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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
¢__Determine gan 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. Sce Attachment A for background information, as well as bearing pressures for the
2-cask loading.

REVISION 8

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cask case that are described in Attachment A are superseded by those included in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. C3, 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 sofl 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 (0.528¢g 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 yielded the lowest Qan
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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 q.n based on revised soil parameters (¢ 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 DLAloystus and reviewed by SYBoakye.

REVISION &

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.

Removed static and dynamic bearing capacity analyses based on total-stress strengths
and added dynamic bearing capacity analyses based on cu = 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.

2.

REVISION 7

Updated stability analyses to reflect revised design basis ground motions (as = 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 sfity 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 length 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.

Updated references to supporting calculations.
Updated discussions and conclusions to incorporate revised results.
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1.

REVISION 8

Revised analyses of the stability of the storage pads to include a clear identification of
the potential failure modes and faflure surfaces and the material strengths required to
satisfy the regulatory requirement, considering the critical failure modes and faflure
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 sofls 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 pef.

Added clarification of approximations used in calculation of Kar and updated
calculation of Kse to remove excess conservatism inherent in the previous use of

approximations "sin (¢-6) = 0" and "cos ($-0) = 1",

Added inertial forces due to 2-ft thick layer of sofl 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 faflure 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 settiements
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)-
11-8. 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 fajlures
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 ~ 0 & 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 underiying 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
solls, 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 sofls. The underlying soils are even stronger, based on
their SPT N-values, which generally exceed 100 blows/ft.

Based on probabilistic seismic hazard analysis, the peak acceleration levels of 0.711g for
horizontal ground motion and 0.635¢g 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),

Ymost = 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 sofls 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, fllustrate that the strength of the soils in the upper layer are much greater at depths
below ~10 ft than in the range of ~5 fi 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 1IB, where B® ~15 ft. Figure 7 illustrates that
the anticipated slip surface of the bearing capacity faflure 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) summarizes 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
Calec 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 earthquake,
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 05996.02-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 loading 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 IA Static using undrained strength: . =0° & ¢ = 2.2 ksf.

CaseIB Static using effective-stress strength: ." = 30° & ¢ = 0.

The pads will be constructed on and within soil cement, as fllustrated 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 carthquake

Caselll 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 X and Z directions are combined.
For Cases lll 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,

CaseIIIA 40% N-S direction, -1009 Vertical direction, 40% E-W direction.
CasellIB 40% N-Sdirection, -40% Vertical direction, 100% E-W direction.
Case I[IC 100% N-Sdirection, -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 = ZMReststing + ZMbriving

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 % of 30 ft, or 15 ft. Therefore,

Wp Wc B/2 (1-aJ)
ZMgesisung = [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
Y2 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 (1 = 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.

ay Wp EQhc
ZMorving = 1.5ft x0.711 x 904.5 K + 3 ft x 696 K = 3,053 ft-K.

_17186fi -K _

or 3053 fi —K =563

=FS
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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 = Ntané¢+cBL

where, N (normal force) = I Fv = We + Wp + EQve + 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 fatlure 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 basc of the cask storage pad (Line BC) to obtain the required
minimum factor of safety against sliding of 1.1.

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.

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.

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.

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 to 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.Soil 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
colian 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 leu 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 sofls 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 soil-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
faflure 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 f) 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 soll 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. ‘

¢ = 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 soil cement beneath the pad.
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ACTIVE EARTH PRESSURE
P. = 0.5 yH2K,

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

Parw =10.5x0.11 kef x (5 ft)2 x 0.22] x 67 ft (length)/storage pad = 20.3 KE-W.
Pans =[0.5x0.11 kef x (5 fi)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:

(-a,) cos2(6-0-a)

%)
e ) | sin (¢ + 8)-sin (¢ - 6 - B)
cos B-cos“a-cos B+ a+6) [1+ cos(8+a+9)-cos(B-u)J

Ky =

where :

)

B =slope of ground behind wall,

a =slope of back of wall to vertical, .

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

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

6 =angle of wall friction,

¢ =friction angle of the soil,

g =acceleration due to gravity.

