of
friction was 0.8, the “redirection” of the input energy to moving the pad sufficed to
eliminate all overturning cask motion.

Based on the confirming dynamic simulations, we conclude that the initial simulations of
the soil/pad interface with linear springs results in the largest values for cask motion
relative to the pad; any sliding of the pad relative to the underlying soil due to reduced

cohesion has the beneficial effect of reducing or elimination cask movements relative to
the pad.

Sincerely,

o

Brian Gutherman, P.E.
Project Manager

Document ID: 70651014
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Jobn L. Donnell, P.E., Project Director

U.S. Nuclear Regulatory Commission August 7, 2001
ATTN: Document Control Desk '
Washington, D.C. 20555-0001

COMMITMENT RESOLUTION LETTER #37
DOCKET NO. 72-22 / TAC NO. 122462
PRIVATE FUEL STORAGE FACILITY
PRIVATE FUEL STORAGE L.L.C.

In accordance with our July 31, 2001 conference call, Private Fuel Storage (PFS) submits
the following resolution to NRC/CNWRA questions and comments regarding the
stability analysis for the cask storage pads.

NRC Question/Comment

PFS should provide a basis for the conclusions contained within the SAR that the storage
casks do not tip over, collide, nor slide off the storage pad during the seismic event,
taking into consideration the potential movement of the cask storage pads of up to 6".

PFS Response

A formal evaluation has been performed for PFS by Holtec International to assess the
impact of potential movement of the cask storage pads during a seismic event on the PFS
Site Specific HI-STORM Drop/Tipover Analyses, (Holtec Report No. HI-2012653,
Revision 1, dated May 7, 2001). The Holtec evaluation is attached for your use.

The results of the evaluation demonstrate that the current conclusions reached in the
PFSF Safety Analysis Report remain valid and are bounding for the response of the casks
relative to the pad. :



U.S.NRC 2 August 7, 2001

If you have any questions regarding this response, please contact me at 303-741-7009.

Sincerely,

! Copnga

Project Director
Private Fuel Storage L.L.C.

Enclosure

Copy to:
Mark Delligatti-1/1
John Parkyn-1/1
Jay Silberg-1/1
Sherwin Turk-1/1
Asadul Chowdhury-1/1
Scott Northard-1/1
Denise Chancellor-1/1
Richard E. Condit-1/1
John Paul Kennedy-1/1
Joro Walker-1/1
Duncan Steadman-1/1
Utah Document file (D. Bird)-1/1

i ————
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August 6, 2001

Dr. Max DeLong
Executive Engineer

Xcel Energy

414 Nicollet Mall (RS-7)
Minneapolis, MN 55401

Reference:  Holtec Project 70651
Dear Dr. Del.ong:

In response to your request, we herewith provide the additional information related to the
recent site-specific ISFSI pad sliding evaluations performed for Private Fuel Storage
(PFS).

SCOPE:

Holtec International has previously performed a series of dynamic simulations of a PFSF
ISFSI pad supporting from one to eight spent fuel storage casks ard subject to various
seismic excitations; these analyses were performed in support of the PFSF site-specific
ISFSI licensing submittal. Using design input supplied by PFSF, soil-springs were
included in the dynamic model to simulate the effect of the foundation between the base
of the ISFSI pad and the top of competent rock driven by the design basis seismic
excitation. In the previous Holtec analyses, no separation of the soil from the ISFSI pad
lower surface, nor any relative motion (sliding) between the base of the ISFSI pad and the
soil surface was assumed. Recent hypothetical bounding analysis (by others) has
concluded that postulating loss of surface cohesion could result in as much as six inches
of relative displacement of the pad with respect to the soil surface. Therefore, the effect
of such relative movement on the response of the casks requires attention. In this letter
report, Holtec provides the information needed to conclude that this potential sliding of
the ISFSI pad relative to the underlying soil foundation has no significant effect on the
conclusions based on the previous dynamic simulations that assumed no sliding,

DISCUSSION:

The loss of cohesion leading to pad movement, relative to the top layer of the soil, is well
represented by assuming frictional behavior at the pad/soil interface. Therefore, at some
limiting value of horizontal force, the pad begins to move, relative to the soil, and this
movement may affect the response of the casks, relative to the pad. Whether the effect on
the cask response is detrimental or beneficial is the subject of this letter report.
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We note that the simulation responses to date effectively assume an infinite value for the
coefficient of friction between the pad and the soil as the horizontal soil resistance is
modeled as a linear spring-damper that is always fully effective. The results from the
various simulations predicted minimal movement of the pad and a combination of tipping
and sliding of the casks relative to the pad (dependent upon the cask/pad coefficient of
friction used). To address the issue at hand, we note that if we postulate the other extreme
limit for the pad/soil coefficient of friction, namely zero, then the pad/cask system is fully
isolated from the input seismic excitation and the casks experience no motion (either
sliding or tipping) relative to the pad. The pad, however, experiences maximum relative
movement relative to the soil. Based on this simple physical argument, we are led to the
conclusion that any sliding of the pad relative to the soil serves to decrease the energy
input to the casks and therefore decreases the motion of the casks relative to the pad. If
our argument is valid, then the cument FSAR statement (repeated below for
completeness) remains valid and supplies bounding values for the response of the casks,
relative to the pad.

“In addition, the vendor performed a site specific analysis for HI-STORM
storage casks subjected to the design basis ground motion associated with
the probabilistic seismic hazard analysis with the 2,000-yr return period
(0.711g horizontal, 0.695g vertical), and determined maximum
displacement of the cask of less than 4 inches (Reference 61). The
analyses concluded that the casks do not tip over, collide, nor slide off the
storage pad for these earthquakes. Soil-structure interaction was
considered in the site-specific analyses. The seismic cask stability
analyses are fully described in Section 8.2.1.”

Although the qualitative argument presented above is convincing in its sirnplicity, it must
be backed by equally convincing confirmatory analyses. A series of dynamic simulations
have been performed to confirm the applicability and correctess of the heuristic
argument presented previously. Based on these confirmatory results, we conclude that the
FSAR statements remain valid as they served to quantify the cask movements relative to
the pad.

CONFIRMATORY ANALYSES:

The dynamic simulation model used in all previous submittals on this matter is capable of
simulating linear or non-linear behavior across and interface; specifically, the resisting
normal force and in-plane forces at the pad/soil interface may be represented by linear
springs or by a compression-only normal spring and two orthogonal friction springs. The
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characteristic of each set of two friction springs (FY1, FY2) associated with a
compression only normal spring (FW) is as follows:

Let FH = (FY1%4Fy23)!?

Then, if the computed value of FH < L FW, the springs FY1 and FY2 behave as simple
linear elements at this instant in time with a stiffness and damping associated with the
soil.

If the computed value of FH exceeds pt FW, then the computed values of FY1 and FY2
are limited to the values that maintain FH = i FW for the next time step.

Three dynamic analyses were performed using the Holtec QA validated simulation code
DYNAMO to evaluate the effect of pad/soil relative motion. These analyses were
performed using the following model parameters:

Pad/soil coefficient of friction = 0.306

Seismic input time histories — Latest 2000 Year Return Seismic Event
Cask/pad coefficient of friction = 0.8

Number of casks on ISFSI pad = 8 (2 x 4) array

The three analyses differ in only one aspect; the magnitude of the soil damping associated
with the non-linear elements$ representing normal and in-plane resistance from the soil.
For case 1, we assume that the previously computed values for soil resistance due to
damping were maintained. For case 2, we assume that the soil damping forces are
reduced to 10% of the values used in case 1. Finally, for case 3, we assume that the soil
damping forces are reduced to 1% of the values used in case 1. The cases using reduced
damping reflect the reality that the damping forces are not active while slip is occurring
so that the net effect of the structural damping over the duration of the event must be
reduced. The following table summarizes the results obtained for pad center in-plane
movement.
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CASE | % OF SOIL DAMPING VALUE MAX. PAD MAX. PAD
PREVIOUSLY USED IN LINEAR | MOVEMENT (inch) | MOVEMENT (inch)
: ANALYSES N-S E-W
1 100 0.537 0.537
2 10 3.989 2.692
3 1 8.808 5.178

As expected, the amount of pad sliding, as a rigid body is a strong function of the level of
soil damping assumed to continuously act over the entire duration of the seismic event.
Note that cases 2 and 3 bound from either side, the 6 result obtained from a static
equivalent analysis using the 100%-40%-40% combination rule.

The results for cask movement relative to the pad from each of the simulations confirmed
the injtial assertion that as more pad/soil sliding occurred, the cask/pad relative

"movements decreased and the propensity for cask overturning was nonexistent. For

example, for case 2, the maximum cask excursions, relative to the pad, did not exceed
0.02” at the top or bottom of the cask; ie., even though the cask/pad coefficient of
friction was 0.8, the “redirection” of the input energy to moving the pad sufficed to
eliminate all overturning cask motion.

Based on the confirming dynamic simulations, we conclude that the initial simulations of
the soil/pad interface with linear springs results in the largest values for cask motion

relative to the pad; any sliding of the pad relative to the underlying soil due to reduced
cohesion has the beneficial effect of reducing or elimination cask movements relative to

the pad.

Sincerely,

=

Brian Gutherman, P.E.
Project Manager

Document ID: 70651014

Emcc: J. Cooper, SWEC
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Dr. Mohsin R. Khan, 3/5/02 77

Q. When you say a correct solution --

A. For the input parameters that you use.

Q. I guess it means they gave you the same
solution?

A. That's right, for the parameters that you
use.

Q. And suppose you input the wrong parameter in
the SAP -- in both codes, for example.

A. Then you will have both wrong results, sure.
But for same, identical input, both give identical
solution. For those parameters, it's benchmark.

Q. So if the input's wrong, the output's wrong
on both of them?

A. Exactly.

Q. Garbage in, garbage out?

A. Exactly, sure.

Q. Now, in paragraph 62 you describe ANSYS as

a, I believe another general purpose program?
A. Yes.
Q. I take it by use of the word "other™ that

SAP2000 is also a general purpose structural analysis

program?

A. Yes.

Q. And what do you mean by a general purpose
code?

CitiCourt, LLC
(801) 532-3441
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drop the cask and it's 5 percent damping. How far
should that cask be going back up?

A. I mean, I don't know how much it will bounce
back, but --

Q. Can you calculate, if you know the damping
is 5 percent, you drop a cask from 10 inches and the
damping is 5 percent, can you tell me -- can you

calculate how much the cask will bounce back up?

A. I'm sure, given all the programs, one could
find. But to me is, again, when you are dropping this
cask, there is no -- there is no damping associated to
the cask when it touches the surface. At that time

energy start dissipating, and the stiffness of the
restraining object is the one that's absorbing most of
the energy, okay? It is not the damping.

So if you are assuming that the damping is a
significant contributor, you have to quantify it.
You're taking two components which are resisting the
motion. We .don't know what the damping is. All we
know is, for an object that deforms significantly,
depending on the energy level, you could assume in that
direction. But in the upward direction you have no --
you have no stiffness, so what kind of damping you're
going to have in the upward direction.

Q. I thought it was only damping that

CitiCourt, LLC
(801) 532-3441
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dissipated the energy. 2Am I wrong there?

A. I believe that there are two mechanisms
which absorbs energy, absorption of energy. Your
spring is absorbing energy to reduce the motion. Okay?
When you have pure sliding, your sliding is actually
dissipating energy and reducing the motion. When you
have zero friction you can slide a long distance.

Okay? When you have -- so in a vertical direction your
spring is providing similar kind of behavior as your
friction is providing in an unanchored system when it's
moving on a horizontal surface.

Q. So you're saying that when I drop something,
it's not the damping that's dissipating the energy but
it's the spring on the ground absorbing the energy?

A. A significant amount of energy is absorbed
by the crushing of the springs that you have.

Q. Well, I take a spring, okay. Take a spring.
I push it down. Doesn't the spring push back up at me?

A. That's your spring action, but that's not
the damping action. You could take this thing and
crush it, okay? It's not the damping that has stopped
it. It is the stiffness at the start of the motion.

Q. But doesn't the spring force back up again,
or forces the cask back up again?

A. The spring will force it back again.

CitiCourt, LLC
(801) 532-3441
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Q. And there's basically some damping
associated with the movement of the spring in that
sense, but the spring doesn't go -- doesn't force the
cask back up as high as it was before?

A. It's only based on a small amount of
damping. We don't know what that will be. It depends

on the level of energy that you have. It depends on

level of stress you have in the system. If you have a
zero stress, you will have no -- very small damping.
Q. In your model, okay -- what did you say

about zero stress again, now, just a second ago? Can
you read that back?

(The record was read as follows: "It's only based
on a small amount of damping. We don't know what that
will be. It depends on the level of energy that you
have. It depends on level of stress you have in the
system. If you have a zero stress, you will have no --
very small damping.")

A. See, the Reg Guide I believe 161 defines for
various level of earthquake for the kind of structures
that you have which are going through certain
deformation what kind of damping you should have. So
if your structure is going through a state of
deformation that you expect it's going to have, you

associate damping with those values. 2And that's why,

CitiCourt, LLC
(801) 532-3441
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you know, if you have an anchored cask where you are
going to see high level of stresses in the anchored
board or a structural member, you use 4 to 5 percent
damping. For low-level earthquake where your stress
level in the component are smaller, you use low damping
values. And that's the basis of damping.

Q. Are you familiar with the term "impact

damping"?

A. Yes.
0. What does that mean?
A. The damping that could be associated during

an impact. And that's experimentally determined, by
the way.

Q. And so you have the cask impacting the pad;
there would be impact damping between the cask and the
pad?

A. . Yeah. And that would depend on the level of
impact, type of impact. It's a function of the
amplitude.

Q. Do you account for impact damping in your
modeling?

A. There is some small amount of damping equal
to what I reported in this calculation that's for every
structural element that's associated.

Q. In your model does the spring element

CitiCourt, LLC
(801) 532-3441
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dissipate any energy?

A. Every element is used to deform, and
therefore it absorbs energy or interacts against the
motion.

Q. It's appropriate to have the spring to
absorb energy, then?

A. Sure. We use spring all the time.

Q. Going back to my example of the ball. If
you drop the ball from a foot or ten inches, whatever
the case may be, and if you have no damping, doesn't
the ball bounce back as high as it was before?

A. It's a coefficient of restitution depending
on how the ball is -- it also depends on the gravity is
pulling, you know. Let's say we can jump 50 feet, but
we will always come back to earth because the gravity's
always pulling you down. So it has nothing to do with
damping. You will always be on the ground.

Q. But if you have no damping and you drop the
ball at a certain force, it will go back up the same
distance that you drop it from?

A. Well, if you don't have the absorption of
energy as it bounces, if you have a perfectly rigid
surface, infinitely rigid surfaces, you could say the
coefficient of restitution between the two is such that

you have no dissipation of energy. But you still have

CitiCourt, LLC
(801) 532-3441
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the gravitational forces acting against an object, and

it will always try to bring it back to the earth.

Q. You mentioned something, restitution?

A. Coefficient of restitution.

Q. What's the coefficient of restitution?

A. I think it's the -- as the -- when you drop

the ball, the ratio between the force impacted and the
reactive force, it gives you, whether it's a perfectly
rigid bounce or it's an elastic bounce.

Q. And if you have a perfectly elastic surface,
what happens then?

A. Well, perfect elastic surface, it should
bounce back. But there is no perfectly elastic
surface. There is no such thing as perfectly elastic
and there is no such thing as perfectly plastic.
Everything on this earth deforms. Okay? So a ball
will always go back to the ground after a certain
bounce.

Q. Now, the coefficient of restitution, is that
a function of damping or is that a function of
something else in addition to damping?

A. It could be function of whole bunch of
phenomena surrounding when the ball falls. Could be,
if there's a high wind, that could stop it. 1If it's in

a vacuum, you may have a different thing. Surrounding

CitiCourt, LLC
(801) 532-3441




10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

25

Dr. Mohsin R. Khan, 3/5/02 130

does affect what happens to the ball.

Q. Can you measure the loss of energy by the
percent of coefficient of restitution? 1In other words,
if something goes down and it comes up only so high, it
means it's lost a certain amount of energy, correct?

A. But see, the question is, which is the
absorbing phenomenon? 1Is your energy being absorbed by
the surface that deforms it, or is it something else?
And I think it's anybody's guess. It could be the
elastic surface is absorbing some of the -- as it
crushes, it absorbs energy. So it could be a
combination. I can't say for sure.

Q. Suppose I throw a ball. Give you another
example. Suppose I throw a ball, horizontal motion.
Suppose I throw a ball against a wall and it comes back
a certain amount, okay? And it doesn't come back all
the way. What absorbs some of the energy? 1Is it the

spring or damping or what?

A. Like I said, it could be a combination.
Could be anybody's guess. It could be air resistance,
actually.

Q. What studies have you done with respect to

impact damping percentage, coefficient of restitution?

A. We never -- we never relied upon impact

damping values.

CitiCourt, LLC
{801) 532-3441
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Q. So you didn't do any work on impact damping
values?
A. In our judgment we felt that the duration of

impacts were too short to include those damping, so we
used simply pure stiffness values. For local element
where it impacts, for that element it was purely

elastic collision and no damping were allowed.

Q. So no damping?
a. For that element.
Q. So you didn't study impact damping or

analyze it?

A. No.

Q. We've used a couple terms, okay, energy
absorption and energy dissipation. Used it in
connection with different elements -- damping, spring,
etc. Could you define what you mean by energy

dissipation, first of all?

A. That's a loss of energy.

Q. A loss of energy?

A. Yes, during friction phenomenon.

Q. During friction?

A. Yeah, loss.

Q. Excuse me?

A. During friction to surface.

Q. Can it be loss of energy other than

CitiCourt, LLC
(801) 532-3441
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friction?
A. Sure.
Q. So it's a loss of energy from an object?
A. Yeah. You could have damping in the system,

you could

have a crushing in the system, you could have

a permanent deformation in the system.

Q. And how do you define energy absorption?

A Energy absorption?

Q. Yeah.

A You apply force and something deforms, and
it does not respond. It captures that energy and.
retains it. You have loss of energy. That's how you

absorb the energy.

Q.

Suppose I crush a Coke can, okay? 1Is that

absorption or dissipation?

A.
Q.
energy, O
A.
Q.
A.
associate
energy.
a damper,

element.

It's an absorption. This is absorption.
Does a linear elastic spring dissipate
r does it only absorb energy?
Absorbs energy.
It doesn't dissipate?
No, it does not dissipate. The damping

d with that elastic motion would dissipate

So a spring always when it is associated with

that's why they call it spring damper

A damper basically dissipates the energy

CitiCourt, LLC
(801) 532-3441
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using the damping effect.

When you have an equation of motion you have
three components to it, and they all are in equal
degree. You have inertia, you have forces which are a
function to velocity, and then you have forces which
are a function to stiffness. When you add them
together, that forms the equilibrium of the equation.
And then you may also have in it frictional phenomena
as an item, friction effect.

Q. One last question in this area. It's your
position that 5 percent is too much, whether you view
it as energy dissipation by damping or energy

absorption by the spring. Is that correct?

A, That is my Jjudgment.

Q. So it's not a matter of how you define it?

A. Yeah.

Q. You're claiming that there's no loss of
energy that's sufficient -- equal to 5 percent?

A, Yeah, for this -- when you're doing this

sliding and taking friction into consideration, using 5
percent -- eguivalent to 5 percent damping for those
gap elements is high.

0. And for that you would include any energy
absorption by the spring itself?

A. Yeah, because you are absorbing all the

CitiCourt, LLC
(801) 532-3441
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energy through friction anyways, and I would use a very
small damping.

Q. If you have vertical motion up and down,
you're basically saying it's all through friction?

A. No. There's no friction when it's vertical
motion up and down.

Q. Isn't that a part of the modeling here?

A. If you model as it as a 3-D model, then
friction is dominating your phenomena. Okay? What is
the most dominant phenomenon, okay? If your most
dominant phenomenon is your sliding, then the friction
is the one that's taking care of all the energy in the
system.

(Recess from 4:33 to 4:45 p.m.)

Q. I if could turn to some of the results you
have in your table in the report. First of all, I'd
just like to look at Table 3. This is, Table 3 is the
result of the third mathematical model where you've
assumed motion in all three directions, X, Y, and 2°?

A. Plus cask height, effect of cask height,
whatever the structural properties are.

Q. Now, you have in here -- in this Table 3 you
have a column called Stiffness for Non~Linear Elements,
and we have the vertical stiffness column.

A. Yes.

CitiCourt, LLC
{(801) 532-3441
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A. We use stiffness values all the time, every
time we analyze the structure. For an anchored cask it
could be zero in the upward direction.

Q. So how many times have you picked a contact
stiffness value for sliding analysis?

A. A program --

Q. How many times have you picked a contact
stiffness value for sliding, for lift-off analysis?

A. For this case?

Q. No, just in general. How many times have
you picked a contact stiffness analysis for purposes of

analyzing sliding or tipping?

A. This is the case.

Q. This is the first case?

A, Yes.

Q. First time you've done it, correct?
A That's right.

Q. Okay. Dr. Khan, you say in paragraph 70, I
believe it is, "The Altran analysis did not take into
account for the amplification due to soil structural
interaction in the 2,000-year earthquake input time
histories." Then you go on to say, therefore, the
vertical input motions at the base of the cask should
be higher. 1I'm confused what you're saying in that

paragraph 70. I think you also have something in your

CitiCourt, LLC
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provide you this value you should use for the
stiffness.

Q. I said, did you follow the guidance that
ANSYS provides in determining what stiffness to use?

A. ANSYS never provided any guidance on
sliding, how to calculate the stiffness for a sliding
problem.

Q. Did you follow the guidance of ANSYS in
terms of how to arrive at appropriate contact stiffness

guide for the problem you were looking at?

A. They would never give you an answer.

Q. So there is no guidance from ANSYS?

A. I used their program.

Q. You didn't use any guidance from them in

terms of how to develop the appropriate contact
stiffness for the problem you were working?

A. They would never say for a sliding problem
what contact --

Q. I'm not asking that. I'm just saying, you
did not follow the guidance of ANSYS with respect to
arriving at the proper contact stiffness?

MS. NAKAHARA: Asked and answered.

A. There is no guidance. All I can say is,

there is no .guidance from ANSYS how to solve a

nonlinear sliding problem with large horizontal

CitiCourt, LLC
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10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Dr. Mohsin R. Khan, 3/5/02 169

motions.

Q. Okay. 1In paragraph 72 of your declaration,
I believe you say that, in your opinion, "the only way
to validate Holtec's analyses is for Holtec to
benchmark its sliding displacements calculated by
Holtec's non-linear mathematical model with actual
shake table test data. This is common practice in the
seismic performance field. I frequently perform shake
table tests to benchmark mathematical models."

How would you go about doing a shake table
test for the Holtec cask?

A. Well, you know, find a shake table, maybe in
Japan or someplace. I'll have a prototype model, shake
it and apply the ground motion that you see. And
you'll benchmark your nonlinear solution with a sliding
displacement, impact loads inside the casks, and then
substantiate your model, that this is what you're
getting from your analysis and from your testing for
sliding, displacement, tipping, and whatnot. And then
you could go and use a bigger cask, a different size,
because at that time you have a basis, parametric basis

for that model.

Q. You've mentioned Japan. Why do you mention
Japan?
A, They have a bigger table.

CitiCourt, LLC
(801) 532-3441
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2 oi the mast tinearities
elec hasi iy Ceonv
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" »
in servomec

} linear theary IaiM tu pradict its effect upon syarem performance.

Jesign 13 tne [riction phenomenon

This paper extends familiar tachainucs 1n the treaiment of friction nonlinearity in servaaysiems. Frequency-
cespose methods are employerd thrnughnut and the theretical rovulis are verisied iw means of 31 analox
compuser, Skiding {rictina 2l watic [riction are representen by describing functinns which fnem Lhe critical
factors in determining sysiem stabiliy, The analpsis indiczren that reetain series equaliaers desicned from
lincar theory may fail 1o schieve effective compensation in the presence of slising and static [riction. On the
nther hand, 3 subsiciary loup may avnid the stability pratlem while still realizing an essentiady enuivalent

lonp gain fLeesion

L INIRODUCTIUK

HILE basic analysis ami synibess ura edures for
linear feedback sverems have benme well re-
tablished during the last Jdecude, there i an correspond-
ingly broad approach to nnaincur peobiems. Except ja
very simple cases, no generad sufutions ase bossible, and
the designer must rely either on machine computation
or on various linear or guasi-linesr appraximations. A
variety of such appreximatiuns has been developerd to
fit numerous types of systems and successivl desim
procedures have been discovered for a great maay prac-
tica: probiems. It s the purpose of this puper to extend
one of these techniques so as to make it appiicable to
the analysis of feedback systems involving siidine and
static friction. Particular attantion will he paitl to cce-
tain loop gain functions which appear to bre ruite satis-
{actory on the basis uf {incar analysis but are lound e
be unstable in practice as a result of frictiun pherar-apa.
Methods of gradicting. and hence presumaniv prevene-
ing, such behavior will be outlinel.

I, REVIEW OF BASIC PROCIDURZ

The technique o be empioyed was hirst Jjeviser hy
Kochenburger! for the analysis of contracior servo-
mechanisma and subsequently adapied ior use with
other nonlinear devices.™? The basic procedure has heen
desrribed  extensively it the [iteratuzc*~* and will
therefora be gutlined oniy bristly. It &5 unique in that it
permits use of the iraquency domain in an appraach to
problems (nvolving certain types of nonliner elew.ents.
I a sinu~oidal voltage is appiied to a nuniinear device,
the output iy geerally ndt sinusoilal. Hirvever, umnder
rather general conditions the fundamental component
of the output will be gnuter than any harmonic, a
difference which will be further emphasize by effective
low-pass fiters such as servomotess, Adequatl» accuracy
a therefore be obtained in many cases by monsidering

* Now with hileo Corporstion, Philadelphis, Prantylvanis.