The combined static and dynamic active earth pressure force, Par, is calculated as:

=-;-7H3Ku:.where:
Y =unit weight of soil,
H =wall height, and

K,z Is calculated as shown above.
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SLUDING STABLLITY AT INTERFACE BETWEEN IN SITU CLAYEY SOLLS AND BOTTOM OF SOi. CEMENT BENEATH THE PADS
To simplify the analysis, assume & = 0. This is conservative, as illustrated in Figure 12 of
Seed and Whitman (1970). which indicates that Kae decreases with increasing values of 8.
ﬁ =a=0

-

1-0.695
¢ = 40°

To obtain a real solution to the equation for calculating Kae, the sin (¢ -6 -p) must be
positive: i.e., the sin (¢ -6 -B) 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) = O.

Similarly, approximate cos (¢— 6 —a) = 1. This term is in the numerator of Kae, and Kaz will
be maximum when cos (§ - 6 - a) = 1; therefore, approxdmating it equals 1 is conservative.

With these approximations.

l-a,

AE = 505 8-cos ©

K, =-1-0:695

=——= 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:

Y H2 Kae L
Farew =Ppe =%x0.l 10 kef x (3 ft)* x1.97 x67 ft / storage pad = 65.3 K'in the E - W direction.

Fapns =Pae = -;-x 0.110 kef x (3 ft)® x1.97x30ft / 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 H2 Ka L
Farsw =Pas =%x0.l 10 kef x (5 ft ¥ x1.97 x 67 ft / storage pad =181.5K in the E - W direction.

Fopns =Pz =%x0.110 kef x (5 ftf x1.87 x30 ft / storage pad =81.3 K in the N - S direction.
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SUDING STABILITY AT INTERFACE BETWEEN Iv StTU CLAYEY SOILS AND BOTTOM OF SOIL CEMENT BENEATH THE PADS

WEIGHTS

Casks: Wc =8x356.5K/cask =2,852K
Pad: Wp =3 ft 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
av = vertical earthquake acceleration = 0.695¢g

Casx EARTHQUAEE 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)  Quamaxin 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. EQhc 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:

Cask Loads wT EQv. N 02xN|0BxN EQnc max
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 | 1,982 | 4,834 | 967 | 3,867 2.102 N-S

Note:
Case HI: 0% N-S, -100% Vertical, 1009 E-W  Earthquake Forces Act Upward
Case IV: 0% N-S, 100% Vertical, 100% E-W  Earthquake Forces Act Downward

FOUNDATION PAD EARTHQUAKE So1L CEMENT BENEATH PAD EARTHQUAKE
LOADINGS LOADINGS
EQvp =-0.695x 904.5K = -629 K EQvsc =-0.695x 402 K =-2794 K
EQhp= 0.711 x904.5K=643K EQhp= 0.711x402K=2858K

PR ——
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SUDING SmmvuMwanmwsmvanu&.«mSmsmBmm OF SOIL CEMENT BENEATH THE PADS

CAasEII: 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 wWp Wse EQvc EQvp EQvsc
N=2852K+904.5K +402K + (-1.982 K) + (-629K)) + (-279.4 K) = 1,268.6 K
N ¢ c B L
T=1,2686Kxtan 0° + 2.1 ksfx 30 ftx67 ft =4,221 K
The driving force, V., is defined as:
V = Far + EQhp + Eqhc + EQhsc
The factor of safety against sliding is calculated as follows:

T Fazpws EQhp Eg@hc EQhsc
FS=4,221 K+ (181.5K+643K+ 696K + 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, u = 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 K is used (= 0.2), because the
driving forces due to the casks would be reduced.

CASE IV: 0% N-S, 100% VERTICAL, 100% E-W (EARTHQUAKE FORCES ACT DOWNWARD)
When the earthquake forces act in the downward direction:
T=Ntan¢+{cBL)
where, N (normal force) = ¥ Fv = We + Wp + EQvc + Eqvp + EQvsc

- We Wp EQvc  EQwp  Eqvsc
N=2852K+904.5K+ 1,982 K + 629 K + 279.4 K= 6,647 K

N ¢ c B L
T=6,647Kxtan 0°+2.1 ksfx 30 ft x 67 ft=4,221 K
The driving force, V, is defined as:

V = Fae + EQhp + Eqhc + EQhsc
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SUDING STABILITY AT INTERFACE BETWEEN BV StTU CLAYEY SOLLS AND BOTTOM OF SOR. CEMENT BENEATH THE PADS

The factor of safety against sliding is calculated as follows:

T Facews EQhp EQhcew EQhsc
F'S sot1 Cement to Clayey sonn = 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 p 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 fi.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 Fasews EQhp EQhcew
FS=T+(65.3K+643K+2,212K)=21.1

(2.920.3 K)
— T 21.1x29203K=32123K

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

=11.10 psi

1.60
12 in.

(. 32123K K ( f Y 10000s
30ftx67f fi?
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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 retum 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
solls must be 0.76. This adhesion factor, ca, 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
stifiness of the foundation to such a degree that it would exceed the target hardness
limitation of the hypothetical cask tpover analysis. Therefore, PFS decided to 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 solls 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 soft cement are such that the bond between the soil
cement and the underlying clayey sofls 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 sofl 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 treatments 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 treatment 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:

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.

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

NO O ok 0N
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ADHESION BETWEEN THE BASE OF PAD AND UNDERLYIVG CLAYEY SOLLS

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 sofl
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
stll provide an adequate factor of safety with respect to sliding of the pads embedded
within the soil cement.

Table 5-6 of Bowles (1996) indicates E = 1,500 s,, where s, = the undrained shear
strength. Note, s, is half of qu, the unconfined compressive strength.

Based on this relationship, E = 750 qu,
Where E Young's modulus
Qu Unconfined compressive strength

An unconfined compressive strength of 100 psi for the soil cement under the pad will imit
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=6,368Kxtan 0° + 2.88 ksTx 30 ft x 67 ft = 5,789 K

As indicated above, the driving force, V, is defined as: V = Faz + 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 Fazgew EQhp EQhcew
FSpad to soit 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 sofl cement will have higher strength than the underlying silty clay/clayey siit
layer; therefore, the resistance to sliding on that interface will be limited by the strength of
the silty clay/clayey silt.

Soil cement with strengths higher than this are readily achievable, as {llustrated 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, fo = 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 sofl, 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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Sor. 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 adequate 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 pst 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
avallable 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, o, ~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:

Ibs _(12in.Y’ K
Tsc atjacent topedg nas =250~ X(T] X o005 X 233 ft x30ft =2.516 K

Clay Soil Cement
Tns=4,010K+ 2516 K=6,526 K

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

Tuns Faens EQhp Eghcws
FS rad to Clayey Sott N-6 w/Pasatve = 6,526 K + (29.3 K + 643 K + 2,102 K) = 2.85
(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 Eqghcns

F'S pad to Clayey 8al1 K-8 w/o Passtve = 4,221 K+ (29.3 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:

x2.33ftx67ft =5.620K

Ibs _(12in.Y K
TSCMMM‘wPﬂdaa&w_250m.z x( ft ) xl.OOOlbs

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

Tew Facew EQhp EQhcew
FS rad to clayey st ew = 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 sofl 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= 10 x 2,102 K
Inertial forces due to Pads + Soil Cement:
Weight of Pads = 10x904.5K = 9,045K

21,020K

Weight of SojilCement = 9x3.33ftx30ftx5ftx0.11 kips/ft3 = 495 K
- +10x30fix67ftx1ftx0.11 kips/ftd = 2,211K
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 sofl 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
sofls 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 soil 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:
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Soil cement
Tns=10pads x 30 ft x 67 ft x 2.1 ksf + 9 zones between the pads x 30 ft x5 ft x 1.4 ksf,

or Tn-s = 42,210K + 1,880 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:

Tns Driving Forcex.s
FS pad to Clayey sot N6 = 44,100 K + 29,456 = 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 soil
cement zone between the pads is much wider (35 ft vs 5 ft) and longer (67 ft vs 30 f&)
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 EEW =35 ft x 67 t x
1.4 ksf = 3,283 K / areca 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 ceiﬁcnt 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 direction of:
2