1R, J. Kochenhurger, Elec. Fag. &9, 67 (1421 See alsa
Trens. Am. Inst. Elec, Engrs, 89, 270 (1940).

' E, C Jobnaon, ion, Massachusetss Insticate of Tech-
sology, 1951; Trans, Am. Inst. Elec. Engrs. THU, 120 (1952).

2 E. S. Shereard, Trans, Am. Inu. Fler. Eagey. 710 342 {19321

aniy  f,c fundamental component of the outpatr!’
Ninre the amplitude anit phase of. the fundraenral
eomponent varies sith the amplicude of the apsding
sinusnid, the approximate chameterstics of the ae..
linear device are represanted by an Camplitede e
xribing function” Hux)= flzleths {see Fig, 1. |7

represents the amplitude of A sinusoidai input synal
J{2) is the ratio of the fundamental output te the
ampiitude nd 3} as the phase §Lilt of the o,
fundamental eiative tn the Sapu signal. Neto ot

2wzt s frequensy variant, it depends only an ot
ispat amplitaie,

Onrg sl €) G Ko, 4 stabnlity analesis cun pre
essendinily a3 in the linone vase, Considir the stmm
shawn in Fig, 2 Swstem =iability s gnverned by b
raats of (he equating

[ OV SR SYREESE TR O

Mo tmany N
] Qoners {Jrsanetel 2t
o [ A TTIEY RT

Foi ! Describing function of 3 nonlinear device.
or .

2

sy — 14 (s).

o the linear case ffufx) = 1 and the stability pranies
reduces tn the conventional ane, sofved easily by mesas

cof a Ny, plot, The enly modifien’isn ~wicid fe:

tit= gonimear case under the assumptions stated is A
charge in the critical point which now becomes
= 1211(x) instead of —1. Thus the critical paint
chianges with the signal’ amplitude, and it becomes
necessary (o plot an amplitude locus = 1/H (=) in addi-
tion to the frequency ¥ cus H{s). If the amplitude lacus
lies completely outside the {requency locus, the system
is stable under all conditions of operations.* Figure 3
shuws jntersectiing loci. Here the sysiem 3 unsaabis fur
smal} ilistrrtances, but arahie ior large distusbaiices st

¢ Frequrntly the invense loci, 17000:) and —=He{2), are phatai,
The thaice i governed simply 1 cnaputatisnal canvenionce in
particular inafances,
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that oscillations will tend to stabilize near the intersec-
tion point P which thus specifies the steady-state condi-
tions, at least to a first approximation.’

In summary, analysis of the stahility problem will
require the following steps.

(3) Determination of the wave farm at the output
of the nonlinear device resulting from 2 sinusoidal input.

(b} Calculation of the describing function a(x) from
the wave shape obained in (a).

{) Plot and interpretation of the amplitude and
frequency loci for the system under consideration. For
the cases of particular interest here this step requires
rearrangement of the ccoventional blnck diagram in
order to serure effective scpazarior of sil transter fune-
tions into two classe:: The daws of all linczy hut e
quency senaitive components and that of all nonlinear
but frequency insensitive clements.

The following definitions wii] be user! theoughout Lhis
paper. Static friction is the tarque required to initiate

- rotation. Siiding friction is the velociiv-independent
comporent of the lorque necessary to maintain such
motion ance startetl. Viscous [riction is that comjanent
af the torque which is linearly propuctional to the angy-
lar velocity of the rotating member.

Hole) Hiw
et [T [ Levwr L gt
Elempnr | Eiempat |

Fii. 2. Feedback lonp with nenfinear ciement.

1L SLIDING FRICTICH !N SERVOSYSTEMS

A Wave Form Resulting from a Sinusoiasl Luput
Torque to a System with Sliding Friction

Tf only sliding friction is considered the entire friction
phenomenon can be represented by the characteristi-
curve of Fig. 4. .

Consider 2 rotating member with moment.of inertia
7 and angular acceleration 4. Because of stiding friction

_the effective accelernting or decelerntiig torque 7, is
related to the apylied torque r, through the equatinn

Te® Y.:ET,, (3)
' where T, is defined by Fig: 4. From Newton's faw ol
" mation, : o
: ro= T8 for apgular velocity >0 (3}
rom = T,+J8 for 4<0, £y

From Eqgs. (3), (4), and (5), the angular accele'mtion
of the rotating member i3 given by

F{ty=r,0)/J. {6}
Hence #(2) has the same wave form as 7,{7).
Tf the applied torque v, is sinusoidai,
ra(t) = Lo sinud, M

Cc-1-2
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The vorreapanding steadv-state wiave forms are sketched
in Figs. 3~ 5 The eflective tarque wave dezived frnn
wg. 14} is shown indotted lines. The discontinuities of
the r, wave correstand 1n zerms of the £ wive berause
the {rictional torque T, changes sign ac those instants.
On the 4 curve, point # i3 the paint of inflection. sorze-
sponding to maximun acceleration. Since the stedy
state iz uf primary iu: orast, the reference time is chozen
afize the escilation has reached its steady-state value.
A1) pur~es thenugh zem as

wieny —c, sal), 14, 3000,
while '

e T U uwtwe,

Featoan Tneque

| R T ——

N

¥is, 4 Hilding frictinn charcteristic,

B3
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It follows that

a=sin™X,

(8

Ouly the angle g corresponding to the rst discontinuity
point remains unknown. Once it has heen eviluated in
terms of N, the wave form is completely determined.
There are two possibilities: If 2<3, there is no dead
zone in the r, wave (Flig. 5). If a>g3, there are dead
zones a8 indicated in Fig 6. These two cases will he
~nnsidered separately.’

Mathematical Represemiation of the
Steady-State Wave Formg
Case (I}.—No dead zone. a<L.
Refer to Fig. 5. In the absence of viscous {riction, th
following steady-state conditions exist.
Shaded aren No, 1 =shaded area No. 2
wshaded ares No. 3
mshaded area No. 4, clc.*

where

But between g and &,
ro= T sinwi+T.

= T u{sinw/+-sina) = T, {sinad+-2) (o
ahg berween b und ¢,
r,= T, sinat—T,
= To(siruw —sina} = T (simi =), (11)
Then .
zreR No. 1= f T o(sineal4sinz)d (wh)

—

= To{~cosf+ 1 sinu+ cosrta suu-). (12)

* Note that a desd sane or region of 2ero effective Loequa and
w=locity such as 8¢ on Fig. 6 cecurs whenever the applied torque
5 smaller in magnitude than 7, at the instant when the ve-
.cy Teaches seto. .
¢ Veloci gre! of tornuo in the absencx

;‘ t{mrﬁmnl to the i

G-1-¥

TOU AND P. M. SCHULTHEISS

M .
area No. 2= f T (sinus—sina ) (i
J ]

= T [cosa— (r—eq) sinu +-cosd-+@ sing]. (13}

If Eqs. (12) and (13) are set equal and simplified, the
result is

cosd = r Sinas 2
[

Bmeos—{rA,2). s
For the exorem ciss, B, Frp (14) bormes

TN PINREIT SR )

“r

A2 fad 2V =,
A wlution dne N vields

A=A, af)3d0. (is.

X, is the critical value of the quantity T'/Ta. There i
no dead zanc_for <), and there are dead zones for
A, '

Case (D -— Wi dead zones, a>d.

In like manner, one nbtains from Fig. 6:

shaded area Nu. P =sharted area No. 2
= shaderd acea No. 3
= sharled area No. 4, etc.
Bug, hetween o and &,

1w Tisinwl-=\), HATAY
hetween b and o,
: r,ml); AP
and between « and A,
rom TSl = N5, (18]
Hence,
» .
area No. l-! To{sinet+Aidtud)
- T.(—cosd-i-l))n-i-msa-i-a.l), 210
acea No. 2= J Tulsinad— A (wi)
w T [cosa— (v —a)Acosadar] (20
Equating (19) und (20) an? simplifying .
A= cosB= (1 — ANt (x—gin='A)A. 20
For the extreme case assg=gin='\,
A sin=IN— (1 =22 m (1= 22Vt (e sin~'A)A.
or .
: X x,=1).530 as befare, {13}
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B. Calculatien of the Describing Function

Since r.{f) is a periodic function of time, it can be
spressed in terms of a Fourier seties:

b o=
r.(l)--2—¥-§ (g sinnct+-5, cosmd).  (22)

It has been pointed cut that, to = fizst approximation,
- r4(#) can be represented by the fundamental companent
of Ity Fuider scies. From synusetry considesations,
be=0. This implies oxcillation about the rest position
- which is a condition of primary interest in stability
analyses.” Then

To(8) S sinui8y O, €2y
where ’
1 29l
u;——f 7,{2} sin(wé)d{wd) (24)
b 4
and ’
I i oo d
byam— f (1) coslut)d{ui). {25)
T4y

Evaluation of ike Fourier Coefficients
Case {1).—~No dead zone, A<, or a<H.

2
au——f‘T.(siM+J\)sia(d)d(uH

L

2 .'-.
<= f Tolsined X} sin{wt)d (w)
r
! = Ta{i=2X%), (26}

Fi6. B Stea 2y-atate wav. trme witdy itegel pnes,

effective torque is

r_ma-r.[x -4(1--::)}'

‘mfuh-mn -t
L

A (2ep—-n ]t
"] ‘i;:
=2

in actomitace wath the deftpition of Sec. II, the de-
serbing function {or the aliding-friction alement is

e \)m (M) £ §IA)
2\ (!' x'..xi i
[!— (!——-—)J\’} Ztan~t- C —L-3~ 132
I—L\’

Carge {2).- «3Jith dead 2ones, 335 vra>d.

Similacty _ ,
by 2T AL (/%) — 2308, LT U perrd
gy -J T ottt — A3 $infwblof et
Equation {23) may also be written in the form rd,
: - . ] Tresd -
. r@=Caintadtd), L f T i) sinfi o
T e
: 4 d .
Cim (a8 ) T.[1-4(£-;;)1‘] 29) = (Vo) x~ (e— 21— xina{cusa+ msd)
and L —cosgfrina=-ingt]. (L3
b 2L (2/x)1=At] Sunilarly
Sm un‘l-:-- (an-*—‘\-g—(l—/-’-r—&—::]-. L3 . b= T/ Msina § sind}". (34;
o Hence in complete amalogy with case (1) the [riction-
Hence, with an applied torque re(f)=7, sinw!, the _ deseribing function is given Ly the expression
n.m-/m..:s(nu : L es
where 4 ‘ T
JO)m=tfr—(a -ﬁ)-sun(cma-f-caaa) ccs‘l(sma-%—suw)]’-*-[(sm-f-s:w)’}’}'
. r
and . N . .
(sina--sing)?
§(A)= tan™ - - —,
. = (g )~ sina{cosa-+ cosd) — cond{sina+sing)

3 Extensions {6 nansero mesns 1re possible but complicate the analvsis appreciably, See reference 1.
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4 mass rests on a frictional surface which permits a frictional
resistance force * R. The mass is driven by an external sinusoidal
force. Figure 9.1 applies to this case if we sat x, - =, F, = 0, C =
0, and F(t) = 8 gin wt.

10.2 Purpose of Problem

This problem illustrates the phenomena of "dead bands" in. the response.
Dead bands are regions of time whan a moving mass, subject to an
oscillating force, stops for a finite period of time. It provides a very
severe test of the numerical simulation of frictional behavior. The
phenomena could be expected to occur in the fuel rack analysis since the
seismic load provides a reversing motion, and the pedestals rest on a
frictional surface. A successful validation demonstrates that the
DYNARACK algorithm, based on a high, but finite, frictiomal stiffness,
is capable of reproducing the theoretical response.

10.3 Comparison Solution

The exact sclution to this problem is provided in [10.1]. Tou and
Schutheiss have given soclutions for this situation. The interesting
features of the motion are that if R/B < .536, the motion is roughly
sinusoidal, but has discentinuities in acceleratien. If R/B > .5136,
then the motion is sporadic, there being sc-called dead bands within
which no motion occurs. Wwhen R/8 > 1, no motion is possible except for
an initial transient. Appendix G-1 is a complete copy of the reference.

10.4 DYNARACK Solution

The equation of motion is

a? x
m———= B sin wt * R
at?

[ G-




We simulate the avent for m = 8 = 1, and run three cases for R/8 = A =
.3, .7, and 1.01. Input data files are given in Appendix G-2. ‘The
friction spring constant (Figure 9.1) is set at K, = 1 x 107 1b./in. to
simulate an "infinite” slope.

To construct the velocity versus time rasults, DYNARACK internally
archives velocity at user specified time steps. These velocity time
files can than be graphed. Input files and data files for the graphs are
given in Appendix G-2 for the results plotted in 10.3.

10.5 Resulis

Figures 10.1 - 10.3 show the results for the three values of A. It is
clearly evident that DYNARACK is capable of reproducing the expected
phenomena. In FPigure 10.3, the small non-zero velocity components
subseguent to the initial transient are due to the presence of the
finite spring constant K,. Comparison with the work of Ref. {10.1] shows
excellent agreement and we conclude that the frictional representation
in DYNARACK is validated.
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Oscillating mass with friction R/F=7 Dead Bands Present
Velocity of mass vs time (initial velocity =0.)
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Oscillating mass with friction R/AF=1.01 mass eventually stops

Velocity of mass

vs time (initial velocity =—1.}
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Contact Stiffness I\NSYSQ

A ™ B a s i c Con c ep t s Training Manual

Review:

* Recall that all ANSYS contact elements use a penalty stiffness
(contact stiffness) to help enforce compatibility at the contact

interface.
lF The contact spring will deflect an
AN AV e amount A, such that equilibrium
1 i is satisfied:
F=kA
r 0 ‘?r i _T %— where k is the contact stiffness.

» Some finite amount of penetration, A > 0, is required mathematically
to maintain equilibrium.

» However, physical contacting bodies do not interpenetrate (A = 0).
001361

30 May 2000
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Contact Stiffness I\NSYS“

wee B a S i C Con Cep t S Training Manual

e As an analyst, you face a dilemma:
— Minimum penetration gives best accuracy.
* Therefore, the contact stiffness should be very great. .
— However, too stiff a value causes convergence difficulties.

* The model can oscillate, with contacting surfaces bouncing |
off of each other. lF

YT [Fcontact
Iteration n Iteration n+1 Iteration n+2

001351
30 May 2000
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Contact Stiffness I\N SYS

anw De termining a Value Training Maunal

* As a practical matter, a good first trial value for bulky contact
stiffness would be K10t = fouik X Knerzs Where f, . is a factor
usually between 0.1 and 10 for bulky solids.

— Because the starting estimated value of f,, ranges over at least
two orders of magnitude, and because k.., Will be adjusted by
trial-and-error anyway, it is usually not justifiable to worry about
the element’s size when estimating the penalty stiffness.

* For bulky solids, simply estimate the penalty stiffness by

k = fbulk x E

— where the factor f,,,, is usually between 0.1 and 10, and a good
starting value for f,,, is often f,, = 1.0.

.— This estimate assumes an approximate “unit” element size; for
very large or very small elements, you might need to adjust the
starting value of f,, accordingly.

001361
30 May 2000
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Contact Stiffness I\N SYS

wee D et er m i n i ng a Va I u e Training Manual

 Determining a good stiffness value usually requires some
experimentation. The following procedure may be used as a
guideline:
-~ 1. Use a low value of stiffness to start.
- 2. Run the analysis to a fraction of the final load.

— 3. Check the penetration and number of equilibrium iterations
used in each substep.

» As arough, quick check, if you can visually detect
penetration in a true-scale displaced plot of the entire model,
the penetration is probably excessive. Increase the stiffness
and restart.

« If many iterations are needed for convergence (or if
convergence is never achieved), reduce the stiffness and
restart.

— Note: Penalty stiffness can be modified from one load step to

another, and can be adjusted in a restart.

001381
30 May 2000
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VM73: Free Vibration with Coulomb Damping ANSYS

Reference: Tse (Ref. 12), Page 175, Case 1
Analysis Type(s): Full transient dynamic analysis (ANTYPE=4)
Element Type(s): Combination elements (COMBIN40)

Test Case

A spring-mass system with coulomb damping is displaced a distance A and
released. Dry friction is assumed to act as a limiting sliding force F between the sliding
mass and the surface. Determine the displacement u at various times t.

Material Properties Loading
W =101 A =-1in
Ko =301bfin F =1.8751b
m =W/g
Kz
w
%2 o
N ki
Q Representative
N —'} A |- Finite Element Model
N K .
N A LT Tw X X
VYV L
AR SR a R RN A e . .y t=0 -1. 0.
Problem Sketch {nitial Conditions

Analysis Assumptions and Modeling Notes

One combination element is used with the slider in parallel with the spring. The
slider spring constant (ky = 10,000 Ib/in) is arbitrarily selected high enough to minimize
the elastic contact effect but low enough to also allow a practical integration time step
size. The integration time step {0.2025/405 = 0.0005 sec) is based on ~1/Nf where
N=20 and f is the system natural frequency. At release, the mass acceleration is not
necessarily zero. Therefore, a load step with a small time period is used to ramp up to
the appropriate acceleration while maintaining an essentially zero velocity. The final
time of 0.2025 sec allows one full cycle of motion. POST26 is used to postprocess
results from the solution phase.




73.2

VM73: Free Vibration with Coulomb Damping (continued) | ANSYS’
Results Comparison
Target ANSYS Ratio
u, in (t = 0.09 sec) 0.87208 0.87205 1.000
U in{t=0.102sec) | 0.83132 0.83018 0.999
u, in (t = 0,183 sec) | —0.74874 —0.74875 1.000




73.3

VM73: Free Vibration with Coulomb Damping (continued)

ANSYS

1 ANSYS
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RECORD OF REVISIONS

REVISION O

Original Issue

REVISION 1

Revision 1 was prepared to incorporate the following:
+ Revised cask weights and dimensions
+ Revised earthquake accelerations
s Determine gay as a function of the coefficient of friction between casks and pad.

REVISION 2

To add determination of dynamic bearing capacity of the pad for the loads and loading
cases being analyzed by the pad designer. These include the 2-cask, 4-cask, and 8-cask
cases. See Attachment A for background information, as well as bearing pressures for the
2-cask loading.

REVISION 3

The bearing pressures and the horizontal forces due to the design earthquake for the 2-
cask case that are described in Attachment A are superseded by those included in
Attachment B. Revision 3 also adds the calculation of the dynamic bearing capacity of the
pad for the 4-cask and 8-cask cases and revises the cask weight to 356.5 K, which is
based on Holtec HI-Storm Overpack with loaded MPC-32 (heaviest assembly weight shown
on Table 3.2.1 of HI-Storm TSAR, Report HI-951312 Rev. 1 - p. C8, Calculation 05996.01-
G(B)-05, Rev 0).

REVISION 4

Updated section on seismic sliding resistance of pads (pp 11-14F) using revised ground
accelerations associated with the 2,000-yr return period design basis ground motion
(horizontal = 0.528 g; vertical = 0.533 g) and revised soil parameters (c = 1,220 psf; ¢ =
24.9° based on direct shear tests that are included in Attachments 7 and 8 of Appendix
2A of the SAR.). The horizontal driving forces used in this analysis (EQhc and EQhp) are
based on the higher ground accelerations associated with the deterministic design basis
ground motion (0.67g horizontal and 0.69g vertical). These forces were not revised for the
lower ground accelerations associated with the 2,000-yr return period design basis ground
motion (0.528g horizontal and 0.533g vertical) and, thus, this calculation will require
confirmation at a later date.

Added a section on sliding resistance along a deeper slip plane (i.e., on cohesionless soils)
beneath the pads.

Updated section on dynamic bearing capacity of pad for 8-cask case {(pp 38-46). Inserted
pp 46A and 46B. This case was examined because it previously vielded the lowest Qau
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among the three loading cases (i.e., 2-cask, 4-cask, and 8-cask). The updated section
shows a calculation of g.n based on revised scil parameters (c and ¢). Note: this analysis
will require confirmation and may be updated using revised vertical soil bearing pressures
and horizontal shear forces, based on the lower ground accelerations associated with the
2,000-yr return period design basis ground motion (0.528g horizontal, and 0.533g
vertical).

Modified /updated conclusions.
NOTE: SYBoakye prepared/DLAloysius reviewed pp 14 through 14F.
Remaining pages prepared by DLAloysius and reviewed by SYBoakye.

REVISION 5

Major re-write of the calculation.

1. Renumbered pages and figures to make the calculation easier to follow.

2. Incorporated dynamic loads due to revised design basis ground motion (PSHA 2,000-yr
return period earthquake), as determined in CEC Calculation 05996.02-G(PO17)-2, Rev
0, and removed "Requires Confirmation".

3. Added overturning analysis.

4. Added analysis of sliding stability of cask storage pads founded on and within soil
cement.

5. Revised dynamic bearing capacity analyses to utilize only total-stress strength
parameters because these partially saturated soils will not have time to drain fully
during the rapid cycling associated with the design basis ground motion. See
Calculation 05996.02-G(B)-05-1 (SWEC, 2000a} for additional details.

6. Added reference to foundation profiles through pad emplacement area presented in
SAR Figures 2.6-5, Sheets 1 through 14.

7. Changed "Load Combinations” to “Load Cases" and defined these cases to be consistent
throughout the various stability analyses included herein. These are the same cases as
are used in the stability analyses of the Canister Transfer Building, Calculation
05996.02-G(B)-13-2 (SWEC, 2000Db).

8. Revised conclusions to reflect results of these changes.
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REVISION 6

1. Added "References" section.

2. Revised shear strength used in the sliding stability analyses of the soil cement/silty
clay interface to be the strength measured in the direct shear tests performed on
samples obtained from depths of ~5.8 ft in the pad emplacement area. The shear
strength equaled that measured for stresses corresponding to the vertical stresses at
the bottom of the fully loaded cask storage pads.

3. Removed static and dynamic bearing capacity analyses based on total-stress strengths

and added dynamic bearing capacity analyses based on ¢u = 2.2 ksf..

Revised method of calculating the inclination factor in the bearing capacity analyses to that
presented by Vesic in Chapter 3 of Winterkorn and Fang (1975). Vesic’s method expands
upon the theory developed by Hansen for plane strain analyses of footings with inclined
loads. Vesic’s method permits a more rigorous analysis of inclined loads acting in two
directions on rectangular footings, which more closely represents the conditions applicable
for the cask storage pads.

1.

REVISION 7

Updated stability analyses to reflect revised design basis ground motions (ag = 0.711g
& av = 0.695g, per Table 1 of Geomatrix, 2001).

Resisting moment in overturning stability analysis calculated based on resultant of
static and dynamic vertical forces.

Added analysis of sliding of an entire column of pads supported on at least 1’ of soil
cement, using an adhesion factor of 0.5 for the interface between the soil cement and
the underlying silty clay layer.

Added discussion of strength limitations of the soil cement under the cask storage pads
to comply with the maximum modulus of elasticity requirements of the materials
supporting the pad in the hypothetical cask tipover analysis.

Changed pad lengih to 67 ft and pad embedment to 3 ft, in accordance with design
change identified in Figure 4.2-7, "Cask Storage Pads,” of SAR Revision 21.

Added definition of "m" used in the inclination factors for calculating allowable bearing
capacity.

7. Updated references to supporting calculations.

8. Updated discussions and conclusions to incorporate revised results.
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REVISION 8
1. Revised analyses of the stability of the storage pads to include a clear identification of

the potential failure modes and failure surfaces and the material strengths required to
satisfy the regulatory requirement, considering the critical failure modes and failure
surfaces.

Added assessment of the edge effects of the last pad in the column of pads on the
stability of the storage pads under the new seismic loads.

Horizontal cask earthquake forces in the dynamic bearing capacity calculations were
changed to limit the resultant of the two horizontal components to the coefficient of
friction between the cask and the top of the pad x the effective weight of the casks.

Reduced shear strength of clayey soils beneath the pads to 95% of peak shear strength
measured in direct shear tests in analyses that included both shear resistance along
base of sliding mass and passive resistance. This 5% reduction of peak strength to
residual strengths is the maximum reduction measured in the three direct shear tests
that were performed on these clayey soils for specimens confined at 2 ksf, which
corresponds to the approximate final effective stress at the base of the pads.

1.

REVISION 9

Revised unit weights of soil cement to reflect measured values obtained from ongoing
laboratory testing program. Unit weight of soil cement adjacent to the pads exceeds
110 pcf and the cement-treated soil beneath the pads exceeds 100 pcf.

Added clarification of approximations used in calculation of Kar and updated
calculation of Kar to remove excess conservatism inherent in the previous use of
approximations "sin (¢ - 6) = 0" and "cos (¢—-8) = 1".

Added inertial forces due to 2-ft thick layer of soil cement beneath pad to sliding
stability analysis.

. Added analysis of hypothetical case where resistance to sliding is comprised of

frictional resistance along base of pads and soil cement + passive resistance. This
analysis demonstrates that the factor of safety against sliding is less than 1.1. Also
added analysis to estimate the maximum pad displacement for these very conservative
assumptions. This analysis shows that the resulting maximum horizontal
displacements, if they were to occur due to the earthquake, would be of no safety
consequence to the pads or the casks.

Added Attachment E, plot of Total Stress Mohr's Circles from triaxial tests performed
on samples from Boring B-1.
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OBJECTIVE OF CALCULATION

Evaluate the static & seismic stability of the cask storage pad foundations at the proposed
site. The failure modes investigated include overturning stability, sliding stability, and
bearing capacity for static loads & for dynamic loads due to the design basis ground
motion (PSHA 2,000-yr return period earthquake with peak horizontal ground acceleration
of 0.711g).