T, 250 12 x[mm'] K x2.33fx30ft=2516K

Adjacent to Padg g s = m.z ft x 1,000 Ibs

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
Tns = 42,210K  + 1,880K = 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. :

T-S Residual Strength = 0.95 x 44,100 K= 41,895 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 Forcex.s
F'S pad to Clayey soan-s = 44,411 K + 29,456 K = 1.51

Including Passive Resistance at End of E-W 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) x22,516 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 + Fae ns]
=1.1x[21,020K + (11,751 Kx 0.711) + 81.3 K]
Therefore, Trse1.1 = 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 + 2 minimum of 1’ below the pad will provide a force resisting
sliding in the N-S direction of:

Ibs _(12in.Y K
Tscndjacenttol’aden&s = 250 m-z X( ft ) X 1,000 1bs
Base area, A, of a column of 10 pads is given by
A=10x30ftx67ft + 9x30ftxS5ft
A= 20,100tz + 1,350ft2 = 21,450 ft2

Therefore the minimum shear strength required to provide the resisting force T is given by

x3.33ftx30ft =3.596K

Tn.s = TX area (A)

Th.s =Tpaa X 20,100 2 + Tsot Cement X 1,350 ft2= 82,402 K - 3,696 K = 28,806 K
Trag = 2.1 ksf & Tson cement = 1.4 ksf; thus, Tson cement = (1.4 + 2.1) X Tpaad = 0.67 X Tpaa
Tns = Tpea X 20,100 ft2 + 0.67 x traa x 1,350 ft2 = Tpaa X 21,000 ft2
Traa X 21,000 ft2 = 28,806 K

Tpaa = 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,

Tx-s =Tpaa X 20,100 ft2 + Tsoncemenm X 1,350 ft2= 32,402 K

Traa = 2.1 kST & Tson cement = 1.4 ksf; thus, Tson cement = (1.4 + 2.1) X Tpaa = 0.67 X Tpaa
Tn-s = Traa X 20,100 fi2 + 0.67 x tpae x 1,350 ft2 = Tpad X 21,000 fi2
Traa X 21,000 ft2 = 32,402 K

True = 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 S0I1L 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:

x3.33ftx30ft =3.596K

Ibs _(12in.Y K
Tscspeent omaonas = 250977 x[ f ] *1,0001bs
The base area required to provide this shear resistance = 30 ft x Lx.s 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.

Lus = 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 minimum allowable value without taking credit for the passive resistance
provided by the sofl 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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SLIDING STABILITY OF THE PADS ASSUMING RESISTANCE Is BASED ON ONLY FRICTIONAL
RESISTANCE ALONG BASE PLUS PASSIVE RESISTANCE

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 sofls 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 validity 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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We Wp EQvc EQvp
N=2852K+904.5K+(-1,982K) +(-629K) = 1,146 K

N ¢ ¢ B L
T=1,146 Kxtan 17°+0 ksfx 30 ft x 67 ft = 350.4 K

The driving force, V, is defined as: V = Fae + EQhp + EQhc
The factor of safety against sliding is calculated as follows:

T FaEns E@Qhp Eg@hc ’
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 IHIA: 40% N-S, -100% Vertical, 40% E-W (Earthquake Forces Act Upward)
We Wp EQve EQvp

N=2852K+904.5K+(-1.982K) + (629K} = 1,146 K

N ] c B L
T=1146Kxtan 17°+0ksfx 30 ft x 67 ft = 3504 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 [FAens  EQhp Eqghc]
FS=350.4K+[0.4x(29.3K + 643 K) + 696 K] = 0.36
(964.9 K)