Other potential failure modes are addressed elsewhere. Evaluation of static settlements
are addressed in Calculation 05996.02-G(B})-3-3, which is supplemented by Calculation
05996.02-G(B}-21-0. Dynamic settlements are addressed in Calculation 05996.02-G(B}-
11-3. The soils underlying the site are not susceptible to liquefaction, as documented in
Calculation 05996.01-G(B)-6-1.

Evaluation of floatation of these pads is not required because they will never be
submerged, since groundwater is approximately 125 ft below the ground surface at the
site. In addition, as indicated in SAR Section 2.4.8, Flooding Protection Requirements,

"All Structures, Systems, and Components (SSCs) classified as being Important to
Safety are protected from flooding by diversion berms to deflect potential flows
generated by PMF from both the east mountain range (Basin A) and the west
mountain range (Basin B) watersheds.”

The design of the concrete pad, to ensure that it will not suffer bending or shear failures
due to static and dynamic loads, is addressed in Calculation 05996.02-G(PO17)-2-3 (CEC,
2001).

ASSUMPTIONS/DATA

The arrangement of the cask storage pads is shown on SAR Figure 1.2-1. The spacing of
the pads is such that each N-S column of pads may be treated as one long strip footing
with B/L ~ O & B=30 ft for the bearing capacity analyses.

The E-W spacing of the pads is great enough that adjacent pads will not significantly
impact the bearing capacity of one another, as shown on Figure 1, "Foundation Plan &
Profile."

The generalized soil profile, presented in Figure 1, indicates the soil profile consists of ~30
ft of silty clay/clayey silt with some sandy silt (Layer 1), overlying ~30 ft of very dense fine
sand (Layer 2), overlying extremely dense silt (N 2100 blows/ft, Layer 3). SAR Figures 2.6-
5 (Sheets 1 through 14) present foundation profiles showing the relationship of the cask
storage pads with respect to the underlying soils. These profiles, located as shown in SAR
Figure 2.6-19, provide more detailed stratigraphic information, especially within the upper
~30-ft thick layer at the site.

Figure 1 also illustrates the coordinate system used in these analyses. Note, the X-
direction is N-S, the Y-direction is vertical, and the Z-direction is E-W. This is the same
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coordinate system that is used in the stability analyses of the Canister Transfer Building
(Calculation 05996.02-G(B)-13-2, SWEC, 2000b).

The bearing capacity analyses assume that Layer 1, which consists of silty clay/clayey silt
with some sandy silt, is of infinite thickness and has strength properties based on those
measured at depths of ~10 ft for the clayey soils within the upper layer. These
assumptions simplify the analyses and they are very conservative. With respect to bearing
capacity, the strength of the sandy silt in the upper layer is greater than that of the clayey
soils, based on the increases in Standard Penetration Test (SPT) blow counts (N-values)
and the increased tip resistance (see SAR Figures 2.6-5) in the cone penetration testing
(ConeTec, 1999) noted in these soils. The underlying soils are even stronger, based on
their SPT N-values, which generally exceed 100 blows/f{t.

Based on probabilistic seismic hazard analysis, the peak acceleration levels of 0.711g for
horizontal ground motion and 0.695g for the vertical ground motion were determined as
the design bases of the PFSF for a 2,000-yr return period earthquake (Geomatrix
Consultants, Inc, 2001). '

GEOTECHNICAL PROPERTIES

Based on laboratory test results presented in Tables 2, 3, and 4 of Calculation 05996.02-
G(B)-05-2 (SWEC, 2000a),

yYmoist = 80 pcf is a conservative lower-bound value of the unit weight for the soils
underlying the pad emplacement area.

The bearing capacity of the structures are dependant primarily on the strength of the soils
in the upper ~25 to ~30-ft layer at the site. All of the borings drilled at the site indicate
that the soils underlying this upper layer are very dense fine sands overlying silts with
standard penetration test blow counts that exceed 100 blows/ft. The results of the cone
penetration testing, presented in ConeTec(1999) and plotted in SAR Figure 2.6-5, Sheets 1
to 14, illustrate that the strength of the soils in the upper layer are much greater at depths
below ~10 ft than in the range of ~5 ft to ~10 ft, where most of the triaxial tests were
performed. '

In practice, the average shear strength along the anticipated slip surface of the failure
mode should be used in the bearing capacity analysis. This slip surface is normally
confined to within a depth below the footing equal to the minimum width of the footing. In
this case, the effective width of the footing is decreased because of the large eccentricity of
the load on the pads due to the seismic loading. As indicated in Table 2.6-7, the minimum
effective width occurs for Load Cases II and IIIB, where B* ~15 ft. Figure 7 illustrates that
the anticipated slip surface of the bearing capacity failure would be limited to the soils
within the upper half of the upper layer. Therefore, in the bearing capacity analyses
presented herein, the undrained strength measured in the UU triaxial tests was not
increased to reflect the increase in strength observed for the deeper-lying soils in the cone
penetration testing.
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Table 6 of Calc 05996.02-G(B)-05-2 (copy included in Attachment C) suminarizes the
results of the triaxial tests that were performed within depths of ~10 ft. The undrained
shear strengths measured in these tests are plotted vs confining pressure in Figure 11 of
Calc 05996.02-G(B)-05-2 (copy included in Attachment C). This figure is annotated to
indicate the vertical stresses existing prior to construction and following completion of
construction.

The undrained shear strengths measured in the triaxial tests are used for the dynamic
bearing capacity analyses because the soils are partially saturated and they will not drain
completely during the rapid cycling of loadings associated with the design basis ground
motion. As indicated in Figure 11 of Calc 05996.02-G(B)-05-2 (copy included in
Attachment C), the undrained strength of the soils within ~10 ft of grade is assumed to be
2.2 ksf. This value is the lowest strength measured in the UU tests, which were performed
at confining stresses of 1.3 ksf. This confining stress corresponds to the in situ vertical
stress existing near the middle of the upper layer, prior to construction of these
structures. It is much less than the final stresses that will exist under the cask storage
pads and the Canister Transfer Building following completion of construction. Figure 11 of
Calc 05996.02-G(B)-05-2 (copy included in Attachment C) illustrates that the undrained
strength of these soils increase as the loadings of the structures are applied; therefore, 2.2
ksf is a very conservative value for use in the dynamic bearing capacity analyses of these
structures.

Direct shear tests were performed on undisturbed specimens of the silty clay/clayey silt
obtained at a depth of 5.7 ft to 6 ft in Boring C-2. These tests were performed at normal
stresses that were essentially equal to the normal stresses expected:

1. under the fully loaded pads before the earthqualke,
2. with all of the vertical forces due to the earthquake acting upward, and
3. with all of the vertical forces due to the earthquake acting downward.

The results of these tests are presented in Attachment 7 of the Appendix 2A of the SAR
and they are plotted in Figure 7 of Calc 056996.02-G(B)-05-2 (copy included in Attachment
C). Because of the fine grained nature of these soils, they will not drain completely during
the rapid cycling of loadings associated with the design basis ground motion. Therefore, in
the sliding stability analyses of the cask storage pads, included below, the shear strength
of the silty clay/clayey silt equals the shear strength measured in these direct shear tests
for a normal stress equal to the vertical stress under the fully loaded cask storage pads
prior to imposition of the dynamic lcading due to the earthquake. As shown in Figure 7 of
Calc 05996.02-G(B)-05-2 (copy included in Attachment C), this shear strength is 2.1 ksf
and the friction angle is set equal to 0°.

Effective-stress strength parameters are estimated to be ¢ = 0 ksf, even though these soils
may be somewhat cemented, and ¢ = 30°. This value of ¢ is based on the PI values for
these soils, which ranged between 5% and 23% (SWEC, 2000a), and the relationship
between ¢ and PI presented in Figure 18.1 of Terzaghi & Peck (1967).
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Therefore, static bearing capacity analyses are performed using the following soil
strengths:

Case [A Static using undrained strength: . =0° & ¢ = 2.2 ksf.
Case IB Static using effective-stress strength: .' = 30° & ¢ = 0.

The pads will be constructed on and within soil cement, as illustrated in SAR Figure 4.2-7
and described in SAR Sections 2.6.1.7 and 2.6.4.11. The unit weight of the soil cement is
assumed to be 100 pcf in the bearing capacity analyses included herein. The strength of
the soil cement is conservatively ignored in these bearing capacity analyses.

METHOD OF ANALYSIS

DESCRIPTION OF LOAD CASES

Load cases analyzed consist of combinations of vertical static, vertical dynamic
(compression and uplift, Y-direction), and horizontal dynamic (in X and Z-directions) loads.

The following load combinations are analyzed:

Casel  Static
Case Il  Static + dynamic horizontal forces due to the earthquake
Case Il Static + dynamic hcorizontal + vertical uplift forces due to the

earthquake
Case IV  Static + dynamic horizontal + vertical compression forces due to the
earthquake

For Case 11, 100% of the dynamic lateral forces in both X and Z directions are cembined.
For Cases III and IV, the effects of the three components of the design basis ground motion
are combined in accordance with procedures described in ASCE (1986) to account for the
fact that the maximum response of the three orthogonal components of the earthquake do
not occur at the same time. For these cases, 100% of the dynamic loading in one direction
is assumed to act at the same time that 40% of the dynamic loading acts in the other two
directions. For these cases, the suffix "A" is used to designate 40% in the X direction (N-S,
as shown in Figure 1), 100% in the Y direction (vertical), and 40% in the Z direction (E-W).
Similarly, the suffix "B" is used to designate 40% in the X direction, 40% in the Y, and
100% in the Z, and the suffix "C" is used to designate 100% in the X direction and 40% in
the other two directions. Thus,

Case IlIA 40% N-S direction, -100% Vertical direction, 40% E-W direction.
Case lIIB 40% N-S direction, -40% Vertical direction, 100% E-W direction.
Case IIIC 100% N-S direction, -40% Vertical direction, 40% E-W direction.
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The negative sign for the vertical direction in Case III indicates uplift forces due to the
earthquake. Case IV is the same as Case III, but the vertical forces due to the earthquake
act downward in compression; therefore, the signs on the vertical components are positive.

OVERTURNING STABILITY OF THE CASK STORAGE PADS
The factor of safety against overturning is defined as:
FSor = ZMResisting + ZMpriving |

The resisting moment is calculated as the resultant weight of the pad and casks x the
distance from one edge of the pad to the center of the pad in the direction of the minimum
width. The weight of the pad is calculated as 3 ft x 67 ft x 30 ft x 0.15 kips/ft3 = 904.5 K,
and the weight of 8 casks is 8 x 356.5 K/cask = 2,852 K. The moment arm for the
resisting moment equals 12 of 30 ft, or 15 ft. Therefore,

Wp Wc B/2 (1-a)
EMgesisting = [904.5 K + 2,852K] x 15 ft (1-0.695) = 17,186 ft-K

The driving moment includes the moments due to the horizontal inertial force of the pad x
1% the height of the pad and the horizontal force from the casks acting at the top of the pad
x the height of the pad. The casks are simply resting on the top of the pads; therefore, this
force cannot exceed the friction force acting between the steel bottom of the cask and the
top of the concrete storage pad. This friction force was calculated based on the upper-
bound value of the coefficient of friction between the casks and the storage pad (u = 0.8, as
shown in SAR Section 8.2.1.2) x the normal force acting between the casks and the pad.
This force is maximum when the vertical inertial force due to the earthquake acts
downward. However, when the vertical force from the earthquake acts downward, it acts
in the same direction as the weight, tending to stabilize the structure. Therefore, the
minimum factor of safety against overturning will occur when the dynamic vertical force
acts in the upward direction, tending to unload the pad.

When the vertical inertial force due to the earthquake acts upward, the friction force = 0.8
x (2.852K - 0.695 x 2,852K) = 696 K. This is less than the maximum dynamic cask
horizontal driving force of 2,212 K (Table D-1(c) in CEC, 2001). Therefore, the worst-case
horizontal force that can occur when the vertical earthquake force acts upward is limited
by the upper-bound value of the coefficient of friction between the bottom of the casks and
the top of the storage pad, and it equals 696 K.

an Wp EQhc
ZMbpriving = 1.5ftx0.711 x904.5 K + 3 ft x 696 K = 3,053 ft-K.

_ 17186 ft -K

ps = i/1861t-K
= *Vor T 3053 oK

=5.63
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This is greater than the criterion of 1.1; therefore, the cask storage pads have an adequate
factor of safety against overturning due to dynamic loadings from the design basis ground
motion.
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SLIDING STABILITY OF THE CASK STORAGE PADS
The factor of safety (FS) against sliding is defined as follows:

FS = resisting force + driving force

For this analysis, ignoring passive resistance of the soil (soil cement) adjacent to the pad,
the resisting, or tangential force (T}, below the base of the pad is defined as follows:

T =Ntan¢+cBL
where, N (normal force) = X Fv = We + Wy + EQvc + EQwp
¢ = 0° (for Silty Clay/Clayey Silt)
¢ = 2.1 ksf, as indicated on p C-2.
B = 30 feet
L = 67 feet

DESIGN ISSUES RELATED TO SLIDING STABILITY OF THE CASK STORAGE PADS

Figure 3 presents a detail of the soil cement under and adjacent to the cask storage pads.
Figure 8 presents an elevation view, looking east, that is annotated to facilitate discussion
of potential sliding failure planes. The points referred to in the following discussion are
shown on Figure 8.

1. Ignoring horizontal resistance to sliding due to passive pressures acting on the sides of
the pad (i.e., Line AB or DC in Figure 8)., the shear strength must be at least 1.60 ksf
(11.10 psi) at the base of the cask storage pad (Line BC) to obtain the required
minimum factor of safety against sliding of 1.1.

2. The static, undrained strength of the clayey soils exceeds 2.1 ksf (14.58 psi). This
shear strength, acting only on the base of the pad, provides a factor of safety of 1.27
against sliding along the base (Line BC). This shear strength, therefore, is sufficient to
resist sliding of the pads if the full strength can be engaged to resist sliding.

3. Ordinarily a foundation key would be used to ensure that the full strength of the soils
beneath a foundation are engaged to resist sliding. However, the hypothetical cask
tipover analysis imposes limitations on the thickness and stiffness of the concrete pad
that preclude addition of a foundation key to ensure that the full strength of the
underlying soils is engaged to resist sliding.

4. PFS will use a layer of soil cement beneath the pads {Area HITS) as an "engineered
mechanism" to bond the pads to the underlying clayey soils.

5. The hypothetical cask tipover analysis imposes limitations on the stiffness of the
materials underlying the pad. The thickness of the soil cement beneath the pads is
limited to 2 ft and the static modulus of elasticity is limited to 75,000 psi.
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6. The modulus of elasticity of the soil cement is directly related to its strength; therefore,
its strength must be limited to values that will satisfy the modulus requirement. This
criterion limits the unconfined compressive strength of the soil cement beneath the
pads to 100 psi.

7. Therefore, the pads will be constructed on a layer of soil cement that is at least 1-ft
thick, but no thicker than 2-ft, that extends over the entire pad emplacement area, as
delineated by Area HITS.

8. The unconfined compressive strength of the soil cement beneath the pads is designed
to provide sufficient shear strength te ensure that the bond between the concrete
comprising the cask storage pad and the top of the soil cement (Line BC) and the bond
between the soil cement and the underlying clayey soils (Line JK) will exceed the full,
static, undrained strength of those soils. To ensure ample margin over the minimum
shear strength required to obtain a factor of safety of 1.1, the unconfined compressive
strength of the soil cement beneath the pads (Area HITS) will be at least 40 psi.

9. DeGroot (1976} indicates that this bond strength can be easily obtained between layers
of soil cement, based on nearly 300 laboratory direct shear tests that he performed to
determine the effect of numerous variables on the bond between layers of soil cement.

10.So0il cement also will be placed between the cask storage pads, above the base of the
pads, in the areas labeled FGBM and NCQP. This soil cement is NOT required to resist
sliding of the pads, because there is sufficient shear strength at the interfaces between
the concrete pad and the underlying soil cement (Line BC) and between that soil-
cement layer and the underlying clayey soils (Line JK) that the factor of safety against
sliding exceeds the minimum required value.

11.The pads are being surrounded with soil cement so that PFS can effectively use the
eolian silt found at the site to provide an adequate subbase for support of the cask
transporter, as well as to provide additional margin against any potential sliding.

12.The actual unconfined compressive strength and mix requirements for the soil cement
around the cask storage pads will be based on the results of standard soil-cement
laboratory tests.

13.The unconfined compressive strength of the soil cement adjacent to the pads needs to
be at least 50 psi to provide an adequate subbase for support of the cask transporter,
in lieu of placing and compacting structural fill, but it likely will be at least 250 psi to
satisfy the durability requirements associated with environmental considerations (i.e.,
freeze /thaw and wet/dry cycles) within the frost zone (30 in. from the ground surface).
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The analysis presented on the following pages demonstrates that the static, undrained
strength of the in situ clayey soils is sufficient to preclude sliding (FS = 1.27 vs minimum
required value of 1.1), provided that the full strength of the clayey soils is engaged. The
soil-cement layer beneath the pads provides an "engineered mechanism” to ensure that
the full, static, undrained strength of the clayey soils is engaged in resisting sliding forces.
It also demonstrates that the bond between this soil-cement layer and the base of the
concrete pad will be stronger than the static, undrained strength of the in situ clayey soils
and, thus, the interface between the in situ soils and the bottom of the socil-cement layer is
the weakest link in the system. Since this "weakest link"” has an adequate factor of safety
against sliding, the overlying interface between the soil cement and the base of the pad will
have a greater factor of safety against sliding. Therefore, the factor of safety against sliding
of the overall cask storage pad design is at least 1.27.
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SLIDING STABILITY AT INTERFACE BETWEEN IN S1TU CLAYEY SOILS AND BOTTOM OF SOIL CEMENT
BENEATH THE PADS

Material under and around the pad will be soil cement. In this analysis, however, the
presence of the soil cement adjacent to the sides of the pads is ignored to demonstrate
that there is an acceptable factor of safety against sliding of the pads along the interface
between in situ clayey soils and bottom of soil cement beneath the pads. The potential
failure mode is sliding along the surface at the base of the pad. No credit is taken for the
passive resistance acting on the sides of the pad above the base. This analysis is
applicable for any of the pads at the site, including those at the ends of the rows or
columns of pads, since it relies only on the strength of the material beneath the pads to
resist sliding.

This analysis conservatively assumes that 100% of the dynamic forces due to the
earthquake act in both the horizontal and vertical directions at the same time. The length
of the pad in the N-S direction (67 ft) is greater than twice the width in the E-W direction
(30 ft); therefore, the dynamic active earth pressures acting on the length of the pad will be
greater than those acting on the width, and the critical direction for sliding will be E-W,
since passive resistance is ignored.

The soil cement is assumed to have the following properties in calculation of the dynamic
active earth pressure acting on the pad from the soil cement above the base of the pad:

y = 100-110 pcf Initial results of the soil-cement testing indicate that 110
pcf is a reasonable lower-bound value for the total unit
weight of the soil cement adjacent to the pads and that
100 pcf is a reasonable lower-bound value for the total
unit weight of the cement-treated soil to be placed
beneath the pads.

o = 40° Tables 5 & 6 of Nussbaum & Colley (1971) indicate that ¢
exceeds 40° for all A-4 soils (CL & ML, similar to the
eolian silts at the site) treated with cement; therefore, it
is likely that ¢ will be higher than this value. This value
also is used in this analysis only for determining upper-
bound estimates of the active earth pressure acting on
the pad due to the design basis ground motion. Because
of the magnitude of the earthquake, this analysis is not
sensitive to increases in this value.

H=5ft As shown in SAR Figure 4.2-7, the pad is 3 ft thick, and
it is constructed such that top of the pad is at the final
ground surface (i.e., pads are embedded 3’ below grade).
Soil cement beneath the pad is 1-ft to 2-ft thick. The
dynamic forces (active earth pressure + horizontal inertial
forces) are greater for deeper depth of soil cement.
Therefore, analyze for 2 ft of so0il cement beneath the pad.
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SLIDING STABILITY AT INTERFACE BETWEEN IN SrTU CLAYEY SOILS AND BOTTOM OF SoIL CEMENT BENEATH THE PADS

ACTIVE EARTH PRESSURE
P.=05vH2K,

Ka = (1 - sin ¢)/(1 + sin ¢) = 0.22 for ¢ = 40° for the soil cement. ignoring cohesion (very
conservative).

Paew =[0.5x0.11 kef x (5 ft)2 x 0.22] x 67 ft (length)/storage pad = 20.3 K E-W.
Pans =[0.5x0.11 kef x (5 ft)2 x 0.22] x 30 ft (width)/storage pad = 9.1 K N-S.

DYNAMIC EARTH PRESSURE

As indicated on p 11 of GTG 6.15-1 (SWEC, 1982), for active conditions, the combined
static and dynamic lateral earth pressure coefficient is computed according to the analysis
developed by Mononobe-Okabe and described in Seed and Whitman (1970) as:

K. = (I—Qv)'COSZ(Q)'—e—a]

AE T 3
e ) sin (¢ + 8)-sin (¢ - 8 - B)
cos B cos a - cos (3 + a + 0) [l+\/cos (6§ + o+ 8)-cos (B-a)J

whe re :

iy
1- oy

B =slope of ground behind wall,

a =slope of back of wall to vertical,

o, = horizontal seismic coefficient, where a positive value corresponds to a horizontal
inertial force directed toward the wall,

o, =vertical seismic coefficient, where a positive value corresponds to a vertical inertial
force directed upward,

§ =angle of wall friction,

¢ = friction angle of the soil,

g = acceleration due to gravity.

The combined static and dynamic active earth pressure force, Pag, is calculated as:
P =+yH?K here :
& =7 Y A+ Where:

vy =unit weight of soil,
H =wall height, and
K,z is calculated as shown above.
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SLUIDING STABILITY AT INTERFACE BETWEEN IN STTU CLAYEY SOILS AND BOTTOM OF SOIL CEMENT BENEATH THE PADS

To simplify the analysis, assume 8 = 0. This is conservative, as illustrated in Figure 12 of
Seed and Whitman (1970), which indicates that Kae decreases with increasing values of §.

B=a=0

0.711

— -1
0 =tan (1-0.695

)= 66.8°

¢ = 40°
To obtain a real solution to the equation for calculating Kag, the sin (¢—6-fB) must be

positive; i.e., the sin (p-6 - ) can vary from O to 1. Because it is in the denominator of
Kae, Kae will be greatest when it = 0. Therefore, assume sin (¢—-6-p) = 0.

Similarly, approximate cos (¢~ 98— ¢) = 1. This term is in the numerator of Kae, and Kae will
be maximum when cos (¢ - 6 — o) = 1; therefore, approximating it equals 1 is conservative.

With these approximations,

. l-oy

AE  cosB-cos@

K, - 120:695

=———=1 .97
cos” 66.8°

Therefore, the combined static and dynamic active lateral earth pressure force at the base
of the 3 ft pad is:

' H2 Ka L
Fagew =Pag = —;— x0.110 kef x (3 ft)® x1.97 x 67 ft / storage pad = 65.3 K in the E - W direction.
Fagn.s = Pag =-§—x 0.110 kef x (3 ft)? x1.97 x 30 ft / storage pad = 29.3 K in the N - S direction.

The combined static and dynamic active lateral earth pressure force at the base of the 3 ft
pad and underlying 2 ft of soil cement is:

Y Hz Kae L
=P, =—x0.110 kef x {5 ft ) x1.97 x 67 ft / storage pad = 181.5 K in the E - W direction.

Fopoe =Pae == x0.110 kef x (5 ftf x1.97 x 30 ft / storage pad = 81.3 K in the N - S direction.

8
&
0| —




STONE & WEBSTER, INC.

5010.65 CALCULATION SHEET
CALCULATION IDENTIFICATION NUMBER
J.0. OR W.0. NO. DIVISION & GROUP CALCULATION NO. | OPTIONAL TASK GODE PAGE 21
05996.02 G(B) 04-9

SLIDING STABILITY AT INTERFACE BETWEEN Iv SrTU CLAYEY SOILS AND BOTTOM OF S0 CEMENT BENEATH THE PADS

WEIGHTS

Casks: Wc =8x356.5 K/cask = 2,852 K
Pad: Wp =31t x 67 ft x 30 ft x 0.15 kips/ft3 = 904.5 K
Soil Cement Beneath Pad: Wsc =2 ft x 67 ft x 30 ft x 0.10 kips/ft3 = 402 K

EARTHQUAKE ACCELERATIONS — PSHA 2,000-YR RETURN PERIOD

ay = horizontal earthquake acceleration = 0.711g
ay = vertical earthquake acceleration = 0.695g

CasK EARTHQUAKE LOADINGS
EQvc = -0.695 x 2,852 K = -1,982 K (minus sign signifies uplift force)
EQhcew = 2,212 K (acting short direction of pad, E-W])  Qud max in Table D-1(c) in Att B
EQhcy.s = 2,102 K (acting in long direction of pad, N-S) Qyd max in Table D-1(c) v

Note: These maximum horizontal dynamic cask driving forces are from Calc 05996.02-
G[PO17)-2, (CEC, 2001}, and they apply only when the dynamic forces due to the
earthquake act downward and the coefficient of friction between the cask and the pad
equals 0.8. EQh¢ max is limited to a maximum value of 696 K for Case III, based on the
upper-bound value of p = 0.8, as shown in the following table:

¢ .2 0. c max
Cask Loads wT EQv N 0.2xN|O0.BxN EGQh
K K K K K K
Case Il - Uplift | 2,852 | -1,982] 870 174 696 696
2,212 E-W
Case IV-EQvDown| 2,852 | 1,082 | 4,834 | 967 | 3,867 2 102 N-S

Note:
Case HI: 0% N-S, -100% Vertical, 100% E-W  Earthquake Forces Act Upward
Case IV: 0% N-S, 100% Vertical, 100% E-W  Earthquake Forces Act Downward

FOUNDATION PAD EARTHQUAKE SoiL CEMENT BENEATH PAD EARTHQUAKE
LOADINGS LOADINGS
EQvp = -0.695 x 904.5 K = -629 K EQvsc = -0.695 x 402 K = -279.4 K

EQhp = 0.711 x904.5 K =643 K EQhp= 0.711x402K=285.8K
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SLIDING STABILITY AT INTERFACE BETWEEN IN SITU CLAYEY SOILS AND BOTTOM OF SOIL CEMENT BENEATH THE PADS

Case IIl: 0% N-S, -100% VERTICAL, 100% E-W (EARTHQUAKE FORCES ACT UPWARD)

When EQvc and EQvp act in an upward direction (Case III). tending to unload the pad,
sliding resistance is obtained as follows:

Wc Wp Wsc EQve EQvp EQvsc
N=2852K+904.5K+402K +{-1,982K) + (-629K) ) + (-279.4 K} = 1,268.6 K
N i c B L
T=12686Kxtan0°+ 2.1 ksfx 30 ft x 67 ft = 4,221 K
The driving force, V, is defined as:
V = Fae + EQhp + Eqhe + EQhsc

The factor of safety against sliding is calculated as follows:

T Faepws EQhp EQhc EQhsc
FS=4,221 K+ (181.5K+643 K+ 696 K + 285.8K) = 2.34
{1,806.3 K)

For this analysis, the value of the horizontal driving force due to the earthquake, EQhc, is
limited to the upper-bound value of the coefficient of friction, p = 0.8, x the cask normal
load, because if EQhc exceeds this value, the cask will slide. The factor of safety exceeds
the minimum allowable value of 1.1; therefore the pads plus 2-ft block of soil cement
beneath them are stable with respect to sliding for this load case. The factor of safety
against sliding is higher than this if the lower-bound value of n is used (= 0.2), because the
driving forces due to the casks would be reduced.

Casg IV: 0% N-S, 100% VERTICAL, 100% E-W (EARTHQUAKE FORCES ACT DOWNWARD)
When the earthquake forces act in the downward direction:
T = Ntan ¢ + [c BL]
where, N {normal fofce) =3 Fv=Wc + Wp + EQvc + Eqvp + EQvsc

We Wp EQve EQvp Eqgvsc
N=2852K+904.5K+ 1982K+ 629 K+ 279.4K=6,647K

N 0 c B L
T=6647Kxtan0°+ 2.1 ksfx 30 ft x 67 ft = 4,221 K
The driving force, V, is defined as:

V = Fae + EQhp + Eqghc + EQhsc
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SLIDING STABILITY AT INTERFACE BETWEEN IN SITU CLAYEY SOILS AND BOTTOM OF SOIL CEMENT BENEATH THE PADS
The factor of safety against sliding is calculated as follows:
T Faeews EQhp EQhcew EQhsc
F'S soi1 Cement to Clayey sont = 4,221 K + (181.5K + 643 K + 2,212 K + 285.8 K) = 1.27 (=Min
(3,322.3 K)

The factor of safety against sliding is higher than this if the lower-bound value of u is used
(= 0.2}, because the driving forces due to the casks would be reduced.

Ignoring the passive resistance acting on the sides of the pad, the resistance to sliding is
the same in both directions; therefore, for this analysis, the larger value of EQhc (i.e.,
acting in the E-W direction) was used. Even with these conservative assumptions, the
factor of safety exceeds the minimum allowable value of 1.1; therefore the pads overlying 2
ft of soil cement are stable with respect to sliding for this load case, assuming the strength
of the cement-treated soils underlying the pad is at least as high as the undrained
strength of the underlying soils.

MINIMUM SHEAR STRENGTH REQUIRED AT THE BASE OF THE PADS TO PROVIDE A FACTOR OF
SAFETY OF 1.1

The minimum shear strength required at the base of the pads to provide a factor of safety
of 1.1 is calculated as follows:

T Facews E@Qhp EQhcepw
FS=T+(65.3K+643K+2,212K)=1.1
(2.920.3 K)

— T 21.1x2,920.3K=3212.3K

Dividing this by the area of the pad results in the minimum acceptable shear strength at
the base of the pad:

1.60 —x =11.10 psi
12 in.

oo _32123K _ K ft ) , 1,000 Ibs
30ftx67ft ft2
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ADHESION BETWEEN THE BASE OF PAD AND UNDERLYING CLAYEY SOILS

The preceding analysis demonstrates that the static undrained strength of the soils
underlying the pads is sufficient to preclude sliding of the cask storage pads over 2 ft of
soil cement for the 2,000-yr return period earthquake with a peak horizontal ground
acceleration of 0.711g, conservatively ignoring the passive resistance acting on the sides of
the pads. This analysis assumes that the full static undrained strength of the clay is
engaged to resist sliding. To obtain the minimum factor of safety required against sliding
of 1.1, 76% (= 1.60 ksf (required for FS=1.1) = 2.1 ksf available) of the undrained shear
strength must be engaged, or in other words, the adhesion factor between the base of the
concrete storage pads plus 2 ft of soil cement and the surface of the underlying clayey
soils must be 0.76. This adhesion factor, c., is higher than would normally be used,
considering disturbance that may occur to the surface of the subgrade during
construction. Therefore, an "engineered mechanism"” is required to ensure that the full
strength of the clayey soils is available to resist sliding of these pads on 2 ft of soil cement.

Ordinarily, a foundation key would be added to extend the shear plane below the
disturbed zone and to ensure that the full strength of the clayey soils are available to resist
sliding forces. However, adding a key to the base of the storage pads would increase the
stiffness of the foundation to such a degree that it would exceed the target hardness
limitation of the hypothetical cask tipover analysis. Therefore, PFS decided fo construct
the cask storage pads on (and within) a layer of soil cement constructed throughout the
entire pad emplacement area.

As shown in Figure 3, the soil cement will extend to the bottom of the eolian silt or a
minimum of 1 ft below the base of the storage pads and up the vertical face at least 2 ft.
In the sliding stability analysis, it is required that the following interfaces be strong
enough to resist the sliding forces due to the design earthquake. Working from the bottom
up, these include:

1. The interface between the in situ clayey soils and the bottom of the soil cement, and

2. The top of the soil cement and the bottom of the concrete storage pad.

The purpose of soil cement below the pads is to provide the "engineered mechanism”
required to effectively transmit the sliding forces down into the underlying clayey soils.
The techniques used to construct soil cement are such that the bond between the soil
cement and the underlying clayey soils will exceed the undrained strength of the
underlying clayey soils.

DeGroot (1976) indicates that this bond strength can be easily obtained between layers of
soil cement. He performed nearly 300 laboratory direct shear tests to determine the effect
of numerous variables on the bond between layers of soil cement. These variables
included the length of time between placement of successive layers of soil cement, the
frequency of watering while curing soil cement, the surface moisture condition prior to
construction of the next lift, the surface texture prior to construction of the next lift, and
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ADHESION BETWEEN THE BASE OF PAD AND UNDERLYING CLAYEY SOILS

various surface treatmnents and additives. His results demonstrated that, with the
exception of treating the surface of the lifts with asphalt emulsion, asphalt cutback, and
chlorinated rubber compounds, the bond strength nearly always exceeded 11.10 psi, the
minimum required value of shear strength of the bond between the base of the pads and
the underlying material. The minimum bond strength he reports, other than for the
asphalt and chlorinated rubber surface treatments identified above, is 7.7 psi. This value
applied for only one test [Sample No. 15R-149, Series No. 3, Spec. No. 12) that was
performed on a sample that had no special surface treatment along the lift line. This test,
however, was anomalous, since all of the other specimens in this series had bond
strengths in excess of 38.5 psi. He reports that nearly all of the specimens that used a
cement surface treatinent broke along planes other than along the lift lines, indicating that
the bond between the layers of soil cement was stronger than the remainder of the
specimens. Excluding the specimens that did not use the cement surface treatment, the
minimum bond strength was 47.7 psi, which greatly exceeds the bond strength (11.10 psi)
required to obtain an adequate factor of safety against sliding of the pads without
including the passive resistance acting on the sides of the pads.

DeGroot reached the following conclusions:
1. Increasing the time delay between lifts decreases bond.
High frequency of watering the lift line decreases the bond.
Moist curing conditions between lift placements increases the bond.
Removing the smooth compaction plane increases the bond.
Set retardants decreased the bond at 4-hr time delay.

Asphalt and chlorinated rubber curing compounds decreased the bond.

N O ook W N

Small amounts of cement placed on the lift line bonded the layers together, such
that failure occurred along planes other than the lift line, indicating that the bond
exceeded the shear strength of the soil cement.

DeGroot (1976) noted that increasing the time delay between placement of subsequent lifts
decreases the bond strength. The nature of construction of soil cement is such that there
will be occasions when the time delay will be greater than the time required for the soil
cement to set. This will clearly be the case for construction of the concrete storage pads
on top of the soil-cement surface, because it will take some period of time to form the pad,
build the steel reinforcement, and pour the concrete. He noted that several techniques
can be used to enhance the bond between lifts to overcome this decrease in bond due to
time delay. In these cases, more than sufficient bond can be obtained between layers of
soil cement and between the set soil-cement surface and the underside of the cask storage
pads by simply using a cement surface treatment.

DeGroot’s direct shear test results demonstrate that the specimens having a cement
surface treatment all had bond strengths that ranged from 47.7 psi to 198.5 psi, with the
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average bond strength of 132.5 psi. Even the minimum value of this range greatly exceeds
the bond strength (11.10 psi) required to obtain a factor of safety against sliding of 1.1,
conservatively ignoring the passive resistance available on the sides of the pads.
Therefore, when required due to unavoidable time delays, the techniques DeGroot
describes for enhancing bond strength will be used between the top of the soil cement and
succeeding lifts or between the top of the soil cement and the concrete cask storage pads,
to assure that the bond at the interfaces are greater than the minimum required value.
These techniques will include roughening and cleaning the surface of the underlying soil
cement, proper moisture conditioning, and using a cement surface treatment.

The shear strength available at each of the interfaces applicable to resisting sliding of the
cask storage pads will exceed the undrained strength of the underlying clayey soils. PFS
has committed (SAR p. 2.6-113) to performing laboratory tests during the design of the soil
cement to demonstrate that the required shear strengths can be achieved at the various
interfaces, and PFS has committed (SAR p. 2.6-114) to performing field tests during
construction to demonstrate that the required shear strengths at these interfaces have
been achieved.

The soil cement beneath the pads is used as an "engineered mechanism" to ensure that
the full static undrained shear strength of the underlying clayey soils is engaged to resist
sliding and, as shown above, the minimum factor of safety against sliding of the pads is
very conservatively calculated as 1.27 when the static undrained strength of the clayey
soils is fully engaged. This value exceeds the minimum value required for the factor of
safety against sliding (=1.1); therefore, the pads constructed on top of a layer of soil
cement have an adequate factor of safety against sliding.
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LIMITATION OF STRENGTH OF SOIL CEMENT BENEATH THE PADS

As indicated in Figure 3, the soil cement will extend at least 1 ft below all of the cask
storage pads, and, as shown in SAR Figures 2.6-5, Pad Emplacement Area Foundation
Profiles, it will typically extend ~2 ft below most of the pads. Thus, the area available to
resist sliding will greatly exceed that of the pads alone. The hypothetical cask tipover
analysis imposes limitations on the modulus of elasticity of the soils underlying the pad.
The modulus of elasticity of the soil cement is directly related to its strength; therefore, its
strength must be limited to values that will satisfy the modulus requirement, but it must
still provide an adequate factor of safety with respect to sliding of the pads embedded
within the soil cement.

Table 5-6 of Bowles (19896) indicates E = 1,500 s,, where s, = the undrained shear
strength. Note, s, is half of q,, the unconfined compressive strength.

Based on this relationship, E = 750 qu.
Where E = Youngs modulus
gu = Unconfined compressive strength

An unconfined compressive strength of 100 psi for the soil cement under the pad will limit
the modulus value to 75,000 psi. Thus, designing the soil cement to have an unconfined
compressive strength that ranges from 40 psi to 100 psi will provide an adequate factor of
safety against sliding and will limit the modulus of the soil cement under the pads to an
acceptable level for the hypothetical cask tipover considerations.
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SLIDING ALONG CONTACT BETWEEN THE CONCRETE PAD AND THE UNDERLYING SOIL CEMENT

The soil cement will be designed to have an unconfined compressive strength of at least 40
psi to ensure that it will be stronger than required to provide a factor of safety against
sliding that exceeds the required minimum value of 1.1. The shear strength equals half of
the unconfined compressive strength, 20 psi, which equals 2.88 ksf. Therefore, the
resistance to sliding between the concrete storage pad and the top of the soil cement layer
beneath the pad will be greater than:

N ® c B L T
T=6,368 Kxtan0°+2.88 ksfx 30t x67 ft = 5,789 K

As indicated above, the driving force, V, is defined as: V = Fae + EQhp + EQhc

The factor of safety against sliding between the pad and the surface of the underlying soil
cement is calculated as the resisting force = the driving force, as follows:

T Fagew EQhp EQhcew
FSpad to Soil Cement = 5,789 K =+ (65.3 K + 643 K + 2,212 K) = 1.98
{2,920.3 K}

Thus, designing the soil cement to have an unconfined compressive strength of at least 40
psi results in an acceptable factor of safety against sliding between the concrete at the
base of the pad and the surface of the underlying soil cement that exceeds the factor of
safety between the bottom of the soil cement and the underlying clayey soils. In other
words, the soil cement will have higher strength than the underlying silty clay/clayey silt
layer; therefore, the resistance to sliding on that interface will be limited by the strength of
the silty clay/clayey silt.

Scil cement with strengths higher than this are readily achievable, as illustrated by the
lowest curve in Figure 4.2 of ACI 230.1R-90, which applies for fine-grained soils similar to
the eolian silt in the pad emplacement area. Note, f. = 40C where C = percent cement in
the soil cement. Therefore, to obtain f. >40 psi, the percentage of cement required would
be ~40/40 = 1%. This is even less cement than would typically be used in constructing
soil cement for use as road base. The resulting material will more likely be properly
classified as a cement-treated soil, rather than a true soil cement. Because this material
is located below the frost zone (which is only 30" below grade at the site), it does not need
to comply with the durability requirements of soil cement; i.e., ASTM freeze/thaw and
wet/dry tests. The design of the mix for this material will require that the unconfined
compressive strength of this layer of material will exceed 40 psi to ensure that the shear
strength available to resist sliding of the concrete pads exceeds the shear strength of the
in situ clayey soils.
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SoiL CEMENT ABOVE THE BASE OF THE PADS

Soil cement also will be placed between the cask storage pads, above the base of the pads.
Earlier versions of this calculation demonstrated that this soil cement could be designed
such that its compressive strength alone would be sufficient to resist all of the sliding
forces due to the design earthquake. However, as shown above, this soil cement is NOT
required to resist sliding of the pads, because there is sufficient shear strength at the
interfaces between the concrete pad and the underlying soil cement and between that soil
cement and the underlying clayey soils that the factor of safety against sliding exceeds the
minimum required value. The pads are being surrounded with soil cement so that PFS
can effectively use the eolian silt found at the site to provide an adeqguate subbase for
support of the cask transporter. The eolian silt, otherwise, would be inadequate for this
purpose and would require replacement with imported structural fill. The soil cement
surrounding the pad may also help to spread the seismic load into the clayey soil outside
the pad area to engage additional resistance against sliding of the pad. This effect would
result in an increase in the factor of safety against sliding.

The unconfined compressive strength of the soil cement adjacent to the pads needs to be
at least 50 psi to provide an adequate subbase for support of the cask transporter, in lieu
of placing and compacting structural fill, but it likely will be at least 250 psi to satisfy the
durability requirements associated with environmental considerations (i.e., freeze/thaw
and wet/dry cycles) within the frost zone (30 in. from the ground surface).

The beneficial effect of this soil cement on the factor of safety against sliding can be
estimated by considering that the passive resistance provided by this soil cement is
available to resist sliding before a sliding failure can occur. In this case, the shear
strength of the clayey soils under the pad may be reduced to the residual strength,
because of the horizontal displacement required to reach the full passive state. Note, the
soil cement is much stiffer than normal soils; therefore, these horizontal displacements
will not be as high as they typically are for soils to reach the full passive state.

The results of the direct shear tests, presented as plots of shear stress vs horizontal
displacement in Attachment 7 of Appendix 2A of the SAR (copies included in Attachment
D), illustrate that the residual strength of these soils is nearly equal to the peak strength.
Looking at the test results for the specimens that were tested at confining stresses
comparable to the loading at the base of the cask storage pads, ov ~2 ksf, at horizontal
displacements of ~0.025" past the peak strength, there is ~1.5% reduction in the shear
strength indicated for Sample U-1C from Boring C-2. Also note that Boring C-2 was drilled
within the pad emplacement area. The results for Sample U-1AA from Boring CTB-S
showed no decrease in shear strength following the peak at ~0.025" horizontal
displacement, and Samples U-3B&C from Boring CTB-6 showed a decrease of ~5%.
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Based of these results, conservatively assume that the strength of the clayey soils beneath
the soil cement layer underlying the pads is reduced by 5% to account for horizontal
straining required to reach the full passive resistance of the soil cement adjacent to the
pad. This results in resisting forces acting on the base of the soil cement layer beneath
each pad of 0.95x 2.1 ksfx 30 ft x 67 ft = 4,010 K.

Assuming the soil cement adjacent to the pad is constructed such that its unconfined
compressive strength is 250 psi, its passive resistance acting on the 2'-4" thickness of soil
cement adjacent to the pad will provide an additional force resisting sliding in the N-S
direction of:

T, =250 x233ftx30ft=2,516K

SC Adjacent to Pad@ N&S -

lbs (121 > . K
in.? ft 1,000 Ibs

Clay Soil Cement
Tns=4,010K + 2,516 K=6,526 K

The resulting FS against sliding in the N-S direction is calculated as:

Tn-s FaEn-s EChp Eghcns
F'S pad to Clayey Soll N-5 w/Passive = 6,026 K + (29.3 K + 643 K + 2,102 K) = 2.35
{(2,774.3 K)

Ignoring the passive resistance provided by the soil cement adjacent to the pads, it is
appropriate to use the peak shear strength of the underlying clayey soils, and the resulting
FS against sliding in the N-S direction is calculated as:

Tns Faens EQhp  Eghcnws

F'S pad to Clayey Soil N-S w/o Passive = 4,221 K = (2.3 K+643 K+ 2,102 K)=1.52
(2,774.3 K)

The resulting FS against sliding in the E-W direction will be even higher, since there is
much greater length available to resist sliding in that direction. It is calculated as:

Ibs

T, =250 —; x[ x2.33ftx67ft =5620K

%t | *10001ms

SC Adjacent to Padg g w in

12 in.T K

Clay Soil Cement
Tew=4,010K + 5,620 K=9,630 K

Tew Faeew EQhp EQhcegw
F'S rad to Clayey sotew = 9,630 K + (65.3 K+ 643 K + 2,212 K) = 3.30
(2,920.3 K)

These values are greater than the minimum value (1.1) required for factor of safety against
sliding, and they ignore the beneficial effects of the 1 to 2-ft thick layer of soil cement
underneath the concrete pad. Therefore, adding the soil cement adjacent to the pads does
enhance the sliding stability of each pad.
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SLIDING RESISTANCE OF ENTIRE N-S COLUMN OF PADS

The resistance to sliding of the entire column (running N-S) of pads exceeds that of each
individual pad because there is more area available to engage more shearing resistance
from the underlying soils than just the area directly beneath the individual pads. The
extra area is provided by the 5-ft long x 30-ft wide plug of soil cement that exists between
each of the pads in the north-south direction. This analysis assumes that the soil cement
east and west of the long column of pads provides no resistance to sliding, conservatively
assuming that the soil cement somehow shears along a vertical plane at the eastern and
western sides of the column of 10 pads running north-south.

Consider a column of 10 pads with 2’-4" of soil cement in between the pads and at least 1’
of soil cement under the pads:

Cask Earthquake Loadsnys= 10x 2,102 K = 21,020 K
Inertial forces due to Pads + Soil Cement:
Weight of Pads = 10x904.5K = O,045K
Weight of Soil Cement = 9x3.33ftx30ftx5ftx0.11 kips/ft3 = 495 K
+10x30ftx67ftx1ftx0.11 kips/ft3 = 2,211 K
Total Weight = 11,751 K

Inertial forces due to Pads + Soil Cement =0.711x 11,751 K=8,355 K

Dynamic active earth pressure acting in the N-S direction on pads + 2 ft (more
conservative than using 1 ft, since it results in higher driving forces) of soil cement
beneath the pads = 81.3 K

Total driving force in N-S direction = 21,020 K + 8,355 K + 81.3 K = 29,456 K

Ignoring Passive Resistance at End of N-S Column of Pads

This analysis conservatively ignores the passive resistance of the soil cement adjacent to
the northern or southern end of the N-S column of pads. The resistance to sliding in the
N-S direction is provided only by the shear strength of the soils underlying the soil cement
layer beneath the pads (i.e., along Line IT in Figure 8}. This case uses the soil cement
beneath the pads as the engineered mechanism to bond the pads to the underlying clayey
soils so that their peak shear strength can be engaged to resist sliding. As shown in
Figure 7 on p. C2 of Attachment 2, the shear strength of the clayey soils under the pads is
2.1 ksf. The effective stresses under the scil cement between the pads is less than that
directly under the pads: therefore, the shear strength available to resist sliding is lower. As
shown in this figure, the shear strength available to resist sliding of the soil cement
between the pads is 1.4 ksf. Using these strengths, the total resisting force is calculated
as follows:




STONE & WEBSTER, INC.

5010.65 CALCULATION SHEET
CALCULATION IDENTIFICATION NUMBER
7.0. OR W.0. NO. DIVISION & GROUP CALCULATION NO. | OPTIONAL TASK CODE PAGE 32
05996.02 G(B) 04-9

Soil cement
Tns=10padsx 30 ft x 67 ft x 2.1 ksf + 9 zones between the pads x 30 ft x 5 ft x 1.4 ksf,

or Tn.s = 42,210K + 1,800 K = 44,100 K

Total driving force in N-S direction = 21,020 K + 8,355 + 81.3 K = 29,456 K, as calculated
above.

The resulting FS against sliding in the N-S direction is calculated as:

Tn-s Driving Forcen.s
FS paaro Clayey Soil N-8 = 44,100 K + 28,456 = 1.50

Ignoring Passive Resistance at End of EW Row of Pads

The resulting FS against sliding in the E-W direction will be even higher, because the scil
cement zone between the pads is much wider (35 ft vs 5 ft) and longer (67 ft vs 30 ft)
between the pads in the E-W direction than those in the N-S direction. The cask driving
forces in the E-W direction are slightly higher than in the N-S direction, 10 pads x 2,212 K
= 22,120 K vs 10 pads x 2,102 K = 21,020 K, resulting in an increased driving force of
22,120 K- 21,020 K = 1,100 K. The resistance to sliding in the E-W direction is increased
much more than this, however. The increased resistance to sliding E-W = 35 ft x 67 ft x
1.4 ksf = 3,283 K / area between pads in the E-W row, compared to 5 ft x 30 ft x 1.4 ksf =
210 K / area between pads in the N-S column. Thus, the factor of safety against sliding of
a row of pads in the E-W is much greater than that shown above for sliding of a column of
pads in the N-S direction.

Including Passive Resistance at End of N-S Column of Pads

In this analysis, the resistance to sliding in the N-S direction includes the full passive
resistance at the far end of the column of pads, which acts on the 2'-4" height of soil
cement along the 30-ft width of the pad in the E-W direction.

Assuming the soil cement adjacent to the pad is constructed such that its unconfined
compressive strength is 250 psi, its full passive resistance acting on the 2'-4" thickness of
soil cement adjacent to the pad will provide a force resisting sliding in the N-S directicn of:

2
Ibs 12m~) K x233ftx30ft=2516K

Tsosecent o rasonas = 2%0 12 X( ff ) " 1.0001bs

The total resistance based on the peak shear strength of the underlying clayey soil is

Soil cement
Tns = 10 pads x 30 ft x 67 ft x 2.1 ksf + 9 zones between the pads x 30 ft x 5 ft x 1.4 ksf, or
Tvs = 42,210K + 1,890 K = 44,100 K
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As discussed above, conservatively assume that the strength of the clayey soils beneath
the soil cement layer underlying the pads is reduced to its residual strength (i.e., by 5%) to
account for horizontal straining required to reach a strain that will result in the full
passive resistance of the soil cement adjacent to the pad.

TN-S Residual Strength = 0.95 x 44,100 K= 41,8905 K

Clay Soil Cement
Tns=41,895 K+ 2,516 K=44,411 K

The resulting FS against sliding in the N-S direction is calculated as:

Tns Driving Forcen.s
FS Pad to Clayey Soil N-S = 44.41 1 K = 29,456 K = 1-51

Including Passive Resistance at End of EW Row of Pads

The resulting FS against sliding in the E-W direction will be even higher, since there is
much greater length available to resist sliding in that direction. The cask driving forces in
the E-W direction are slightly higher than in the N-S direction, 10 pads x 2,212 K = 22,120
K vs 10 pads x 2,102 K = 21,020 K, resulting in an increased driving force of 22,120 K -
21,020 K = 1,100 K. The resistance to sliding in the E-W direction is increased more than
this, including only the difference between the length vs the width of the pad. The soil
cement adjacent to the pad provides (67 ft + 30 ft} x 2,516 K, or 5,619 K of resistance
based on the full passive pressure acting on the length of the pad, which is an increase of
5,619 K - 2,516 K = 3,103 K compared to the resistance provided by the soil cement to
sliding in the N-S direction. This is greater than the increase in driving forces in the E-W
direction; therefore, the factor of safety against sliding will be higher in the E-W direction.
The soil cement zone between the pads also is much wider and longer between the pads in
the E-W direction; therefore, there will be even more resistance to sliding E-W than N-S.