In this case, note that Eghcn.s = the minimum of 0.4 x EgQnc mexn-s and 0.8 x Ncasks.
Egne 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, Eqhcn.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 sofl cement, multiplied by the area of the end of the pad,
which equals 2.33' x 30". Therefore,

q, <—S18K __gg K, ft? _  1.0001bs
““233ftx30ft  fi2 (12in)? K

=61.1psi

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 licu of placing and compacting structural fill, but it likely wil be at
least 250 pst to satisfy the durability requirements associated with envtronmental
considerations (Le., 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. {f 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 sofl 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 soifl 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 sofl-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 sofl 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
sofl 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, 0.71 1g, which equals 0.711g x 5’ x 0.110 kef/g x
the width and length of the block of soil cement. The resulting horizontal shear stress at
the base of the block = 0.39 ksf. In this case (Case II1A) 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 _
FSso1-cement pock Case IMA Shear Stress Due to Horiz Inertia _ 0.156 ksf 033

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.,

C - (1-0.4x0.695)x5 ft x0.11 kef xtan17° _ 0.121 ksf
FSson-cement Biock mc = 100%x0.711x5 ft x0.11 kof ~ 0.391 ksf

=0.31

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 CaseMA _ (1-0.695)x5 ftx0.11kef xtan40® _ 0.141 ksf
Soll-eement Block 70 = 40" 40%x0.711x5ftx0.11kef _ _ 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, assume 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, P,,
is calculated as:

PP=%7be2xN°+2cxHx N,

l+sin¢ 1+sin 21.3°
wh N, = =

ere N l-sin¢ 1-sin21.3°
and H=5ft

=2.14 Eq 23.2 Lambe & Whitman (1969)

s Pp = -0.080 kef x(5 f1)? x2.14 + 2 x1.4 ksf x5 ft xyB.14 = 20.91 K /LF

For the 30 ft width of the pad, full passive resistance of the in situ soils =
30 ft x20.91 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 [Fatns EQhp  Eghc)
FS =(350.4 K+627.3K) +[0.4 x (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 A,

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 qf 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 imited 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:

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

N ¢ c B L
T=1,146 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 soil cement away
from the end of the pad is available to resist sliding of the entire row of pads. 1t 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’ + 357, 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 {f 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:

Faens 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 IIlAns is:

Facns EQhp EQhc
Vman-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 4056 of Faz ns+ EQhp+ Eghe
FS =7,635.3 K + 19,076 K = 0.40

or, for the maximum credible passive resistance, relying on distribution 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 Fazns+ EQhp+ EQhc
FS=8,367K + 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 Newmarik (1965) for estimating displacements of dams and
embankments 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
deseribed in the section titled " Evaluation of Sliding on Deep Slip Surface Beneath Pads.”
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Load Case IIA: 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] = 76,180 K
Soil cement adjacent to pads is 30 ft wide and 3 ft deep =

30 £t width xaﬁdeepx[gﬁe;’:xsﬂ%g;-ﬂxzmas+90ftbemeenareas]xo.1 10 kef =1,782K

Soil cement 2 ft deep beneath the pads, which are 30 ft wide =
30ftx2 Rx[ZOpadsxG?—E--l-Q-&?p—sxsﬁ-l-—Egm x 2 areas + 80 ft between areas]
pad  area gap ,

%x0.100 kef = 6,120 K

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

Earthquake Vertical Force, Fveq = av x W/g = 0.695g x 86,032 K/g = 59,792 K
6= 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

Fv Fyeox o Pp W
N= [(86,032~59,792) tan 17° + 627.3 K] / 86,032 = 0.101

Acceleration in N-S direction, A = 0.284g

Velocity in N-S direction, V = 138.7 in./sec
= N/A=0.101/70.284 =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.

- u = (13.7 in./sec)® -(1 -0.854) ~1.55"
m | 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)

= u.,,:[ (18.7 m. /sec)’ }=2.40"

2-386.4in./sec?.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 IC 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, F, = W = 86,032 K
Earthquake Vertical Force, Fueqg = 59,792 K x 0.40 = 23,917 K

= 17°

Fv Fv Eqk ¢ 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=0.228/0.711 = 0.321

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

um = [VZ2{1-N/A)/ (2gN)

= u o[Btlm/secf-1-0.321)
™ | 2-886.4in./sec?.0.228

] =4.48"
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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