DETERMINE RESIDUAL STRENGTH REQUIRED ALONG BASE OF ENTIRE COLUMN OF PADS IN N-S
DIRECTION, ASSUMING FULL PASSIVE RESISTANCE 1S PROVIDED BY 250 PSI SOIL CEMENT
ADJACENT TO LAsT PAD IN COLUMN

To obtain FS = 1.1, the total resisting force, T, must =
1.1 x [Cask Earthquake Loads + (Wt of Pads + Wt of Soil Cement) x 0.711 + Faens]
=1.1x[21,020K + (11,751 Kx 0.711) + 81.3 K]
Therefore, Trs=1.1 = 32,402 K

In this case, the resisting forces to sliding in the N-S direction include all of the passive
resistance at the far end of the column of pads, which acts on the 2'-4" height of soil
cement along the 30" width of the pad in the E-W direction + the 1' minimum thickness of
soil cement under the pads.
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Assuming the soil cement adjacent to the pad is constructed such that its unconfined
compressive strength is 250 psi, the passive resistance acting on the 2'-4" thickness of soil
cement adjacent to the pad + a minimum of 1’ below the pad will provide a force resisting
sliding in the N-S direction of:

x3.33ftx30ft =3,596 K

. 2
Tsc agacent o ot mas = 290 1131382 x [ 12f:n.) x 1,00% Ibs
Base area, A, of a column of 10 pads is given by
A=10x30ftx67ft + 9x30ftx5ft
A= 20,100 ftiz  + 1,350 ftz = 21,450 ft2
Therefore the minimum shear strength required to provide the resisting force T is given by
Tn.s = T X area (4)
Tu.s =Tpad X 20,100 ft2 + Tsou cement X 1,350 ft2= 32,402 K - 3,596 K = 28,806 K
Tragd = 2.1 KSf & Tsoil cement = 1.4 ksf; thus, Tsou cement = (1.4 + 2.1) X Tpaq = 0.67 X Tpaa
Tn-s = Traa X 20,100 ft2 + 0.67 X Tpaa x 1,350 ft2 = Tpaa X 21,000 ft2
Tpad X 21,000 ft2 = 28,806 K
Tpad = 28,806 K + 21,000 ft2 = 1.37 ksf

The peak shear strength of the clayey soils is 2.1 ksf. Therefore, the maximum reduction
in peak strength permitted to obtain a factor of safety of 1.1 is calculated as:

At = 1.37 + 2.1 =0.65

In other words, the residual strength of the underlying clayey soils must drop below 65%
of the peak shear strength before the factor of safety against sliding in the N-S direction of
an entire column of pads will drop below 1.1.

Repeating this analysis, but ignoring the passive resistance of the soil cement adjacent to
the pads at the northern or southern end of the column of pads,

Tn-s =Tpaa X 20,100 ft2 + Tsoa cemene X 1,350 ft2= 32,402 K

Tpad = 2.1 KSf & Tson cement = 1.4 ksf; thus, Tsoit cement = (1.4 + 2.1) X Tpaa = 0.67 X Tpaa
Tns = Trad X 20,100 ft2 + 0.67 X Tpaa x 1,350 ft2 = Tpag X 21,000 ft2
Tpaa X 21,000 ftz2 = 32,402 K

Tpad = 32,402 K + 21,000 ft2 = 1.54 ksf

The peak shear strength of the underlying clayey soils is 2.1 ksf. Therefore, the maximum
reduction in peak strength permitted to obtain a factor of safety of 1.1 is calculated as:

At = 1.54 = 2.1=0.73.
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In other words, even if the beneficial effects of the soil cement adjacent to the last pad in
the N-S column of pads is ignored, the residual strength only needs to exceed 73% of the
peak strength of the clayey soils to obtain a factor of safety against sliding in the N-S
direction of an entire column of pads that is greater than 1.1.

As discussed above, the direct shear test results indicate that the greatest reduction
between the peak shear strength and the residual shear strength is less than 5% for the
specimens tested at effective stresses of 2 ksf, which are comparable to the final stresses
under the fully loaded pads. The average reduction from peak stress is only ~20% for the
specimens tested at effective vertical stresses of 1 ksf. Therefore, there is ample margin
against sliding of an entire column of pads in the N-S direction.

SLIDING RESISTANCE OF LAST PAD IN COLUMN OF PADS ("EDGE EFFECTS")

Since the resistance to sliding of the cask storage pads is provided by the strength of the
bond at the interface between the concrete pad and the underlying soil cement and by the
bond between the soil cement under the pad and the in situ clayey soils, the sliding
stability of the pads at the end of each column or row of pads are no different than that of
the other pads. Therefore, the pads along the perimeter of the pad emplacement area also
have an adequate factor of safety against sliding.

WIDTH OF SOIL CEMENT ADJACENT TO LAST PAD TO PROVIDE FULL PASSIVE RESISTANCE

As discussed above, the resisting force provided by the full passive resistance of the soil
cement with an unconfined compressive strength of 250 psi acting on the last pad in the
column of pads + a 1-ft thick layer of soil cement under the pad is:

TSCAdjacenttoPad@N&s = 250 " 2 ft X ],OOO lbs X3-33ftx30 ft =3,596K

Ibs [ 12 m.)z K
X

in.

The base area required to provide this shear resistance = 30 ft x Lys x 1.4 ksf, where 1.4

ksf is the shear strength of the underlying clayey soil for the effective vertical stress (~0.4

ksf) at the base of the soil cement layer beyond the end of the column of pads — See p C2.
Lns = 3,596 K + {30 ft x 1.4 ksf) = 85.62 ft.

Less than half of this amount is actually required due to 3D effects, similar to analysis of
laterally loaded piles. Further, as shown above, the factor of safety against sliding of these
pads exceeds the minimuin allowable value without taking credit for the passive resistance
provided by the soil cement adjacent to the pads. Therefore, this soil cement is not
required for resisting sliding. However, the soil cement will be constructed adjacent to the
pads, and it will extend further than this from the pads at the perimeter of the pad
emplacement area. This soil cement will enhance the factor of safety against sliding,
providing defense in depth against sliding of these pads due to the design ground motion.
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The design basis for the sliding stability of the cask storage pads relies on:

1. the assumption that sufficient "bonding” can be achieved at the interfaces between (a}
the concrete comprising the pad and the soil cement beneath the pads, (b) soil cement
lifts, and (c) soil cement and the underlying clayey soils such that the shear strength
at these interfaces will be at least as high as the undrained strength measured in
direct shear tests performed on samples of the underlying soils, and

2. the commitment to perform testing in the laboratory during the soil cement design
phase to demonstrate that this "bonding” can be achieved, as well as during
construction to demonstrate that this "bonding” has been achieved.

Laboratory testing to demonstrate the wvalidity of this assumption are expected to be
performed in the second half of 2001. Prior to completion of these tests, it is recognized
that the resistance along the base of the pads + soil cement beneath the pads will be at
least equal to the frictional resistance of the underlying soils, ignoring any contribution
from the cohesive portion of the strength of these soils. Therefore, the purpose of this
analysis is to demonstrate that even if the cohesion of the underlying soils is ignored along
the interface between the soil cement and those soils, the resulting displacements of the
pads would be minimal, and since there are no safety-related connections to these pads or
casks, such displacements would have no safety consequence. ’

This hypothetical case assumes resistance to sliding is comprised of only frictional
resistance along base of pads and soil cement + passive resistance, using obviously
conservative values of the friction angle for the underlying soils. Although the resulting
factor of safety is less than 1.1, the resulting maximum horizontal displacements, if they
were to occur due to the earthquake, would be of no safety consequence to the pads or the
casks.

Considering a single pad, assume that the shear strength available on the base of the pad
to resist sliding is limited to that provided by friction alone. For this case, conservatively
assume that friction is based on Table 1 of DM-7 (p. 7.2-63, NAVFAC, 1986), "Ultimate
Friction Factors and Adhesion for Dissimilar Materials." This table indicates that an
obviously conservative value of the friction angle for these clayey soils is 17 degrees. This
is the lowest friction angle reported for the interface between mass concrete on any of the
materials, and it applies for mass concrete on either "Fine sandy silt, nonplastic silt" or
"Medium stiff and stiff clay and silty clay.” Without including the cohesion, the resulting
shear strength available to resist sliding of the pad is calculated as Ntan ¢. N = 1,146 K,
as shown on p. 21:
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Wc Wp EQvc EQvp
N=2852K+9045K+(-1,982 K} +{-629K) = 1,146 K

N 1] c B L
T=1,146 Kxtan 17°+ 0 ksf x 30 ft x 67 ft = 350.4 K

The driving force, V, is defined as: V = Fag + EQhp + EQhc

The factor of safety against sliding is calculated as follows:

T Fagns EQhp EQhc »
FS=3504K+(29.3 K+ 643 K + 696 K) = 0.26
(1.368.3 K}

This analysis assumes that the maximum forces due to the earthquake act in both the
north-south and vertical directions at the same time, which is not the case, and, thus, is
overly conservative. Combining the effects of the earthquake components in accordance
with ASCE 4-86, 100% of the vertical forces are assumed to act at the same time that 40%
of the maximum forces act in the other two orthogonal directions. This results in the
following, for a single pad:

Case IIIA: 40% N-S, -100% Vertical, 40% E-W (Earthquake Forces Act Upward)

Wc Wp EQvc EQvp
N=2852K+9045K+(-1.982 K} + (-629K) = 1,146 K

N o] c B L
T=1,146 Kxtan 17°+ 0 ksf x 30 ft x 67 ft = 350.4 K

The driving force, V, is defined as V = Fae + EQhp + Eghc, and using 40% in the north-
south direction for this case (Case IIIA), the factor of safety against sliding is calculated as
follows:

T 40% of [Fagn-s EQhp Eghcl
FS=3504K+[0.4x(29.3 K+ 643 K) + 696 K] = 0.36
(964.9 K)

In this case, note that Eghcy.s = the minimum of 0.4 X Egne maxn-s and 0.8 x Neasks.
EgQne maxn-s = 2,101 K, as shown in the table on p. 20; thus, 40% of it = 841K.

0.8 x Ncasks = 696 K, as shown in the table on p. 20; therefore, Eqghcn.s equals 696 K. This
is the maximum horizontal force that can be transmitted from the casks to the top of the
pad due to friction.
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To ensure the pad does not slide, the factor of safety should be greater than 1.1.
Therefore, the resistance to sliding must be increased by 1.1 x 965 K- 350 K, or 615 K.

The soil cement adjacent to the pad is 2-4" deep and 30' wide. The resisting force
provided by the soil cement adjacent to the pad is calculated as the unconfined
compressive strength, qu. of the soil cement, multiplied by the area of the end of the pad,
which equals 2.33" x 30'. Therefore,

2
q, = —B15K S S 1,0001bs _ o) o

— = 88--—x X
2.33ftx30ft ft2 (12 in.)? K

As indicated above, in the section titled " Soil Cement Above the Base of the Pads":

"The unconfined compressive strength of the soil cement adjacent to the pads needs
to be at least 50 psi to provide an adequate subbase for support of the cask
transporter, in lieu of placing and compacting structural fiil, but it likely will be at
least 250 psi to satisfy the durability requirements assoctated with environmental
considerations (ie., freeze/thaw and wet/dry cycles} within the frost zone (30 in.
from the ground surface}.”

Therefore, the resistance required to prevent an individual pad from sliding can readily be
provided by passive resistance from the soil cement adjacent to the pad, if the soil
cement can be demonstrated to stay in place to provide that resistance. Sliding of the
soil cement is resisted by the shear strength along the base of the soil cement layer and
the passive resistance of the in situ soils at the edge of the soil cement away from the pad,
where the soil cement bears against the existing soils. The shear resistance available at
the bottom of the soil cement is insignificant if we include only the frictional portion of the
strength of the underlying clayey soils, ignoring the cohesive portion of the strength.

The following hypothetical analysis demonstrates that, even without imposing the
horizontal loads from the pads, the frictional resistance along the base of the soil cement
layer is not sufficient to preclude sliding of the soil cement block itself due to the
earthquake loads.

The soil cement layer will be approximately 5-ft thick over most of the pad emplacement
area; therefore, consider the sliding stability of a block of soil cement adjacent to the pads
that is 5-ft thick. For Case IIIA, where 100% of the vertical earthquake forces act upward,
tending to unload the soil cement, the normal stress at the base of the soil cement is very
small. Preliminary results of the moisture-density tests that have been performed to-date
on the soil-cement specimens indicate that 110 pcf is a reasonable unit weight to use for
the soil cement adjacent to the pads. Without the earthquake loading, the normal stress at
the base of the 5-ft deep soil cement layer is 5 x 0.110 kcf = 0.55 ksf. Subtracting the
uplift forces, the normal stress is reduced to (1 - 0.695) x 0.55 ksf = 0.168 ksf. The shear
resistance available due to friction at the base of the soil cement overlying the clayey soils

is calculated as N tan ¢, or 0.168 ksf x tan 17° = 0.051 ksf.
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Assume there are no external forces acting on this block of soil cement, other than the
horizontal and vertical dynamic forces due to the earthquake. In reality, there will be large
horizontal forces imposed on the soil cement block from the pad, but these are ignored in
this example to demonstrate the point that the soil cement cannot preclude sliding of the
soil cement block itself during the earthquake based only on the frictional resistance
along its base.

In this hypothetical case, the driving forces are due to the horizontal inertia of the soil-
cement block. The maximum horizontal driving force is calculated as the mass of the
block x the peak horizontal acceleration, 0.711¢g, which equals 0.711g x 5 x 0.110 kcf/g x
the width and length of the block of scil cement. The resulting horizontal shear stress at
the base of the block = 0.39 ksf. In this case (Case IIlA) only 40% of this value is
considered to act horizontally at the same time as the full uplift force, resulting in a
maximum horizontal shear stress due to the driving force of 0.4 x 0.39 ksf = 0.156 ksf.

The factor of safety against sliding is calculated as the resisting forces + the driving forces,
or, since the area of the base of the block is the same for resisting and driving forces,

Shear Strength Due to Friction _ 0.051ksf _
Shear Stress Due to Horiz Inertia  0.156 ksf

FSqoi -cement pocCase A = 0.33
Similar results apply for Loading Case IIIC, where 100% of the earthquake forces are
assumed to act in the north-south direction when 40% act in the other two orthogonal
directions; e.g.,

(1-0.4x0.695)x5ft x0.11kef xtan17"  0.121 ksf _

= =(0.31
100%x0.711x5 ft x0.11 kef 0.391 ksf

FSSOH-cament B]ockCase TIIC =

Thus, the soil cement cannot provide adequate resistance based solely on the friction
acting along its base to preclude sliding of the pad. As a matter of fact, the soil cement
cannot even resist sliding of itself during the earthquake if only the frictional portion of
the strength is assumed to be available along its base. Even using an unreasonably
high value of the friction angle in this calculation, say 40° the factor of safety against
sliding of the soil-cement block is still not adequate to preclude sliding of the block due to
only the inertia forces of the block itself; e.g.,

FS Case [[IA _ (1-0.695)x5 ft x0.11 kef x tan 40° - 0.141ksf _
Soll-cementBlock & /¢ = 40° 40%x0.711x5 ft x0.11 kcf 0.156 ksf

0.90

Therefore, the effects of the frictional resistance acting on the base of the soil-cement block
are ignored in the following hypothetical analysis of the factor of safety against sliding of a
single pad.

The passive resistance at the edge of the soil cement, where it bears against the existing
soil, is included, however. The soil cement layer is 5-ft deep at the edge away from the end
of the pad. The passive resistance of the soils at this edge is calculated as follows. In this
case, assumne the strength of the soil is based on the triaxial test results presented in
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Attachment 8 of Appendix 2A of the SAR. A copy of the summary plot of these test results
is included in Attachment E of this calculation, and it indicates ¢ = 1.4 ksfand ¢ = 21.3°.

Equation 23.7 of Lambe and Whitman (1969) indicates that the passive resisting force, Pp,
is calculated as:

Pp:%ybeszo+2cxHx,IN¢,

l+sin¢ 1+sin21.3°

where N, = = =
® " 1-sin¢ 1-sin21.3°

2.14 Eq 23.2 Lambe & Whitman (1969)
and H=5ft

. P, =—;-o.080 kef x (5 ft)® x2.14 +2x1.4 ksf x5 ft x+/2.14 =20.91 K/LF

For the 30 ft width of the pad, full passive resistance of the in situ soils =
30 ft x20.81 K/LF =627.3 K.

Thus, for a single pad, the factor of safety against sliding based on friction acting on the
base of the pad and the full passive resistance of the existing soils is calculated as follows:

T Pp 40% of [Faens EQhp Eqghc]
FS=(3504K+627.3K)+[0.4x(29.3 K+ 643 K) +696 K] =1.01
(977.7 K) (964.9 K)

This is less than 1.1, the minimum acceptable factor of safety to preclude sliding of the
pads. Therefore, a single pad is not stable for the loads associated with Case IIA,
assuming that resistance to sliding is provided only by friction acting on the base
of the pads and the full passive resistance of the site soils.
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Check Sliding of an Entire Row of Pads in the North-South Direction for the
Hypothetical Case Where Resistance Along the Base Is Due Solely to Frictional
Resistance

Note, the length of the pads, 67 ft in the north-south direction, is more than twice the
width, 30 ft in the east-west direction; therefore, the resistance to sliding is greater in the
east-west direction when passive resistance is considered. Thus, these analyses are
performed for sliding in the north-south direction.

Considering one north-south row of pads, assume that the shear strength available on the
base of the pads to resist sliding is limited to that provided by friction alone. As discussed
above, the resulting shear strength available to resist sliding of each pad is calculated as N
tan ¢. N = 1,146 K, calculated as follows:

Wc Wp EQvc EQvp
N=2,852K+904.5K+(-1,982 K) + (-629 K) = 1,146 K

N [4) c B L
T=1146 Kxtan 17°+ 0 ksfx 30 ft x 67 ft = 350.4 K

Therefore, the total resistance due to friction acting on the base of 20 pads in the row is 20
x 350.4 K = 7,008 K. Note, ¢ is assumed to be 17°, an obviously conservative value based
on Table 1 on p. 7.2-63 of DM-7 (NAVFAC, 1986), as discussed above.

The passive resistance of the soils at the edge of the 5-ft deep layer of scil cement away
from the end of the pad is available to resist sliding of the entire row of pads. It is
calculated, as shown above, and it equals 20.91 K/LF of width of the 5-ft deep soil cement
layer surrounding the pad emplacement area. For a strip 30-ft wide at either the northern
or southern end of the row of pads, this provides an additional resistance to sliding of
627.3 K. It is reasonable to expect that, due to 3D effects, the soil cement will distribute
the horizontal loads from the row of pads over more than just the 30-ft width of the pad.
This passive resistance would be limited, however, to the width of the pad, 30 ft, + the
width of the aisle between the rows of pads north-south, 35 ft. Thus, the maximum
credible contribution of the passive resistance of the existing soils at the edge of the soil-
cement layer north or south of the entire row of pads is 20.91 K/LF x (30’ + 35’), which
equals 1,359 K.

As shown above, the shear strength available due to friction along the base of the soil
cement between the pads and at the end of the row of pads (0.051 ksf) is not sufficient to
resist the inertial forces of the soil cement (0.156 ksf) and, thus, is ignored in this analysis.
It is recognized that the forces due to the difference between this frictional shear strength
along the base of the soil cement and the horizontal shear stresses due to the inertial
forces should be accounted for in the analysis of sliding, but it is ignored in this example
to demonstrate the point that the soil cement cannot preclude sliding of the entire row of
pads if the resistance along the base of the soil cement is limited to only the frictional
component.
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Therefore, the total resisting force available for the entire row of 20 pads due to only
friction along the base of the row + passive resistance of the existing soils at the edge of
the soil cement = 7,008 K + 627.3 K = 7.635.3 K. If 3D effects are included to distribute
the horizontal loads beyond the 30-ft width of the pad, the maximum credible resisting
force is 7,008 K + 1,359 K = 8,367 K.

The driving force, V, is defined as V = Fac + EQhp + EQhc. For the entire row of 20 pads,
the maximum horizontal driving force is calculated as:

Fagn-s EQhp EQhc
V=29.3K + 20 pads x [643 K + 696 K] = 26,809 K.

For Case IIIA, 40% of the horizontal driving force is assumed to act in the north-south
direction at the same time as 100% of the uplift force due to the earthquake. Thus, the
driving force for Case IIIAu.s is:
Fagn-s EQhp EQhc
Vian-s = 0.4 x (29.3 K + 20 pads x 643 K} + 20 pads x 696 K = 19,076 K.

And the factor of safety against sliding of the entire row for Case IIIA is calculated as
follows:

T 40% of Fae n.s+ EQhp+ EQhc
FS =7,635.3 K=+ 19,076 K = 0.40

or, for the maximum credible passive resistance, relying on distributionn of the horizontal
loads through the soil cement in to the soils due to 3D effects, the factor of safety against
sliding is calculated as follows:

T 40% of Faen-s+ EQhp+ EQhc
F$S=8367K + 19,076 K= 0.44

These values are less than 1.1; therefore, assuming the resistance to sliding is provided
only by frictional resistance along the base of the row of pads and soil cement + passive
resistance available at the edge of the soil cement, the pads might slide due to the design
earthquake. As indicated in Section 4.4.2 of the Storage Facility Design Criteria (Stone &
Webster, 2000},

"Where the factor of safety against sliding is less than 1 due to the design basis
ground motion, the displacements the structure may experience are calculated using
the method proposed by Newmark (1965} for estimating displacements of dams and
embanicments during earthquakes. The magnitude of these displacements are
evaluated to assess the impact on the performance of the structure.”

The following analyses estimate the horizontal displacement of the pads, assuming they
are supported directly on frictional soils with ¢ = 17°. These analyses are based on the
method proposed by Newmark (1965) to estimate the displacement of the pads, which is
described in the section titled " Evaluation of Sliding on Deep Slip Surface Beneath Pads.”
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Load Case IIIA: 40% N-S direction, -100% Vertical direction, 40% E-W direction.
20 Pads in N-S Row
Static Vertical Force, Fy = W = Weight of casks, pads, and soil cement in the row

Pads + Casks = 20 x [904.5 K + 2,852 K] = 75,130 K
Soil cement adjacent to pads is 30 ft wide and 3 ft deep =

30 ft width x 3 ft deep x [9 i?:: x5 ft le;qag;h x 2 areas + 90 ft between areasj]x 0.110 kef =1,782 K

Soil cement 2 ft deep beneath the pads, which are 30 ft wide =
ft +9 gaps %5 ft length
pad area gap

30ftx2ftx [20 pads x 67 x 2 areas + 90 ft between areas]

x0.100 kef = 9,120 K

= Fv=75130K +1,728K+9,120K = 86,032 K

Earthquake Vertical Force, Fveqe = av x W/g = 0.695¢g x 86,032 K/g = 59,792 K
o= 17°

For Case IIIA, 100% of vertical earthquake force is applied upward and, thus, must be
subtracted to obtain the normal force; thus, Newmark's maximum resistance coefficient is

F Fveg ) Pp w
N= [{86,032 - 59,792} tan 17° + 627.3 X] / 86,032 = 0.101

Acceleration in N-S direction, A = 0.284g

Velocity in N-S direction, V = 13.7 in./sec
= N/A=0.101/0.284 =0.354

The maximum displacement of the pad relative to the ground, um. calculated based on
Newmark (1965) is

um = [V2 (1 - N/A)] / (2gN)

where g is in units of inches/sec2.

2
o ou = (13.7 in./sec) -(12 0.354) _1.55"
2-386.4in./sec”-0.101
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The above expression for the relative displacement is an upper bound for all the data
points for N /A less than 0.15 and greater than 0.5, as shown in Figure 5. For N/A values
between 0.15 and 0.5 the data in Figure 5 is bounded by the expression

Un = [V2]/ (2gN)

s 2
(13.7 in./sec) )=2.4o

= u_=
™ 1 2.386.4in./sec2-0.101

In this case, N /A is = 0.354. As shown in Figure 5, at this value of N/A, the data points
for actual earthquake records are between the two curves, and the maximum displacement
is closer to the average of these two curves. Therefore, use the average of the maximum
displacements calculated above, or the maximum displacement is 1.98 inches.

Load Case OIB: 40% N-S direction, -40% Vertical direction, 100% E-W direction.

Since the pads are longer in the north-south direction than in the east-west direction, the
passive resistance available to resist sliding in the east-west direction will be greater than
that resisting sliding in the north-south direction. Thus, sliding in the north-south
direction is more critical than sliding east-west. See Load Case IIIC for estimate of
displacement in the north-south direction.

Load Case IIC: 100% N-S direction, -40% Vertical direction, 40% E-W direction.
Static Vertical Force, Fv = W = 86,032 K
Earthquake Vertical Force, Fyeq = 59,792 K x 0.40 = 23,917 K

o= 17°

Fv FvEqx ] Pp w
N= [(86,032 - 23,917)tan 17° + 627.3 K] / 86,032 = 0.228

Acceleration in N-S direction, A =0.711g

Velocity in N-S direction, V= 34.1 in./sec
= N/A=0228/70711=0.321

The maximum displacement of the pad relative to the ground, um, calculated based on
Newmark (1965) is

un = [V2(1-N/A)l/ (2gN)

- u = (34.1in./secf - (1 -0.321)
™ | 2.386.4in./sec?-0.228

] _aag
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SLIDING STABILITY OF THE PADS ASSUMING RESISTANCE IS BASED ON ONLY FRICTIONAL RESISTANCE ALONG BASE PLUS PASSIVE RESISTANCE

The above expression for the relative displacement is an upper bound for all the data
points for N /A less than 0.15 and greater than 0.5, as shown in Figure 5. For N/A values
between 0.15 and 0.5 the data in Figure 5 is bounded by the expression

um = [V2]/ (2gN)

. 2
o ou - (34..1m./se§) - 6.60"
2-386.4in. /sec”-0.228

In this case, N /A is = 0.321. As shown in Figure 5, at this value of N/A, the data points
for actual earthquake records are between the two curves; the data points for actual
earthquake records are between the two curves, and the maximum displacement is closer
to the upper curve. Therefore, the maximum displacement is ~6 inches.