Um = V2] / (2gN)
= u, =( (34.11n./scc)2 ]=6.60

2.386.41in. /sec?-0.228

In this case, N /A is = 0.32]1. 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
SO0ILS WITH ¢ = 17° AND PASSIVE PRESSURE DUE TO SITE SOILS ACTS ON 5-FT THICK LAYER
OF 8S01L CEMENT AT END OF Row OF 20 PADS

LOAD COMBINATION DISPLACEMENT
Case IIIA 40% N-S | -100% Vert 40% E-W ~2 inches
Case IIIB 40% N-S -40% Vert 100% E-W < Case HIC
Case IIIC 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 horizonta! 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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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 f 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
cohesjonless layer. The sofls 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
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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
stablilizing 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= t-Area
where T= Ontan¢
6n= Normal Stress
¢= Friction angle of cohesionless layer
6n= Net Vertical Force/Area

= (Fv‘FvKk]/Area
T= (Fv-vaqk)tan¢
NW= T

= N = [(FR-Fieqdtan¢] /W

The maximum relative displacement of the pad relative to the ground, un , is calculated as
um = [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.

um =V2 /(2gN)

MaxiMoM 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 = 0.695g. 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 directions, the velocities are the same as well.
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EVALUATION OF SLIDING ON DEEP SLIP SURFACE BENEATH PADS

GROUND MOTIONS FOR ANALYSIS

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 IIIA, IIIB, and IIIC, in which the pads are

unloaded due to uplift from the earthquake forces.
CaseIlIA 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.

North-South Vertical East-West
Load Case Accel Velocity Accel Accel Velacity
& in./sec g g in./sec
A 0.284¢g 13.7 0.695g 0.284g 13.7
1B 0.284g 13.7 0.278g 0.711g 34.1
nc 0.711g 34.1 0.278g 0.284g 13.7




STONE & WEBSTER, ING.

5010.65 CALCULATION SHEET
CALCULATION IDENTIFICATION NUMBER
J-0. OR W.0. NO. .| DIVISION & GROUP | CALCULATION NO. | OPTIONALTASKGoGE| . PAGE 49
05996.02 G(B) 04-9

EVALUATION OF SLIDING ON DEEP SLIF SURFACE BENEATH PADs

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

For Case INIA, 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

Fv Fv 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 = V(0.2842 +0.284%) = 0.402g

40% N-S 40% E-W
Resultant velocity in horizontal direction, V = {{13.72 +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

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

- u =( (19.4 in./sec)’ - (1-0.438)

=1.56"
2-386.4in./sec?.0.176 J

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)

(19.4 ;. /sec)
= um = 2
2-386.4in./sec?®-0.176

] =2.77

In this case, N /A is = 0.438; therefore, use the average of the maximum displacements;
i.e.,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 SUP SURFACE BENEATH PADS

Load Case HIB: 40% N-S direction, 40% Vertical direction, 100% E-W direction.
Static Vertical Force, Fy = W = 3,757 K
Earthquake Vertical Force, Fugqg = 2,611 Kx 0.40 = 1,044 K
¢= 30°
F Fveg 3 w
N= [(3.757 - 1,044) tan 30°] / 3,757 = 0.417

40% N-S 100% E-W
Resultant acceleration in horizontal direction, A = 4/(0.2842 +0.711%) g = 0.766g

40% N-S 100% E-W
Resultant velocity in horizontal direction, V = 4/(13.72 + 34.1%) = 36.7 in./sec

= N /A.=0.4]7 / 0.766 = 0.544

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

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

(36.7in. /sec) - (1 - 0.544) .
= =1.91
= Y [ 2.386.41in. /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 orthogonal directions,
the result for Case IIIC is the same as those for Case IIIB.