SUMMARY OF HORIZONTAL DISPLACEMENTS CALCULATED BASED ON NEWMARK'S METHOD
FOR ASSUMPTION THAT CASK STORAGE PADS ARE FOUNDED DIRECTLY ON COHESIONLESS
SOILS WITH ¢ = 17° AND PASSIVE PRESSURE DUE TO SITE SOILS ACTS ON 5-FT THICK LAYER
OF SOIL CEMENT AT END OF ROW OF 20 PADS

LOAD COMBINATION DISPLACEMENT
Case IIA 40% N-S | -100% Vert | 40% E-W ~2 inches
Case IIIB 40% N-S | -40% Vert | 100% E-W < Case IIIC
CasemIC | 100% N-S | -40% Vert | 40% E-W ~6 inches

Assuming the cask storage pads are founded directly on a layer of cohesionless soils with ¢
= 17°, the estimated relative displacement of the pads due to the design basis ground
motion based on Newmark's method of estimating displacements of embankments and
dams due to earthquakes ranges from ~2 inches to ~6 inches. There are several
conservative assumptions that were made in determining these values for this hypothetical
case, and, therefore, the estimated displacements represent upper-bound values. Even if
the maximum horizontal displacement were to occur from an earthquake, there would be
no safety consequence to the pads or the casks, since the pads and casks do not rely on
any external “Important to Safety” connections.
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EVALUATION OF SLIDING ON DEEP SLIP SURFACE BENEATH PADS

Adequate factors of safety against sliding due to maximum forces from the design basis
ground motion have been obtained for the storage pads founded directly on the silty
clay/clayey silt layer, conservatively ignoring the presence of the soil cement that will
surround the pads. The shearing resistance is provided by the undrained shear strength
of the silty clay/clayey silt layer, which is not affected by upward earthquake loads. As
shown in SAR Figures 2.6-5, Pad Emplacement Area - Foundation Profiles, a layer,
composed in part of sandy silt, underlies the clayey layer at a depth of about 10 ft below
the cask storage pads. Sandy silts oftentimes are cohesionless; therefore, to be
conservative, this portion of the sliding stability analysis assumes that the soils in this
layer are cohesionless, ignoring the effects of cementation that were observed on many of
the split-spoon and thin-walled tube samples obtained in the drilling programs.

The shearing resistance of cohesionless soils is directly related to the normal stress.
Earthquake motions resulting in upward forces reduce the normal stress and,
consequently, the shearing resistance, for purely cohesionless {frictional) soils. Factors of
safety against sliding in such soils are low if the maximum components of the design basis
ground motion are combined. The effects of such motions are evaluated by estimating the
displacements the structure will undergo when the factor of safety against sliding is less
than 1 to demonstrate that the displacements are sufficiently small that, should they
occur, they will not adversely impact the performance of the pads.

The method proposed by Newmark (1965) is used to estimate the displacement of the
pads, assuming they are founded directly on a layer of cohesionless soils. This
simplification produces an upper-bound estimate of the displacement that the pads might
see if a cohesionless layer was continuous beneath the pads. For motion to occur on a slip
surface along the top of a cohesionless layer at a depth of 10 ft below the pads, the slip
surface would have to pass through the overlying clayey layer, which, as shown above, is
strong enough to resist sliding due to the earthquake forces. In this analysis, a friction
angle of 30° is used to define the strength of the soils to conservatively model a loose
cohesionless layer. The soils in the layer in question have a much higher friction angle,
generally greater than 35° as indicated in the plots of "Phi” interpreted from the cone
penetration testing, which are presented in Appendix D of ConeTec (1999).

ESTIMATION OF HORIZONTAL DISPLACEMENT USING NEWMARK’S METHOD

N-W T Fueqw
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EVALUATION OF SLIDING ON DEEP SLIP SURFACE BENEATH PADS

Newmark (1965) defines "N-W" as the steady force applied at the center of gravity of the
sliding mass in the direction which the force can have its lowest value to just overcome the
stabilizing forces and keep the mass moving. Note, Newmark defines "N" as the "Maximum
Resistance Coefficient," and it is an acceleration coefficient in this case, not the normal
force.

For a block sliding on a horizontal surface, NW =T,
where T is the shearing resistance of the block on the sliding surface.
Shearing resistance, T= tArea
where T= Optan ¢

on= Normal Stress

¢= Friction angle of cohesionless layer

On= Net Vertical Force/Area

= (Fv - Fveqd/Area
T= (Fv~- Fveqd tan ¢

= N = [(Fv_FvKk)tan¢]/W

The maximum relative displacement of the pad relative to the ground, um , is calculated as
U, = [V2 (1 - N/A)] / (2gN)

The above expression for the relative displacement is an upper bound for all of the data
points for N/A less than 0.15 and greater than 0.5, as shown in Figure 5, which is a copy
of Figure 41 of Newmark (1965). Within the range of 0.5 to 0.15, the following expression
gives an upper bound of the maximum relative displacement for all data.

Un = V2 /(2gN)

MaxiMmuMm GROUND MOTIONS

The maximum ground accelerations used to estimate displacements of the cask storage
pads were those due to the PSHA 2,000-yr return period earthquake; i.e., ay = 0.711g and
av = 0.695¢. The maximum horizontal ground velocities required as input in Newmark's
method of analysis of displacements due to earthquakes were estimated for the cask
storage pads assuming that the ratio of the maximum ground velocity to the maximum
ground acceleration equaled 48 (i.e., 48 in./sec per g). Thus, the estimated maximum
velocities applicable for the Newmark's analysis of displacements of the cask storage pads
=0.711 x 48 = 34.1 in./sec. Since the peak ground accelerations are the same in both
horizontal directicns, the velocities are the same as well.
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Loap CASES

The resistance to sliding on cohesionless materials is lowest when the dynamic forces due
to the design basis ground motion act in the upward direction, which reduces the normal
forces and, hence, the shearing resistance, at the base of the foundations. Thus, the
following analyses are performed for Load Cases lIIA, IIIB, and IIIC, in which the pads are
unloaded due to uplift from the earthquake forces.

Case IIIA 40% N-S direction,-100% Vertical direction, 40% E-W direction.
Case IIB  40% N-S direction, -40% Vertical direction,100% E-W direction.
Case IIIC 100% N-S direction, -40% Vertical direction, 40% E-W direction.

GROUND MOTIONS FOR ANALYSIS

North-South Vertical East-West
Load Case Accel Velocity Accel Accel Velocity
g in./sec g g in./sec
IIIA 0.284¢g 13.7 0.695g 0.284¢g 13.7
HIB 0.284g 13.7 0.278g 0.711g 34.1
1IC 0.711g 34.1 0.278g 0.284g 13.7
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EVALUATION OF SLIDING ON DEEP SLIP SURFACE BENEATH PADS

Load Case IIIA: 40% N-S direction, -100% Vertical direction, 40% E-W direction.
- Static Vertical Force, F, = W = Weight of casks and pad = 2,852 K + 904.5 K= 3,757 K
Earthquake Vertical Force, Fveqe = av x W/g = 0.695¢ x 3,757 K/g = 2,611 K
p= 30°

For Case IIIA, 100% of vertical earthquake force is applied upward and, thus, must be
subtracted to obtain the normal force; thus, Newmark's maximum resistance coefficient is

Fy Fy Eqk ¢ w
N= [(3,757 -2,611) tan 30°] / 3,757 = 0.176

40% N-S  40% E-W
Resultant acceleration in horizontal direction, A =4/(0.284 +0.284%) = 0.402¢g

40% N-S 40% E-W
Resultant velocity in horizontal direction, V = /(13.7% +13.7%) = 19.4 in./sec

= N/A=0.176/0.402 = 0.438

The maximum displacement of the pad relative to the ground, um. calculated based on
Newmark (1965]) is

um = [V2 (1 - N/A)] / (2gN)
where g is in units of inches/sec2.

2
o u = (19.4 in./sec)® - (1 -~ 0.438) - 1.56"
m 2.386.4in. /sec?.0.176

The above expression for the relative displacement is an upper bound for all the data
points for N /A less than 0.15 and greater than 0.5, as shown in Figure 5. For N/A values
between 0.15 and 0.5 the data in Figure 5 is bounded by the expression

Um = [v2]/ (2gN)

. . 2
_— =( (19.4 in./sec) )22.77"

2-386.4in./sec? 0.176

In this case, N /A is = 0.438; therefore, use the average of the maximum displacements;
ie., 0.5 (1.56 + 2.77) = 2.2” . Thus the maximum displacement is ~2.2 inches.
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EVALUATION OF SLIDING ON DEEP SLIP SURFACE BENEATH PADS

Load Case OIB: 40% N-S direction, -40% Vertical direction, 100% E-W direction.
Static Vertical Force, Fy =W = 3,757 K
Earthquake Vertical Force, Fugqo = 2,611 Kx 0.40 = 1,044 K
o= 30°
F.  Fyeg s W
N= [(3,757 - 1,044) tan 30°] / 3,757 = 0.417

40% N-S  100% E-W
Resultant acceleration in horizontal direction, A = J(O.2842 +0.711%) g = 0.766¢g

40% N-S  100% E-W
Resultant velocity in horizontal direction, V = /(13.7% +34.1%) = 36.7 in./sec

= N/A=0417 /0.766 = 0.544

The maximum displacement of the pad relative to the ground, um, calculated based on
Newmark (1965]) is

un = [V2(1-N/A)l/(2gN)

o - (36.7m./sec)’-(12—o.544) —1.91
e 2.386.4in. /sec*- 0.417

The above expression for the relative displacement is an upper bound for all the data
points for N /A less than 0.15 and greater than 0.5, as shown in Figure 5. In this case,
N /A is > 0.5; therefore, this equation is applicable for calculating the maximum relative
displacement. Thus the maximum displacement is ~1.9 inches.

Load Case IIC:  100% N-S direction, -40% Vertical direction, 40% E-W direction.

Since the horizontal accelerations and velocities are the same in the crthogonal directions,
the result for Case IIIC is the same as those for Case IIB.

SUMMARY OF HORIZONTAL DISPLACEMENTS CALCULATED BASED ON NEWMARK'S METHOD
FOR ASSUMPTION THEHAT CASK STORAGE PADS ARE FOUNDED DIRECTLY ON COHESIONLESS
SOILS WITH ¢ = 30° AND NO SoiL CEMENT

LOAD COMBINATION DISPLACEMENT
Case IIIA 40% N-S | -100% Vert 40% E-W 2.9 inches
Case IIIB 40% N-S -40% Vert 100% E-W 1.9 inches
Case HIC 100% N-S -40% Vert 40% E-W 1.9 inches
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EVALUATION OF SLIDING ON DEEP SLiP SURFACE BENEATH PADS

Assuming the cask storage pads are founded directly on a layer of cohesionless soils with ¢
= 30° the estimated relative displacement of the pads due to the design basis ground
motion based on Newmark's method of estimating displacements of embankments and
dams due to earthquakes ranges from ~1.9 inches to 2.2 inches. Because there are no
connections between the pads or between the pads and other structures, displacements of
this magnitude, were they to occur, would not adversely impact the performance of the
cask storage pads. There are several conservative assumptions that were made in
determining these values and, therefore, the estimated displacements represent upper-
bound values.

The soils in the layer that are assumed to be cohesionless, the one ~10 ft below the pads
that is labeled "Clayey Silt/Silt & Some Sandy Silt" in the foundation profiles in the pad
emplacement area {SAR Figures 2.6-5, Sheets 1 through 14), are clayey silts and silts, with
some sandy silt. To be conservative in this analysis, these soils are assumed to have a
friction angle of 30°. However, the results of the cone penetration testing (ConeTec, 1999)
indicate that these soils have ¢ values that generally exceed 35 to 40° as shown in
Appendices D & F of ConeTec (1899). These high friction angles likely are the
manifestation of cementation that was observed in many of the specimens obtained in
split-barrel sampling and in the undisturbed tubes that were obtained for testing in the
laboratory. Possible cementation of these soils is also ignored in this analysis, adding to
the conservatism.

In addition, this analysis postulates that cohesionless soils exist directly at the base of the
pads. In reality, the surface of these soils is 10 ft or more below the pads, and it is not
likely to be continuous, as the soils in this layer are intermixed. For the pads to slide, a
surface of sliding must be established between the horizontal surface of the "cohesionless"
layer at a depth of at least 10 ft below the pads, through the overlying clayey layer, and
daylighting at grade. As shown in the analysis preceding this section, the overlying clayey
layer is strong enough to resist sliding due to the earthquake forces. The contribution of
the shear strength of the soils along this failure plane rising from the horizontal surface of
the "cohesionless” layer at a depth of at least 10 ft to the resistance to sliding is ignored in
the simplified model used to estimate the relative displacement, further adding to the
conservatism.

These analyses also conservatively ignore the presence of the soil cement under and
adjacent to the cask storage pads. As shown above, this soil cement can easily be
designed to provide all of the sliding resistance necessary to provide an adequate factor of
safety, considering only the passive resistance acting on the sides of the pads, without
relying on friction or cohesion along the base of the pads. Adding friction and cohesion
along the base of the pads will increase the factor of safety against sliding.
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ALLOWABLE BEARING CAPACITY OF THE CASK STORAGE PADS

The bearing capacity for shallow foundations is determined using the general bearing
capacity equation and associated factors, as referenced in Winterkorn and Fang (1975).
The general bearing capacity equation is a modification of Terzaghi's bearing capacity
equation, which was developed for strip footings and indicates that qu« = cN. + q@'N; +
Y2y B-N,. The ultimate bearing capacity of soil consists of three components: 1) cohesion,
2) surcharge, and 3) friction, which are represented by the bearing capacity factors N, Ny,
and N,. Terzaghi’s bearing capacity equation has been enhanced by various investigators
to incorperate shape, depth, and load inclination factors for different foundation
geometries and loads as follows:

Gut=CNeScde e+ Ny Sqdgig+ Y2y BN, 5, d, i,

where

qu = ultimate bearing capacity

¢ = cohesion or undrained strength

g = effective surcharge at bottom of foundation, = yD;

¥= unit weight of soil

B = foundation width

Se, Sq, S, = shape factors, which are a function of foundation width to length
d., dq, d, = depth factors, which account for embedment effects

i, fp i, = load inclination factors

N., N,, N, = bearing capacity factors, which are a function of ¢.

¥ in the third term is the unit weight of soil below the foundation, whereas the
unit weight of the soil above the bottom of the footing is used in determining g in
the second term.

BEARING CAPACITY FACTORS

Bearing capacity factors are computed based on relationships proposed by Vesic (1973),
which are presented in Chapter 3 of Winterkorn and Fang (1975). The shape, depth and
load inclination factors are calculated as follows:

N, = e"‘a"°tan2{45+§]
Nc = (N¢—1) cot¢, but=5.14 for ¢ = 0.

N,=2 (N.+1) tan¢
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ALLOWABLE BEARING CAPACITY OF THE CASK STORAGE PADS

SHAPE FACTORS (FOR L>B)

&:14.2..1&1.
L Ne
B
=1+—tan
Sq 3 o
SY=1—-0.4:E
L

DEPTH FACTORS (FOR % <1)

L -dd} D
de=dq-———for¢$>0 and de=1+0.4| =L | for $=0.
1 Netano ¢ B ¢
: 2 {Dx
dq =1+2tan¢-(1-sin ¢) (—g]
d=1
INCLINATION FACTORS
F m
iq= I- I:!
F,+BL'ccoté¢
—i F
ic=iq—ﬁ££.-{;—:1)—¢:f0r¢>0 and ic=1 - (-B.%éjﬁ] for$=0

) FH m+1
Iy = 1- —
F,+B'L'ccot¢
Where: Fu and Fy are the total horizontal and vertical forces acting on the footing and
mg= (2+B/L)/(1+B/L)
m= (2+L/B)/(1+L1/B)

STATIC BEARING CAPACITY OF THE CASK STORAGE PADS

The following pages present the details of the bearing capacity analyses for the static load
cases. These cases are identified as follows:

Case IA Static using undrained strength parameters (¢ = 0° & ¢ = 2.2 ksf).
Case IB Static using effective-stress strength parameters (¢ = 30° & ¢ = 0).
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STATIC BEARING CAPACITY OF THE CASK STORAGE PADS
Allowable Bearing Capacity of Cask Storage Pads

Static Analysis: Case IA - Static
Soil Properties: c= 2,200 Cohesion (psf)
¢= 0.0 Friction Angle (degrees)
Y= 80 Unit weight of soil (pcf)
Ysureh = 100 Unit weight of surcharge (pef)
Foundation Properties: B'= 30.0 Footing Width - ft (E-W) L'=67.0 Length - # (N-S)
D= 3.0 Depth of Footing (it}
0g=ay
FS = 3.0 Factor of Safety required for Q. ucwatie 0g=ay
Fv statc = 3,757 k & EQy = 0k — 3,757 kfor Fy
EQuew = 0k & EQuns= 0k — 0 k for Fy

General Bearing Capacity Equation,

Guie = € N Sc de I + Youren Dy Ng Sq dg iy +1/2YB N, s, dy iy based on Winterkorn & Fang (1975)

N. = (Ny - 1) cot(9), but=5.14for ¢ =0 = 514 Eq 3.6 & Table 3.2
N, = e" =™ tan®(4 + ¢/2) = 100 Eq3.6
N, =2 (Ng+ 1) tan (¢) = 0.00 Eq 3.8
Se= 1+ (BILINGN,) = 1.09 Table 3.2
Sq= 1+ (B/L)tan ¢ = 1.00 "
s, = 1-0.4 (B/L) = 082 "
ForDyB<1: dg=1+2tan ¢ (1-sin ¢}’ DyB = 1.00 Eq3.26
d =1 = 1.00 "
For ¢ > 0: de = d - (1-dg) / (N, tan ¢) = N/A
For¢=0:d.= 1+ 0.4 (D/B) = 1.04 Eq 3.27

No inclined loads; therefore, i, = iq = iy = 1.0.

N, term N, term N, term
Gross g, = 13,085 psf = 12,785 + 300 + 1]
Qan = 4,360 psf = qu/FS
Gactual = 1,869 pst = (F, starc + EQ)) / (B" x L)
FSactual = 7.00 = Quit / Gactual > 3 Hence OK

{geot)\05996\calc\bmg_cap\PadiWint_Fang-8.xls
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Allowable Bearing Capacity of Cask Storage Pads

EQuew=

Gun = € Nc S¢ dc ic + Yauren Dt Ng Sq tqiq +1/2YB Ny s, d, |,

[geat\05996\calc\omg_cap\WPad\Wint_Fang-8.xls

Static Analysis: Case IB - Static
Soil Properties: c= 0 Cohesion (psf)
Effective Stress Strengths = 30.0 Friction Angle (degrees)
Y= 80 Unit weight of soil (pcf)
Ysurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B = 30.0 Footing Width - ft (E-W) U'=67.0 Length - ft (N-S)
D= 3.0 Depth of Footing (ft)
v 0g=2ay
FS= 3.0 Factor of Safety required for Gaiowabie 0g=ay
Fv static = 3,757k & EQy = 0k — 3,757 kforFy
0k & EQuns= 0k — 0 k for Fy

General Bearing Capacity Equation,
based on Winterkorn & Fang (1975)

No= (Ng - 1) cot(¢), but=514for =0 = 30.14 Eq 3.6 & Table 3.2
Ng= €™ tan’(/4 + ¢/2) = 18.40 Eq 3.6
N, =2 (Ng + 1) tan (¢) = 2240 Eq3.8
s = 1+ (BL)NN.) = 1.27 Table 3.2
sq =1+ (B/L) tan (] 1.26 n
s, =1-04(B/L) = 082 .
For D/B <1: dg=1+2tan ¢ (1-sin ¢)° DyB = 1.03 Eq3.26
d,=1 = 1.00 "
For ¢ > 0: dg = dg - (1-dg) / (N, tan ¢) = 1.03
For¢=0:d.= 1+ 0.4 (D¢/B) = N/A Eq3.27
No inclined loads; therefore, ic = ig =i, =1.0.
N term N, term N, term
Gross Quu = 29,216 psf = 0 + 7,148 + 22,068
Qay = 9,730 psf = qu:/ FS
Qactuar = 1,869 pSf = (Fv Statie + EQV) ! (B’ X L’)
FSactua = 15.63 = Qun/ Qactsat > 3 HenceOK
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STATIC BEARING CAPACITY OF THE CASK STORAGE PADS

Table 2.6-6 presents a summary of the results of the bearing capacity analyses for the
static load cases. As indicated in this table, the gross allowable bearing pressure for the
cask storage pads to obtain a factor of safety of 3.0 against a shear failure from static loads
is greater than 4 ksf. However, loading the storage pads to this value may result in
undesirable settlements. This minimum allowable value was obtained in analyses that
conservatively assume ¢ = 0° and ¢ = 2.2 ksf, as measured in the UU tests that are
reported in Attachment 2 of Appendix 2A of the SAR, tc model the end of construction.
Using the estimated effective-stress strength of ¢ = 30° and ¢ = O results in higher
allowable bearing pressures. As shown in Table 2.6-6, the gross allowable bearing
capacities of the cask storage pads for static loads for this soil strength is greater than 9
ksf.
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS

Dynamic bearing capacity analyses are performed using two different sets of dynamic
forces. In the first set of analyses, the dynamic loads are determined as the inertial forces
applicable for the peak ground accelerations from the design basis ground motion. The
second set of analyses use the maximum dynamic cask driving forces developed for use in
the design of the pads in Calculation 05996.02-G(PO17)-2 (CEC, 2001), for the pad
supporting 2 casks, 4 casks, and 8 casks.

BASED ON INERTIAL FORCES

This section presents the analysis of the allowable bearing capacity of the pad for
supporting the dynamic loads defined as the inertial forces applicable for the peak ground
accelerations from the design basis ground motion. The total vertical force includes the
static weight of the pad and eight fully loaded casks + the vertical inertial forces due to the
earthquake. The vertical inertial force is calculated as av x [weight of the pad + cask dead
loads], multiplied by the appropriate factor (=40% or +100%) for the load case. In these
analyses, the minus sign for the percent loading in the vertical direction signifies uplift
forces, which tend to unload the pad. Similarly, the horizontal inertial forces are
calculated as aun x [weight of the pad + cask dead loads], multiplied by the appropriate
factor (40% or 100%)]) for the load case. The hcerizontal inertial force from the casks was
confirmed to be less than the maximum force that can be transmitted from the cask to the
pad through friction for each of these load cases. This friction force was calculated based
on the upper-bound value of the coefficient of friction between the casks and the storage
pad considered in the HI-STORM cask stability analysis (1 = 0.8, as shown in SAR Section
8.2.1.2, Accident Analysis) x the normal force acting between the casks and the pad.

The lower-bound friction case {discussed in SAR Section 4.2.3.5.1B), wherein y between
the steel bottom of the cask and the top of the concrete storage pad = 0.2, results in lower
horizontal forces being applied at the top of the pad. This decreases the inclination of the
load applied to the pad, which results in increased bearing capacity. Therefore, the
dynamic bearing capacity analyses are not performed for p = 0.2.

Table 2.6-7 presents the results of the bearing capacity analyses for the following cases,
which include static loads plus inertial forces due to the earthquake. Because the in situ
fine-grained soils are not expected to fully drain during the rapid cycling of load during the
earthquake, these cases are analyzed using the undrained strength that was measured in
unconsolidated-undrained triaxial tests (¢ = 0° and ¢ = 2.2 ksf).

Case II 100% N-S direction, 0% Vertical direction, 100% E-W direction.

Case IIIA 40% N-S direction, -100% Vertical direction, 40% E-W direction.

Case IlIB 40% N-S direction, -40% Vertical direction, 100% E-W direction.

Case IIIC 100% N-S direction, -40% Vertical direction, 40% E-W direction.

Case IVA  40% N-Sdirection, 100% Vertical direction, 40% E-W direction.

Case IVB  40% N-S direction, 40% Vertical direction, 100% E-W direction.

Case IVC 100% N-S direction, 40% Vertical direction, 40% E-W direction
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES
Case II: 100% N-S, 0% Vertical, 100% E-W

Determine forces and moments due to earthquake.
We - Wp
F,=2,852 K+ 904.5 K = 3,757 K and EQy = O for this case.

ay HTpada B L Yeone
EQura=0.711x3x30x67 x0.15 kef =643 K

ad Wc " Nec
EQhc = Minimum of [0.711 x 2,852 K& 0.8x 2,852 K] = EQhc=2,028K
2,028 K 2,282K

Note, Nc = Wc in this case, since av = 0.
EQhp EQhc
EQuns =643 K+ 2,028 K=2,671 K
The horizontal components are the same for this case; therefore, EQuew = EQun-s

Combine these horizontal components to calculate Fu:

= F, ={EQ%ew +EQ%uns = 42,6712 +2,671> = 3,777K

Determine moments acting on pad due to casks.
See Figure 6 for identification of Ab.

Ab = 9.83'xE@Qhc _ 9.83'x2,028K _ 6.99 ft

We + EQve 2,852K +0

aH Wp EQhc Ab We EQvc
IMens = 1.5x0.711x9045K+3 x2,028K +6.99" x (2,852K + 0)
= 965 ft-K + 6,084 ft-K + 19,935 ft-K = 26,984 ft-K

The horizontal forces are the same N-S and E-W for this case; therefore,
Meew = ZMen.s = 26,984 ft-K

See Table 2.6-7 for definition and calculation of B' and L’ for these forces and moments.