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

LOAD COMBINATION DISPLACEMENT
Case IIA 40% N-S | -100% Vert 40% E-W 2.2 inches
Case HOIB 40% N-S -40% Vert 100% E-W 1.9 inches
Case IIC 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 sofls in the layer that are assumed to be cohesionless, the one ~10 ft below the pads
that is labeled "Clayey Silt/Silt & Some Sandy Sflt” 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 (1999). 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 coheston 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 gur = c:Ne + q-Nq +
1.yBN, 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., Ng,
and N, Terzaghi's bearing capacity equation has been enhanced by various investigators
to incorporate shape, depth, and load inclination factors for different foundation
geometries and loads as follows:

Gue=cN:Scdc b+ qNgSqdoig+ YayBN, s, 4, ¢,
where
g.n = ultimate bearing capacity
¢ = cohesion or undrained strength
q = effective surcharge at bottom of foundation, = y Dy
y= 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 &. {, = load inclination factors
N.. N,, N, = bearing capacity factors, which are a function of ¢.

y 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 ¢ in
the second term.

BEARING CAFPACITY 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, = "‘”'tan’[45 +g)
Ne = (N.-1) cot¢,but=5.14 for = 0.

Ni=2 (Nq+l) tan¢
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SHAPE FACTORS (FOR L>B)
B N;
Sc=ld—-—
L N
B
=l+—tan
Sq I ¢
B
=1-0.4—
st L
D
DEPTH FACTORS (FOR B <1)
de = dq-M—g)-for¢>0 and de=14+0.4 2—‘- for ¢=0.
Nq - tan(b B
Dx
dy =1+2tan¢-(1-sin¢)’ - [—B—)
dy=1
INCLINATION FACTORS

Ii={1 al” i
| "F,+BLccot¢

_ (1-14) _ mF, _
h-h-Nc.tan¢for¢>o and ic =1 m—c for ¢=0

) m+l
e[l =t
F,+B'Lccot¢
Where: Fu and Fyv are the total horizontal and vertical forces acting on the footing and
me= (2+B/L)/(1+B/L)
m= (2+L/B)/(1+L/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° & c = 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)
Ysurch = 100 Unit weight of surcharge {pcf)
Foundation Properties: B'= 30.0 Footing Width - #t (E-W) L=67.0 Length - it {N-S)
D= 3.0 Depth of Footing (it)
0g=ay
FS = 3.0 Factor of Safety required for Quowstie 0g=ay
Fyvesuse= 8,757k & EQy= 0k — 3,757 kforFy
EQuew= 0k & EQuus= 0k — 0 kforFy
=Nt e T DN B B + TRYB Ny, CorerBeaing Capacty Ecuatn
Ne = (Ng - 1) cot(¢), but=5.14for ¢ =0 = 5.14 Eq 3.6 & Table 3.2
Ny = €% tan®(x/4 + ¢/2) = 100 Eq3.6
N,=2(Ng+1) tan (¢) = 000 Eq 3.8
S = 14 (BAXN/N,) = 1.09 Table 3.2
g=1+(BML)tan¢ = 100 .
s,=1-04(BL) = 082 .
ForD/B<1: dg=1+2tan ¢ (1-sin¢)’ DyB = 1.00 Eq3.26
d, =1 = 100 "
For ¢ > 0: d. = dg - (1-d.) / (N tan ¢) = N/A
For¢=0:d.= 1 + 0.4 (D/B) = 1.4 Eq3.27

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

N, term N, term N, term
Gross gy = 13,085 psf= 12,785 + 300 + 0

Qu= 4360 pst=qu/FS
Qe = 1,869  pst=(Fyguuc+ EQ)/ (B’ xL)
FSyctua = 7.00 = Qun / Qactay > 3 Hence OK

[oeoth05956\calc\bmg_cap\Pad\Wint_Fang-8.xds
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Allowable Bearing Capaclty of Cask Storage Pads

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)
Yaurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B'= 30.0 Footing Width - #t (E-W) L'= 67.0 Length - ft (N-S)
Dy= 3.0 Depth of Footing (it)
0 g=ay
FS= 3.0 Factor of Safety required for Quowatie 0g=ay
Fysuic= 8,767k & EQy= Ok — 8757 kforFy
EQuew= 0k & EQuns= 0Ok — 0 kforFy
s LRk S L kot tit
Ne= (Ng - 1) cot(¢), but=5.14for¢=0 = 80.14 €q 3.6 & Table 3.2