Determine Qaiowante for FS = 1.1.
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Allowable Bearing Capacity of Cask Storage Pads Based on Inertial Forces Combined:;
PSHA 2,000-Yr Earthquake: Case 1I 100 % N-S, 0 % Vert, 100 % E-W
Soil Properties: c= 2,200 Cohesion (psf Footing Dimensions:
b= 0.0 Friction Angle (degrees) B = 30.0 Width - ft {(E-W)
Y= 80 Unit weight of soil (pcf) L=267.0 Length - ft (N-S)
Ysurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B'

15.6 Effective Ftg Width - ft (E-W) L' = 52.6 Length - ft (N-S)

Dy 3.0 Depth of Footing (ft)
0711 g=ay
FS = 1.1 Factor of Safety required for Qzuowabie 0.695 g=ay
Fysaic= 3,757k &  EQy= 0k — 3,757 kforFy
EQuew = 2671k & EQuns= 2,671 k — 3,777 kforFy

General Bearing Capacity Equation,

Gun =€ Ne Sc e fe + Yauren Dt Ng Sq dglq + /27BN, s, dy i, based on Winterkorn & Fang (1975)

N = (N, - 1) cot{¢), but=5.14for $ =0 = 514 Eq 3.6 & Table 3.2
N, = """ tan®(/4 + ¢/2) : = 1.00 Eq 3.6
N, = 2 (Ng + 1) tan (¢) = 0.00 Eq 3.8
Se= 1+ (BILYN/N) = 106 Table 3.2
sq=1+(BL)tan ¢ = 1.00 .
s,=1-0.4 (BL) = 088 v
ForD/B < 1: dy=1+2tan¢ (1 -sin ¢)° DyB = 1.00 Eq3.26
d, = 1 = 1.00 "
For ¢ > 0: d¢ = dg - (1-dg) / (Ng tan ¢) = NA
For ¢ =0:d.= 1+ 0.4 (D/B) = 108 Eq 3.27
mp= (2 +B/L)/ (1 +BAL) = 1.69 Eq 3.18a
m. = (2+LB)/ (1 + L/B) . = 131 Eq 3.18b
If EQ s > 0: 8, = tan " (EQuew/ EQuns) = 079 rad
m, = m,_ cos°0, + mg sin°e, = 150 Eq 3.18¢
iq={1-Fy/l(F,+EQ)+B' L'ccot¢]}™ =  1.00 Eq3.14a
i,={1-Fu/[(F,+EQ)+B L'ccoto]}™ =  0.00 Eq 3.17a
Foro=0:i.=1-(mFy/B L cN) = 0.39 Eq 3.16a
N, term N, term N, term
Gross Q= 5,338 psf = - 5,038 + 300 + 0
Can = 4,850 psf=qu/FS
Qactual = 4,565 psf = (F, siauc + EQVY/ (B’ X L)
FSactual = 1.17 = Qun / Gactat > 1.1 Hence OK

[geot\05996\calc\bmg_cap\Pad\Wini_Fang-8.xls
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DyNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES

Case ITIA: 40% N-S, -100% Vertical, 40% E-W
Determine forces and moments due to earthquake.

av Wp We
EQv=-100% x 0.695 x (904.5 K + 2,862 K} =-2,611 K
an We
EQhp =0.711 x 904.5 K =643 K
Normal force at base of the cask = Cask DL = 2,852 K

— Cask EQvc=-1.x0695x2852K=-1,982K =avxWc
= Nc= 870 K

= Fggp-08=0.8x870 K =696 K

aH Wc R Nc
EQhc = Minimum of {0.711 x 2,852 K & 0.8 x 870 K]
2,028 K 696 K

Note: Use only 40% of the horizontal earthquake forces in this case. 40% of 2,028 K =
811 K, which is > 696 K (= Feg «-0.3); therefore, EQhc is limited to the friction force at the
base of the casks, which = 696 K in the direction of the resultant of both the N-S and E-W
components of EQhc. For this case, the N-S and E-W components of EQhc are the same,
and they are calculated as follows:

2
EQhoz-w + EQ%en-s =EQ%h = 6962 = EQ,_, ., = EQ,. e =J6926 - 492.1K

40% of EQhp EQhcen-s
= EQuns=04x643K +492.1 K=749.3K

Since horizontal components are the same for this case, EQuew = EQuns

= F, =yEQew +EQ%n~.s = ¥749.3% +749.3% = 1,060K

Determine moments acting on pad due to casks.
See Figure 6 for identification of Ab. Note: EQvc =-1.x0.695x 2,852 K=-1,982 K
_ 9.83'xEQhc _ 9.83 x 492.1K

APsw = SycrEQue ~ 2852K-1982K 000 ft
40%ax  Wp Bqhcew Ab We EQve
SMens = 1.5'x0.4x0.711 x904.5K + 3' x 492.1 K + 5.56' x (2,852K - 1,982 K)
= 386 ft-K + 1,476 ft-K + 4,837 ft-K = 6,699 ft-K

The horizontal forces are the same N-S and E-W for this case; therefore,
SMeew = XMans = 6,699 ft-K
Determine Gagouane for FS = 1.1.
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES

Allowable Bearing Capacity of Cask Storage Pads Based on Inertial Forces Combined:
PSHA 2,000-Yr Earthquake: Case HIA 40 % N-S, -100 % Vert, 40 % E-W

Soil Properties: c= 2,200 Cohesion (psf) Footing Dimensions:
: 6= 0.0 Friction Angle (degrees) B=30.0 Width - ft (E-W)
Y= 80 Unit weight of soil (pcf) L=867.0 Length - ft (N-S})
Ysureh = 400 Unit weight of surcharge (pcf)
Foundation Properties: B = 18.3 Effective Ftg Width - ft (E-W) L' = 55.3 Length - ft (N-S)
D= 3.0 Depth of Footing (ft)
0.711 g=ay
FS= 1.1 Factor of Safety required for Qaumwabie 0.695 g=ay
Fysaic= 3,757k & EQy= 2611k — 1,146 kforFy
EQH BEwW = 749k & EQH N-S = 749k — 1,060 k for FH

General Bearing Capacity Equation,

Gur = & Ne Sc de lo + Yoursn Dy Ng Sq da lg + 1/2YB N, 5, ¢,y based on Winterkorn & Fang (1975)

Ne = (Ng-1) cot(¢), but=5.14for$=0 = 514 Eq 3.6 & Table 3.2
N, = &"%" tan®(/4 + ¢/2) = 100 Eq36
Ny=2(Ng+1) tan (9) = 0.00 Eq3.38
Sc= 1+ (B/LYNgN) = 106 Table 3.2
so=1+{BLtan¢ = 1.00 "
s,=1-04(BL) = 087 "
ForDy/B<1: dy=1+2tan¢ (1-sin ¢)2 DyB = 1.00 Eq 3.26
d =1 = 1.00 "
For ¢ > 0: d = dg - (1-dg) / (Ng tan ¢) = NA
For ¢ = 0: d. = 1+ 0.4 (D¢/B) = 107 Eq 3.27
mg= (2+B/L)/ (1 +BL) = 1.69 Eq 3.18a
m = (2 +LB)/(1+LB) = 131 Eq 3.18b
If EQyps> 0: 0, = tan " (EQuew/ EQuu.g) = 079 rad
m, = mL cos?0, + mg sin®e, = 150 - Eq 3.18¢
ig={1-Fu/l(F,+EQ)+B L'ccot¢}}™ =  1.00 Eq 3.14a
b= {1-Fu/[(F, +EQ)+B Lccot¢]}™ = 000 Eq3.17a
For¢=0:il.=1-(MFy/B'L'cN) = 0.86 Eqg 3.16a
N; term Ng term N, term
Gross q; = 11,344 pst= 11,044 + 300 + 0
Qan = 10,310 pst = q,:/ FS
Gactual = 1,132 psf = (Fy stanc + EQ,) / (B’ x L)
FSaetua = 10.02 = Qui/ Qactoal > 1.1 Hence OK

[geotf05998\calc\bmg_cap\Pad\Wint_Fang-8.xls
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES
Case IIB:  40% N-S, -40% Vertical, 100% E-W
Determine forces and moments due to earthquake.

av Wp Wc
EQv=-40%x0.695x (904.5 K+ 2,852 K)=-1,044 K
Normal force at base of the cask = CaskDL= 2,852K

— 40% of Cask EQvc =-0.4x0.695x2,852K= -793K =40%ofavxWc
= Nc= 2,059K

= Fegu08=0.8x2,059 K= 1,647K

au We ® Nc
E@Qhc = Min of [0.711 x 2,852 K & 0.8 x 2,059 K] = EQhc = 1,647 K;
2,028 K 1,647K

i.e., EQhc is limited to the friction force at the base of the casks, which = 1,647 K in the
direction of the resultant of both the N-S and E-W components of EQhc. For this case, the
N-S component of EQhc = 0.4 x 2,028 K = 811 K, and the E-W component is calculated as
follows:

EQ%hce-w + EQ%hen-s =EQ%c = 1,6472 = EQ, .. =v1.647%-811%> = 1,433.5K
Using 40% of N-S: 40% of EQhp Eghcns
= EQuns=04x643K+811K=1,068K

Using 100% of E-W: 100% of EQhp  Eqhcew
= EQuew=10x643K+1,433.5K=2,076.5K

= F, =yEQ%zw+EQ%mns = y2076.5° +1,068% = 2,335K

Determine moments acting on pad due to casks.
See Figure 6 for identification of Ab. Note: EQve =-0.4x 0.685x 2,852 K=-793 K

_ 9.83xEQhc,_,, _9.83 x 1433.5K

Absw = —We+EQve  2852K_793K oo it
100% an Wp Eghcew Ab Wc EQvc
SMens = 1.5'x0.711 x904.5K + 3' x 1,433.5 K + 6.84' x (2,852K — 793 K)
= 965 ft-K + 4,300 K + 14,084 ft K = 19,349 ft-K
.83 xEQhc ’
Abyg = > ?;c f SQVCN == ;éiz 1: «871913§< =387t
40% any Wp Eghens Ab Wc EQve

TMeew = 1.5'x0.4x0.711 x9045K + 3'x811 K + 3.87' x (2,852K - 793 K)
= 386 ft-K + 2,434ft-K + 7,969 ft-K = 10,787 ft-K

Determine Qagtowante for FS = 1.1.
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES -
Allowable Bearing Capacity of Cask Storage Pads Based on Inertial Forces Combined:
PSHA 2,000-Yr Earthquake: Case IIIB 40 % N-S, -40 % Vert, 100 % E-W
Soil Properties: c= 2,200 Cohesion (psf) Footing Dimensions: B
o= 0.0 Friction Angle (degrees) B=30.0 Width - ft (E-W)
Y= 80 Unit weight of soil (pcf) L=#67.0 Length - ft (N-S)
Ysureh = 100 Unit weight of surcharge (pcf)
Foundation Properties: B'= 15.7 Effective Fig Width - ft (E-W) L’ = 59.0 Length - ft (N-S)
Dy = 3.0 Depth of Footing (ft)
0.711 g=ay
FS= 1.1 Factor of Safety required for Qanowatte 0.695 g=ay
Fv static = 3,757 k & EQy= 1,044 k — 2712kforFy
EQuew= 2,077 k & EQuns= 1,06Bk — 2,336 kforFy

General Bearing Capacity Equation,

Gue =€ Ne 8¢ de e + Youren Dy N 8 dg g +12YBN, 8,d, 4, based on Winterkorn & Fang {1975)

N, = (Ng - 1) cot(s), but=5.141or =0 = 514 Eq 3.6 & Table 3.2
Ny = ™™ tan’(n/4 + ¢/2) = 100  Eq36
N, = 2 (Ng + 1) tan (¢) = 0.0 Eq 3.8
Se = 14 (B/LYNG/Ny) = 1.05 Table 3.2
sg=1+(BL)tan ¢ = 100 "
s, = 1-0.4 (BL) = 089 "
ForD/B<1: d,= 1+2tan ¢ (1-sin¢)* D/B = 100 £q3.26
d, =1 = 100 "
For ¢ > 0: d. = dg - (1-dq) / (N, tan ¢) = N/A
For¢=0:d.= 1+ 0.4 (D/B) : = 108 Eq 3.27
mg = (2 +B/L)/ (1 + BL) = 169 Eq3.18a
m_ = (2+LUB)/ (1 +LB) = 131 Eq3.18b
If EQy s > 0: 8, = tan™ (EQy e.w/ EQun.s) = 110 rad
m, = my_ cos?e, + mg sin®e, = 161 Eq 3.18c
lq={1-Fu/[(F,+EQ)+B L'ccot$]}™ =  1.00 Eq 3.14a
= {1-Fy/[(F, +EQ)}+B Lccot¢]}™ = 0.00 Eq3.17a
Forp=0:i.=1-{mFu/B L' cN,) = 064 Eq 3.16a
N term N, term N, term
Gross Q= 8,513 psf = 8,213 + 300 + 0
Oan = 7,730 pst=qu/FS
Qoevar = 2,922 pst = (Fysianc + EQ)/ (B’ x L)
FSactuat = 2.91 = Qui/ Qactual > 1.1 Hence OK

[geotp05996\calc\brng_cap\Pad\Wint_Fang-8.xls
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DyYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED O INERTIAL FORCES
Case IIC: 100% N-S, -40% Vertical, 40% E-W
Determine forces and moments due to earthquaie.

av Wp Wc
EQv =-40% x 0.695 x (904.5 K + 2,852 K) = -1,044 K
Normal force at base of the cask = CaskDL= 2,852 K

— 40% of Cask EQvc =-0.4x0.695x 2,852 K= -793K =40% ofavxWc
= Nc= 2,059K

=  Fegue0s= 0.8 x 2,059 K = 1,647 K

au Wc B Nc
EQhc = Min of [0.711 x 2,852 K & 0.8 x 2,059 K] = EQhc = 1,647 K;
2,028 K 1,647K

i.e., EQhc is limited to the friction force at the base of the casks, which = 1,647 K in the
direction of the resultant of both the N-S and E-W components of EQhe. For this case, the
E-W component of EQhc = 0.4 x 2,028 K = 811 K, and the N-S component is calculated as
follows:

EQ%nen-s + EQ%her-w =EQ%ne = 1,647° = EQ, . =41,647% -811% = 1.433.5K
Using 100% of N-S:

100% of EQhp Eghens
= EQH N-§ = 1.0x643 K + 1,433.5 K= 2,076 K

Using 40% of E-W:
40% of EQhp Eqghcew
= EQuerw=04x643K+811K=1,068K

= F, =yEQ%icw+EQ%mns = 410682 +2,076% = 2,335K

Determine moments acting on pad due to casks

See Figure 6 for identification of Ab.  Note: EQvc =-0.4x 0.695x 2,852 K=-793 K

Ab _ 9.83x EQhc, ,,  9.83x811K

= =3.87 ft
E-W We+EQve 2,852K~-793K

40% an Wp Eqhcew Ab We EQvc
EZMens = 1.5'x0.4x0.711 x904.5K +3' x 811 K + 3.87' x (2,852K -~ 793 K)

= 386 ft-K + 2,434 ft-K + 7,969 ft-K = 10,787 ft-K

_ 9.8¥xEQhc, ¢ _ 9.83x 1433.5K

Ab = =6.84 ft
NS We +EQvc 2,852K - 793K
100% an Wp Eghens ab We EQve
IMeew = 1.5'x0.711x904.5K+3 x1,433.5K +6.84' x(2,852K - 793 K)
= 965 ft-K + 4300ft-K + 14,084 ft-K = 19,349 ft-K

Determine Qaowavte for FS = 1.1.
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DynamiC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES

Allowable Bearing Capacity of Cask Storage Pads
PSHA 2,000-Yr Earthquake: Case IIIC

00 % N-S,

Based on Inertial Forces Combined:
1 -40 % Vert,

40 % E-W

Soil Properties: c= 2,200 Cchesion (psf) Footing Dimensions:
o= 0.0 Friction Angle (degrees) B = 30.0 Width - ft (E-W)
Y= 80 Unit weight of soit (pef) L=67.0 Length - ft (N-8)
Ysurch = 100 Unit weight of surcharge (pct)
Foundation Properties: B = 22.0 Effective Ftg Width - ft (E-W) L = 52.7 Length - ft (N-S)
D= 3.0 Depth of Footing (ft)
0.711 g=ay
FS= 1.1 Factor of Safety required for Qaewante 0.695 g=ay
Fv static = 3,757 k & EQy= -1,044 k — 2,712 kforFy
EQuew= 1,068 k & EQuns= 2,077 k — 2,336 kforFy

Cuir = € N S¢ &g ic + Ysurch Df Ng Sq dgiq +1/2YB N, s, d, i,

Ne= (Ng- 1) cot{¢), but="5.14for ¢ =0
Ny = & tan®(m/4 + ¢/2)

N, = 2(Ng+ 1) tan (¢)

Se= 1+ (BL)(N/No)
s,=1+(B/L)tan ¢

s, = 1-0.4 (B/L)
ForDyB<1: dg=1+2tan¢ (1-sin 9)° DyB
d =1
For ¢ > 0: d, = dy - (1-dg) / (Nq tan ¢)
For ¢ = 0: d. = 1+ 0.4 (DyB)
mg = (2 + B/L)/ (1 + B/L)
my = (2+L/B)/ {1+ L/B)
If EQyp.s > 0: 6, = tan (EQuew/ EQun.s)
m, = m_ c0s%0, + Mg sin%,
ig={1-Fu/[(F, +EQ,)) + B’ L' ccot 4] ™
i,={1-Fu/[(F, +EQ,) +B L coot¢] )™
Forg=0:l.=1-(MFy /B L'cNy)

N; term
Gross Quu = 10,010 psf = 9,710 +
Qan = 8,100 psf =g,/ FS
Qactuat = 2,334 psf = (Fy stauc + EQV)/ (B’x L)
FSactum = 4.29 = Quit / Gactual

[geot]05996\calc\bmg_cap\Pad\Wint_Fang-8.xls

5.14
1.00
0.00

1.08
1.00
0.83

1.00
1.00

N/A
1.05

1.69
1.31
0.48
1.39
1.00
0.00
0.75
Ng term
300

rad

General Bearing Capacity Equation,
based on Winterkorn & Fang {1975)

Eg 3.6 & Table 3.2
Eq 3.6
Eg 3.8

Table 3.2

Eq 3.26

Eq3.27
Eq 3.18a
Eq 3.18b

Eq 3.18¢

Eq 3.14a

Eq3.17a

Eq 3.16a

N, term
o

Hence OK
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DyNaMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES
Case IVA: 40% N-S, 100% Vertical, 40% E-W

Determine forces and moments due to earthquake.

av Wp Wc
EQv=100%x0.695x {9045 K+ 2,852 K)=2,611K
aH We
EQhp=0.711 x904.5 K=643 K
Normal force at base of the cask = Cask DL = 2,852K

+ CaskEQvc=1.x0695x2,852K=+1,8982K =ayvxWc
= Nc= 4,834K
= Feou08=0.8x4,834K=23867K

an We " Nc
EQhc = Min of [0.711 x 2,852 K & 0.8 x 4,834 K]
2,028 K 3,867K

Note: Use only 40% of the horizontal earthquake forces in this case. 40% of 2,028 K =
811 K, which is < 3,867 K {= Fgg ;=0.8); therefore, EQhc = 811 K in both the N-S and E-W
directions for this case.

40% of EQhp Eghens
= EQuns=04x643K+8l11K=1,068K

Since horizontal components are the same for this case, EQuew = EQuns

= F, =yJEQ%ew +EQ%ns = y1068% +1,068% = 1,510K

Determine moments acting on pad due to casks.
See Figure 6 for identification of Ab. Note: EQve = 1.0x0.695x 2,852 K= 1,982 K

_ 9.83xEQhc, ,,  9.83x811K

Ab_ . = = =1.65ft
E-W Wc + EQve 2,852K +1,982K 65

40% an Wp Eghcew Ab Wc EQve
IMens = 1.0'x0.4x0.711x904.5K + 3 x 811 K + 1.65'x (2,852K + 1,982 K)

= 386 ft-K + 2,433 ft-K + 7,976 ft-K = 10,785 ft-K
The horizontal forces are the same N-S and E-W for this case; therefore,
ZM@E-W = EM@N»S = 10,795 ﬂ',—K

Determing Gaitowaie for FS = 1.1.
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DYNAMIC BEARING CAPACITY Of THE CASK STORAGE PADS BASED ON INERTIAL FORCi
Allowable Bearing Capacity of Cask Storage Pads Based on Inertial Forces Combined:
PSHA 2,000-Yr Earthquake: Case IVA 40 % N-S, 100 % Vert, 40 % E-W
Soil Properties: c= 2,200 Cohesion (psf) Footing Dimensions:
$= 0.0 Friction Angle {degrees) B = 30.0 Width - ft (E-W)
y= 80 Unit weight of soil (pcf) L =670 Length - ft (N-S)
Ysurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B = 26.6 Effective Fig Width - ft (E-W) LU'=63.6 Length - ft (N-S)
D;= 3.0 Depth of Footing (ft)
0.711 g=ay
FS = 1.1 Factor of Safety required for qauowavie 0.695 g=ay
Fysuic= 3,757k & EQy = 2611k — 6,368 kfor Fy
EQuew = 1,068 k & EQuns= 1,068 k — 1,511 kfor Fy

Qui = € N¢ S¢ e Ig + Yaurch DI Ng Sqdqiq + 1/2YB N, s, d, i,
Ne = (Ng- 1) cot(¢), but=5.14for¢=0 =
Ny = €™ tan®(/4 + ¢/2) -
N, =2 (Ng+1) tan (¢) =
S = 1+ (BAYNYN,) =
Sq= 1+ (B/L)tan ¢ =
s = 1-0.4(BL) =
For DyB<1: dy=1+2tan ¢ (1-sin¢)* D/B =
d=1 -

For ¢ > 0: d. = d, - {1-dg) / (Nq tan ¢) =
For¢=0:d.= 1+ 0.4 (DyB) =

mg= (2+ B}/ (1 +B/L) =

m,= (2 +L/B)/ (1 +LUB) =

If EQy n.s > 0: 6, = tan" (EQuew/ EQuns) =
m, = m, cos’8, + mg sin°0, =
iq={1-FHI[(F,,+EQ\,)+B’L’ccotcp]}"‘ =
iy={1-Fy/[(F.+EQ,) + B L'ccotg] ™ =
Foro=0:i.=1-(MFy/B L cNy =

N. term
Grossqu= 11,567  psf= 1267+
Qu= 10510  psf=q./FS
Gactual = 3,762 psf = (F, st + EQY) / (B* X L)

Fsaclual = 3.07 = QUIII Qactuat

[geot]\05996\calc\brng_cap\Pad\Wint_Fang-8.xls

General Bearing Capacity Equation,
based on Winterkorn & Fang (1975)

5.14 Eq 3.6 & Table 3.2
1.00 Eq 3.6
0.00 Eq 3.8
1.08 Table 3.2
1.00 "
0.83 !
1.00 Eq 3.26
1.00 i
N/A
1.05 Eq3.27
1.69 Eq 3.18a
1.31 Eq3.18b
0.79 rad
1.50 Eq 3.18c
1.00 Eq 3.14a
0.00 Eq3.17a
0.88 Eq 3.16a
Ng term N, term
300 + 0

> 1.1 Hence OK
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DyNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES

Case IVB: 40% N-S, 40% Vertical, 100% E-W

Determine forces and moments due to earthquake.

av Wp We
EQv=0.4x0.695x(904,5 K+ 2,852K)=1,044 K
Normal force at base of the cask = Cask DL = 2,852 K

+ 40% of Cask EQve =+0.4x0.695x 2,852 K= + 793K =40% of av x Wc
= Nc= 3,645K

= FEQ p=0.8 = 0.8 x 3,645 K= 2,916 K

an Wce i Nc
EQhc = Min of [0.711 x 2,852 K & 0.8 x 3,645 K] = EQhc = 2,028 K, since it is < Fgg =08
2,028K 2,916K

The horizontal inertial force of the casks acting on the pad is less than the friction force at
the base of the casks. Applying 40% in the N-S direction, Eghcns = 0.4 x 2,028 K =811 K
and 100% in the E-W direction, Eghczw = 2,028 K for this case.

Using 40% of N-S:

40% of EQhp Eghens
= EQuns=04x643K+811K=1,068K

Using 100% of E-W:

100% of EQhp Eghcew
= EQuew=1.0x643K+2,028K=2,671K

= F, =JEQ%new +EQ%ins = /2,671% +1,068> = 2,877K

Determine moments acting on pad due to casks
See Figure 6 for identification of Ab. Note: EQvc =0.4x0.695x 2,852 K= 793 K

_9.83xEQ@Qhc, , 9.83'x 2,028K

Ab = = =547 ft

E-W Wc +EQvce 2,852K +793K

100% an Wp Eqhcew Ab Wc E@vc
EMens .= 1.5x0.711 x 9045 K+ 3 x 2,028 K + 5.47 x (2,852K + 793 K)
= 965ft-K + 6,084ft-K + 19,938 ft-K = 26,987 {t-K
.83'x EQhi ’

Ab _983xEQhc, ;s  9.83x811K _ 2191t

N-§ Wc +EQve 2,852K+793K

40% an Wp Eqghcen-s Ab Wc EQ@Qvc

ZIMeew = 1.5 x0.4x0.711 x904.5K + 3’ x 811 K+ 2.19" x (2,852K + 793 K)
= 386ft-K + 2433ft-K + 7,982 {-K=10,801ft-K

Determine Gatiowante for FS = 1.1.
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES

Allowable Bearing Capacity of Cask Storage Pads
PSHA 2,000-Yr Earthquake: Case IVB

CcC=
¢=
Y=
Ysurch =
B =
Df=

Soil Properties:

Foundation Properties:

FS=
Fy static =
EQH EwW =

40 % Vert,

Based on Inertial Forces Combined:
40 % N-S,

100 % E-W

2,200 Cohesion (psf)

0.0 Friction Angle {degrees)
80 Unit weight of soil (pcf)

Footing Dimensions:

B=30.0
L= 67.0

100 Unit weight of surcharge (pcf)
18.8 Effective Fig Width - ft (E-W) L' = 62.5
3.0 Depth of Footing (ft)

1.1 Factor of Safety required for qQuowanis

3757k & EQy=
2671k & EQuus=

Guie = € N Sc e ic + Ysuren Dy Ny 8qdylq + /2y B N, s, d, i

1,044 k —
1,068k —

4,801
2,877

Width - ft (E-W)
Length - ft (N-S)

Length - ft {N-S)

0.711 9 =ay
0.695 g =ay
kfor Fy
k for Fy

General Bearing Capacity Equation,
based on Winterkorn & Fang (1975)

N = (Ng- 1) cot(¢), but=5.14for =0 = 5.14 Eq 3.6 & Table 3.2
Ng= € tan®(n/4 + ¢/2) = 1.00 Eq3.6
N, = 2 (Ng + 1) tan (9) = 000 Eq 3.8
Sc= 1+ (B)N/Nc) = 1.06 Table 3.2
Sq= 1+B/Litan ¢ = 1.00 "
s, = 1-0.4 (B/L) = 088 "
ForD/B<1: dg=1+2tan¢ (1 -sin¢)’ DyB = 1.00 Eq 3.26
d =1 = 100" "
For ¢ > 0: d, = dg - (1-dg) / (Nq tan ) = NA
Foro=0:d.= 1+ 0.4 (D/B) = 1.06 Eq 3.27
me = (2+BA)/ (1 +B/L) = 169 Eq3.18a
m_ = (2+LB)/(1+LB) = 131 Eq 3.18b
If EQy s > 0: 6, = tan " (EQuew/ EQyps) = 1.19 rad
m, = my, c0s%6, + Mg Sin%0, = 164 Eq 3.18c
ig={1-Fa/[F, +EQ)+B L'ccot¢]}” =  1.00 Eq3.14a
iy={1-Fu/[(F,+EQ)+B Lccoté]}™ =  0.00 Eq3.17a
Foro=0:ig=1-(mFy/B L eN,) = 0.64 Eq 3.16a
N, term N, term N, term
Gross quie = 8,508 psf = 8,208 + 300 + 0
Qan = 7,730 pst = qu/FS
Qactual = 4,095 pst = (F, stanic + EQy) / (B’ x L)
FSactem = 2.08 = Quif Gactual > 1.1 Hence OK

{geotnosg9B\calc\brng_cap\Pad\Wint_Fang-8.xls
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DyYNAMIC BEARING CAPACITY OF THE CASK STORACGE PADS BASED ON INERTIAL FORCES
Case IVC: 100% N-S, 40% Vertical, 40% E-W

Determine forces and moments due to earthquale.

av Wp We
EQv=0.4x0.695x (904.5K + 2,852 K} = 1,044 K
Normal force at base of the cask = CaskDL= 2,852 K

+40% of Cask EQvc =0.4x0.695x 2,852 K= +793K =40% ofavxWc

= Nc= 3,645K
= Fegu08=0.8x3.645K=2916K

an We I Nec
EQhc = Min of [0.711 x 2,852 K & 0.8 x 3,645 K] = EQhc = 2,028 K, since it is < Feg 0.8
2,028 K 2,916 K

The horizontal inertial force of the casks acting on the pad is less than the friction force at
the base of the casks. Applying 100% in the N-S direction, Eghcns = 2,028 K and 40% in
the E-W direction, Eghce.w = 0.4 x 2,028 K= 811 K for this case.

Using 100% of N-S:

100% of EQhp Eghens
= EQuns=1.0x643K+2,028K=2,671K

Using 40% of E-W:
40% of EQhp Eghcew
= EQuew=04x643K+811K=1,068K

= F, ={EQ%ew +EQ%ns = 1068 +2671% = 2,877K

Determine moments acting on pad due to casks
See Figure 6 for identification of Ab. Note: EQvc = 0.4 x 0.695 x 2,852 K= 793 K

b o 983XEQhc, ., 9.83x811K

= =2.191t
E-W We +EQve 2852K+793K

40% an Wp EQhc Ab We EQvc
IMens = 1.5 x0.4x0.711 x9045 K+ 3 x811 K+ 2.19 x (2,852K + 793 K)

= 386 ft-K + 2433ft-K + 7,982ft-K=10,801ft-K
9.83xEQhc, o 9.83 x2,028K

Ab = = =5.47 ft
N-S Wc + EQve 2,852K + 793K
100% an Wp EQhc Ab We EQve
SMoew = 1.5°x0.711x904.5K + 3 x2,028 K + 5.47 x (2,852K + 793 K)
= 965 ft-K + 6,084 ft-K + 19,938 ft-K = 26,987 ft-K

Determine Qallowablefor FS=1.1.
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Dynamic BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL
Allowable Bearing Capacity of Cask Storage Pads Based on Inertial Forces Combined:
PSHA 2,000-Yr Earthquake: Case IVC 100 % N-S, 40 % Vert, 40 %E-W
Soil Properties: c= 2,200 Cohesion (psf) Footing Dimensions:
¢= 0.0 Friction Angle (degrees) B=230.0 Width - it (E-W)
Y= 80 Unit weight of soil (pef) L =670 Length - ft (N-S)
Ysurch = 1080 Unit weight of surcharge (pcf)
Foundation Properties: B = 25,5 Effective Ftg Width - ft (E-W) L' = 55.8 Length - ft (N-S)
D= 3.0 Depth of Footing (ft)
0.711 g=ay
FS= 1.1 Factor of Safety required for Qauswabie 0.695 g=ay
Fysamic= 3,757k &  EQu= 1,044 k — 4,801 kforFy
EQuew= 1,068 k & EQuns= 2671 k — 2,877 kforFy

General Bearing Capacity Equation,

Gui = € Ne S¢ de fe + Youreh Dt Ng Sq do lg + 12y BN, s, d, I, based on Winterkorn & Fang (1975)

Ne= (Ng - 1) cot(¢), but=5.14for =0 = 5.14 Eq 3.6 & Table 3.2
N, = e =" tan®(4 + ¢/2) = 1.00 Eq 3.6
Ny =2 (Ng+1) tan (9) = 000 Eq 3.8
Sc= 1+ (B/LYNGN,) = 1.09 Table 3.2
S = 1+ (BlL}tan ¢ - 1.00 .
s, = 1-0.4 (B/L) = 082 "
For DyB < 1: dy=1+2tan ¢ (1-sin ¢)° D/B = 100 Eq 3.26
d,=1 = 1.00 -
For ¢ > 0: d. = dq - (1-dg) / (N tan ¢) = NA
For ¢ = 0: d. = 1 + 0.4 (O/B) = 105 Eq3.27
mg = (2 +B/L) /{1 +B/L) = 169 Eq3.18a
m_= (2+ LUB)/ (1 +L/B) = 131 Eq 3.18b
# EQqns > 0: 8, = tan (EQuew/ EQuns) = 038 rad
m,= mL cos?8, + mg sin’e, = 1.36 Eq 3.18¢c
o= {1-Fu/lF, +EQ) + B LU'cootd] )™ =  1.00 Eq3.14a
L={1-Fy/l(F,+EQ)+B L'coote]}’™ =  0.00 Eq3.17a
For¢=0:i.=1-(MFy /B L'cN,) = 076 Eq 3.16a
N, term Ng term N, term
Gross qu = 10,052 psf = 9,752 + 300 + ]
Yant = 9,130 psf=qu/FS
Qactual = 3,376 psf = (F, sane + EQy) / {B" X L)
FSactuat = 2.98 = Qun/ Qacral > 1.1 Hence OK

[geotf0S996\calc\brng_cap\Pad\Wint_Fang-8.xis
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES

As indicated in Table 2.6-7, the gross allowable bearing pressure for the cask storage pads
to obtain a factor of safety of 1.1 against a shear failure from static loads plus the inertial
loads due to the design basis ground motion exceeds 4.8 ksf for all loading cases identified
above. The minimum allowable value was obtained for Load Case II, wherein 100% of the
earthquake loads act in the N-S and E-W directions and 0% acts in the vertical direction.
The actual factor of safety for this very conservative load case was 1.2, which is greater
than the criterion for dynamic bearing capacity (FS 2 1.1}. In Load Cases IlI and 1V, the
effects of the three components of the earthquake in accordance with procedures
described in ASCE (1986) to account for the fact that the maximum response of the three
orthogonal components of the earthquake do not occur at the same time. For these cases,
100% of the dynamic loading in one direction is assumed to act at the same time that 40%
of the dynamic loading acts in the other two directions. For these load cases, the gross
allowable bearing capacity of the cask storage pads to obtain a factor of safety of 1.1
against a shear failure from static loads plus the inertial loads due to the design basis
ground motion exceeds 6.7 and the factor of safety exceeds 2.1.
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BASED ON MAXIMUM CASK DYNAMIC FORCES FROM THE SSI ANALYSIS

The following pages determine the allowable bearing capacity for the cask storage pads
with respect to the maximum dynamic cask driving forces developed for use in the design
of the pads in Calculation 05996.02-G(PO17)-2 (CEC, 2001) for the pad supporting 2
casks, 4 casks, and 8 casks. These dynamic forces represent the maximum force
occurring at any time during the earthquake at each node in the model used to represent
the cask storage pads. It is expected that these maximum forces will not occur at the
same time for every node. These forces, therefore, represent an upper bound of the
dynamic forces that could act at the base of the pad.

The coordinate system used in the analyses presented on the following pages is the same
as that used for the analyses discussed above, and it is shown in Figure 1. Note, this
coordinate system is different than the one used in Calculation 05996.02-G(PO17)-2 (CEC,
2001), which is shown on Page B11. Therefore, in the following pages, the X direction is
still N-S, the Y direction remains vertical, and the Z direction remains E-W.

These maximum dynamic cask driving forces were confirmed to be less than the maximum
force that can be transmitted from the cask to the pad through friction acting at the base
of the cask for each of these load cases. This friction force was calculated based on the
upper-bound value of the coefficient of friction between the casks and the storage pad (u =
0.8, as shown in SAR Section 8.2.1.2) x the normal force acting between the casks and the
pad. These maximum dynamic cask driving forces can be transmitted to the pad through
friction only when the inertial vertical forces act downward; therefore, these analyses are
performed only for Load Case IV. These analyses are performed for Load Case IVA, where
40% of the horizontal forces due to the earthquake are applied in both the N-S and the E-
W directions, while 100% of the vertical force is applied to obtain the maximum vertical
load on the cask storage pad. The width (30 ft} is less in the E-W direction than the length
N-S (67 ft); therefore, the E-W direction is the critical direction with respect to a bearing
capacity failure.
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DyNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON MaxiMuM CASK DYNAMIC FORCES FROM THE SSI ANALYSIS

ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS WITH 2 CASKS

PSHA 2,000-Yr Earthquake: CaseIVA 40 % N-S, 100 % Veri, 40 % E-W
Soil Properties: C= 2,200 Cohesion (psf) Footing Dimensions:
o= 0.0 Friction Angle (degrees) B =30.0 Width - ft (E-W)
Y= 80 Unit weight of soil (pcf) L=67.0 Length - ft (N-S)
Ysurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B = 25.0 Effective Ftg Width - ft (E-W) L'=26.6 Length - ft (N-S)
D= 3.0 Depth of Footing (ft)
FS = 1.1 Factor of Safety required for Qauowavte-
Fv= 3,790 k {Includes EQy)
EQuew = 506 k & EQuus= 429k — 664 k for Fy

General Bearing Capacity Equation,

Gun = € Ne Sc G To + Youren Dy No S dg lg +1/2YB Ny s,y based on Winterkorn & Fang (1975)

N = (Ng- 1) cot{¢), but=5.14foro =0 = 5.14 Eq 3.6 & Table 3.2
N, = =™ tan*(n/4 + ¢/2) = 1.00 Eq 3.6
N,= 2 (Ng+ 1) tan (9) = 000 Eq3.8
Se= 1+ (B/LYNSN) = 118 Table 3.2
Sq=1+ (B/L)tan ¢ = 1.00 "
s, = 1-0.4 (BL) = 082
ForD/B<1: dy=1+2tan¢ (1-sin ¢)2 Dy/B = 1.00 Eqg 3.26
d =1 = 1.00 "
For ¢ > 0: d¢ = d, - (1-dg) / (N, tan ¢) = N/A
For¢=0:d.= 1+ 0.4 (DyB) = 1.05 Eq3.27
mg= (2 +B/L) /(1 +B/L) = 169 Eq3.18a
m_ = (2 + B}/ (1 + L/B) = 1.31 Eq3.18b
If EQy s > 0: 8, = tan" (EQuew/ EQuns) = 087 rad
m, = m_ ¢os°6, + mg sin’e, = 153 Eq 3.18¢c
iqg={1-Fu/[(F, + EQ,)) + B'L’ c cotd] "= 1.00 Eq 3.14a
L={1-Fu/[(F,+EQ)+B L’'ccote] ™ = 000 Eq3.17a
Forp=0:ic=1-(mF./B L cN) = 086 Eq 3.16a
N, term Ny term N, term
Gross q; = 12,4189 psi= 12,119 + 300 + (1)
Qau = 11,280 psf=qu/FS
Quewm = 5,708  psf=(F,+EQ)/(B’xL)
FSactuar = 218  =du/ Yacra > 1.1 Hence OK

[geot]j05996\calc\brng_cap\Pad\Wint_Fang-8.xis Sheet 2-Cask
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON MAXIMUM CASK DYNAMIC FORCES FROM THE SSI ANALYSIS
ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS WITH 4 CASKS

PSHA 2,000-Yr Earthquake: CaseIVA 40 % N-8, 100 % Vert, 40 % E-W
Soil Properties: c= 2,200 Cohesion (psf) Footing Dimensions:
o= 0.0 Friction Angle (degrees) B=30.0 Width - ft (E-W)
Y= 80 Unit weight of soit (pcf) L = 67.0 Length - ft (N-8)
Ysuren = 100 Unit weight of surcharge {pcf)
Foundation Properties: B'= 26.7 Effective Fig Width - ft (E-W) L'=39.7 Length - ft {N-8)
D= 3.0 Depth of Footing (ft)
FS= 1.1 Factor of Safety required for Quowatie-
Fv= 6,380 k {Includes EQy)
EQuew = 791 k & EQuuns= 688 k — 1,048 kfor Fy,

General Bearing Capacity Equation,

Guie=C Ne 8c e fo + Yourcn Dy Ng Sq dg Ig + 1/2YB N, 5,d, i, based on Winterkorn & Fang (1975)

N = (Ng - 1) cot(e), but =5.14for9 =0 = 514 Eq 3.6 & Table 3.2
Ng = €"=™ tan®(w4 + ¢/2) = 100 Eq3.6
N,=2(Ny+ 1) tan (9) = 000 Eq 3.8
Se = 1+ (B/L)(Ng/N,) = 113 Table 3.2
sq=1+(B/L)tano = 1.00 "
s, = 1-0.4 (B/L) = 073 "
ForD/B<1: dg=1+2tan¢ (1-sin ¢)° DyB = 1.00 Eq3.26
d,=1 = 1.00 .
For ¢ > 0: d = dg - (1-dg) / (N tan ¢) = N/A
Foro =0:d. =1+ 0.4 (DyB) = 1.04 Eq 3.27
mg = (2 + B/L)/ (1 + B/L) = 169 Eq3.18a
m, = (2+L/B)/(1+LB) = 1.3 EqQ3.18b
If EQy s > 0: B, = tan (EQu e.w/ EQy nes) = 085 rad
m, = My €0s%6, + Mg sin%e, = 153 Eq 3.18¢
lg={1-Fy/[(F,+EQ)+B L' ceot¢}}™ =  1.00 Eq 3.14a
L={1-F/[(F,+EQ)+B L' ccot¢}}™ = 000 Eq3.17a
For¢o=0:ic=1-(mFu/BLcN) = 087 Eq 3.16a
N term Ny term N, term
Gross quu = 11,879 psf = 11,579 + 300 + 0
Gu= 10,790 psf=qu/FS
Quewm = 6,017  psf=(F,+EQ)/{B'xL)
FSactual = 1.97 = Qui/ Qactua > 1.1 Hence OK

[geotljo5996\caleibrng_cap\Pad\Wint_Fang-8.xls Sheet 4-Cask
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DyNaMiC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON MAXIMUM CASK DYNAMIC FORCES FROM THE SSI ANALYSIS

ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS WITH 8 CASKS

PSHA 2,000-Yr Earthquake: CaseIVA 40 % N-§, 100 % Vert, 40 % E-W
Soil Properties: c= 2,200 Cohesion (psf) Footing Dimensions:
o= 0.0 Friction Angle (degrees) B=30.0 Width - ft (E-W)
Y= 80 Unit weight of soil (pcf) L=67.0 Length - ft (N-S)
Ysurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B = 27.9 Effective Ftg Width - ft (E-W) L' = 60.9 Length - ft {N-S)
Dy = 3.0 Depth of Footing (ft)
FS = 1.1 Factor of Safety required for Qyowapte-
Fv= 11,888 k (Includes EQy)
EQH ew = 1,142 k & EQu NS = 1,088k — 1,584 K for Fy

General Bearing Capacity Equation,

Gur = € Ne S¢ G o + Yaurch Dy Ny Sq dg i + /27BN, s, d,iy based on Winterkorn & Fang (1975)

Ne = (Ng- 1) cot(0), but=5.14 for¢ =0 = 514 Eq 3.6 & Table 3.2
N, = &"°% tan’(w/4 + ¢/2) = 100 Eq 3.6
N, = 2 (Ng + 1) tan (9) = 0.0 Eq 3.8
Se= 1+ (B/LYN/N,) = 1.09 Table 3.2
Sq= 1+(B/L)tan¢ = 1.00 "
s, = 1-0.4 (BL) = 082 "
ForDyB <1: dy=1+2tan¢ (1 -sin ¢)° D/B = 1.00 Eq 3.26
d,=1 = 1.00 .
For ¢ > 0: d. = d - (1-dg) / (N, tan ¢) = NA
Foro=0:d. =1+ 0.4 (DyB) = 1.04 Eq 3.27
mp= (2 + B/L)/(1+B/L) = 169 Eq3.18a
m_= (2 +L/B)/(1+L/B) = 131 Eq 3.18b
I EQyps > 0: 0, = tan” (EQuew/ EQunes) = 081 rad
m, = m_ cos?8, + mg sin%6, = 151 Eq 3.18¢c
ig={1-Fu/l(F,+EQ)+B Lccot¢] )" = 1.00 Eqg3.14a
i,={1-F/(F,+EQ)+B L ccote] ™ =  0.00 Eq3.17a
Foro=0:ic=1-(mFy/B' L' cN) = 0.88 Eq 3.16a
N, term Ny term N, term
Gross q,x= 11,546 psf= 11,246 + 300 + 0
9a= 10,490 psf=q,./FS
Gacwar = 7,004 pst=(F,+EQ,)/ (B’ x L")
FSacwar = 1.65  =qu/ dactual > 1.1 Hence OK

[geot]j05996\calc\omng_cap\Pad\Wint_Fang-8.xis Sheet 8-Cask
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON MAXIMUM CASK DYNAMIC FORCES FROM THE SSI ANALYSIS

Table 2.6-8 presents a summary of the bearing capacity analyses that were performed
using the maximum dynamic cask driving forces developed for use in the design of the
pads in Calculation 05996.02-G{PO17)-2 (CEC, 2001) for the pad supporting 2 casks, 4
casks, and 8 casks. Details of these analyses are presented on the preceding pages.
These analyses are performed for Load Case IVA, where 40% of the horizontal forces due to
the earthquake are applied in both the N-S and the E-W directions and 100% of the
vertical force is applied to obtain the maximum vertical locad on the cask storage pad. The
width (30 ft} is less in the E-W direction than the length N-S (67 ft); therefore, the E-W
direction is the critical direction with respect to a bearing capacity failure.

As indicated in this table, the gross allowable bearing pressure for the cask storage pads to
obtain a factor of safety of 1.1 against a shear failure from static loads plus the very
conservative maximum dynamic cask driving forces due to the design basis ground motion
is at least 10.5 ksf for the 2-cask, 4-cask, and 8-cask loading cases. The minimum
allowable value was obtained for the 8-cask loading case. The actual factor of safety for
this case was 1.6, which is greater than the criterion for dynamic bearing capacity (FS 2
1.1).
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CONCLUSIONS

Analyses presented herein demonstrate that the cask storage pads have adequate factors
of safety against overturning, sliding, and bearing capacity failure for static and dynamic
loadings due to the design basis ground motion. The following load cases are considered:

Casel  Static
Case ]l Static + dynamic horizontal forces due to the earthquake
Case Il Static + dynamic horizontal + vertical uplift forces due to the earthquake

Case IV Static + dynamic horizontal + vertical compression forces due to the
earthquake

For Case II, 100% of the dynamic lateral forces in both the N-S and E-W directions are
combined. For Cases III and IV, the effects of the three components of the design basis
ground motion are combined in accordance with procedures described in ASCE (1986);
i.e., 100% of the dynamic loading in one direction is assumed to act at the same time that
40% of the loading acts in the other two directions.

These results of these stability analyses are discussed in more detail in the following
sections.

OVERTURNING STABILITY OF THE CASK STORAGE PADS

Analyses presented above indicate that the factor of safety against overturning due to
dynamic loadings from the design basis ground motion is 5.6. This is greater than the
criterion of 1.1 for the factor of safety against overturning due to dynamic loadings;
therefore, the cask storage pads have an adequate factor of safety against overturning due
to loadings from the design basis ground motion.

SLIDING STABILITY OF THE CASK STORAGE PADS

The cask storage pads will be constructed on and within soil cement, as shown in Figure
3. Analyses presented above demonstrate that the static, undrained strength of the in situ
clayey soils is sufficient to preclude sliding (FS = 1.27 vs minimun required value of 1.1),
provided that the full strength of the clayey soils is engaged. The soil-cement layer
beneath the pads provides an "engineered mechanism” to ensure that the full, static,
undrained strength of the clayey soils is engaged in resisting sliding forces. This soil
cement will be designed to have a minimum unconfined compressive strength of 40 psi.
The bond between this soil-cement layer and the base of the concrete pad will be stronger
than the static, undrained strength of the in situ clayey soils. The factor of safety against
sliding between the concrete at the base of the pad and the surface of the underlying soil
cement is greater than 1.98, which exceeds the factor of safety between the bottom of the
soil cement and the underlying clayey soils. Therefore, the minimum factor of safety
against sliding of the overall cask storage pad design is at least 1.27.

Since the resistance to sliding of the cask storage pads is provided by the strength of the
bond at the interface between the concrete pad and the underlying soil cement and by the
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bond between the soil cement under the pad and the in situ clayey soils, the sliding
stability of the pads at the end of each column or row of pads are no different than that of
the other pads. Therefore, the pads along the perimeter of the pad emplacement area also
have an adequate factor of safety against sliding. Further, the soil-cement layer is
continuous throughout the pad emplacement area; therefore, the area available to resist
sliding of an entire column of pads greatly exceeds the sum of the areas of only the pads in
the column. The factor of safety against sliding of an entire column of pads will, therefore,
exceed that of an individual pad.

Additional analyses presented above demonstrate that even if the cohesion of the
underlying soils is ignored along the interface between the soil cement and those soils, the
resulting displacement of the pads would be minimal. This hypothetical case assumes
resistance to sliding is comprised of only frictional resistance along base of pads and soil
cement + passive resistance, using obviously conservative values of the friction angle for
the underlying soils. Assuming the cask storage pads are founded directly on a layer of
cohesionless soils with ¢ = 17°, the resulting factor of safety is less than 1.1. The relative
displacement of the pads due to the design basis ground motion was estimated using
Newmark's method of estimating displacements of embankments and dams due to
earthquakes. The analysis indicates that the maximum displacement of the pads ranges
from ~2 inches to ~6 inches for this hypothetical case. There are several conservative
assumptions that were made in determining these values for this hypothetical case, and,
therefore, the estimated displacements represent upper-bound values. Even if the
maximum horizontal displacement were to occur from an earthquake, there would be no
safety consequence to the pads or the casks, since the pads and casks do not rely on any
external “Important to Safety” connections.

Analyses presented above alsc address the possibility that sliding may occur along a deep
slip plane at the clayey soil/sandy soil interface as a result of the earthquake forces. To
simplify the analysis, it was assumed that cohesionless soils extend above the 10 ft depth
and, thus, the pads are founded directly on cohesionless materials. Because of the
magnitude of the peak ground accelerations (0.71g) due to the design basis ground motion
at this site, the frictional resistance available for cohesionless scils when the normal stress
is reduced due to the uplift from the inertial forces applicable for the vertical component of
the design basis ground motion is not sufficient to resist sliding. However, analyses were
performed to estimate the amount of displacement that might occur due to the design
basis ground motion for this case. These analyses, based on the method of estimating
displacements of dams and embankments during earthquakes developed by Newmark
{1965), indicate that even if these soils are cohesionless and even if they are conservatively
located directly at the base of the pads, the estimated displacements would be ~2.2 inches.
Whereas there are no connections between the ground and these pads or between the
pads and other structures, this minor amount of displacement would not adversely affect
the performance of these structures if it did occur.