Ng = €75 tan®(/4 + ¢/2) = 1840 Eq 36
N, = 2 (Ng + 1) tan (¢) = 2240 Eq38
sc= 1+ (BN, = 127 Table 3.2
sq= 1+ (Bl)tan¢ = 126 .
s, =1-04(B/L) = 0.82 "
ForD/B < 1: dg=1+2tan ¢ (1-sin ¢)° D/B = 103 Eq3.26
d =1 = 100 .
For ¢ > 0: d¢ = d - (1-0;) / (N, tan ¢) = 1.03
For¢=0:d.= 1+ 0.4 (D/B) = N/A Eq 3.27
No inclined loads; therefore, ic =iy =1, = 1.0.
N term N, term N, term
Gross Q= 29,216 pst= 0 + 7,48 4+ 22,0588
Qi = 9,730 pst = Qu:/FS
Qactua = 1,869 pst= (F, suau. + EQ)/(B"x L")
FSpctunt ® 15.63 = Qun/ Qacnar > 3 Hence OK

[geot05996\calc\bmg_cap\Pad\Wint_Fang-8.xds
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STATIC BEARING CAPACITY OF THE CASK STORAGE PADS

Table 2.6-6 presents 2 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, to model the end of construction.
Using the estimated effective-stress strength of ¢ = 30° and ¢ = 0 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 =1009%) 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 ax x [weight of the pad + cask dead loads], multiplied by the appropriate
factor (40% or 100%) for the load case. The horizontal 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 (u = 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 p 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 I 100% N-S direction, 0% Vertical direction, 100% E-W direction. .

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

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

Case IlIC 1008t N-S direction. -40% Vertical direction, 40% E-W direction.

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

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

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

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

an Hlpasa B L Yoonc
EQupaa=0.711x3 x30'x 67 x0.15 kef=643 K

aH Wc B Ne
EQhc = Minimum of [0.711 x 2,852 K& 0.8x2,852K] = EQhc=2,028K
2,028 K 2,282K
Note, Nc = Wc in this case, since av = 0.

EQhp EQhe
EQuns =643 K+ 2,028K=2,671K
The horizontal components are the same for this case; therefore, EQuew = EQuns
Combine these horizontal components to calculate Fy:

= F, =yEQ%sew +EQ%uns = 26712 +2671* = 8,777K

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

_ 9.83xEQhc _ 9.83'x2,028K

Ab =
We + EQvc 2852K+0

=6.99 ft

an Wp EQhc Ab Wc  EQwc
1.5'x0.711 x 904.5K + 3’ x 2,028 K + 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,
IMecw = IMons = 26,984 fi-K
See Table 2.6-7 for definition and calculation of B' and L’ for these forces and moments.

ZMoex.s

Determine Qattowaste for FS = 1.1.
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DYNaMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED OI INERTIAL FORCES

Allowable Bearing Capacity of Cask Storage Pads

Based on Inertial Forces Combined:

PSHA 2,000-Yr Earthquake: Case II 100 % N-S, _ 0 % Vesrt, 100 % Eﬂ
Soil Properties: ¢= 2,200 Cohesion (psf) Footing Dimensions:
6= 0.0 Friction Angle (degrees) 8= 30.0 Width - f2 (E-W)
Y= 80 Unit weight of soil (pcf) L=67.0 Length - ft (N-S)
Yaurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B = 15.6 Effective Ftg Width - ft (E-W) L'= 52.6 Length - ft (N-S)
‘ = 8.0 Depth of Footing (ft) .
0711 g=a,
= 1.1 Factor of Salety required for Quuowatie 0.695 g=8y
Fyvsuic = 8,757k & EQy= Ck — 3,757 kforFy
EQuew= 2,671k & EQuns= 2671k — 3,777 kfor Fy

Qur = € Ne 8¢ te I + Youren Dy Ng 84 dg 1y

+12yBN,s,d,i

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

N. = (Ng - 1) cot(¢), but=5.14for ¢ =0 = 514 £q 3.6 & Table 3.2
Ng = "% tan®(n/4 + ¢/2) = 1.00 Eq 3.6
N, = 2 (Ng + 1) tan (¢) = 000 Eq3.8
Se= 1+ (BLYNN) = 106 Table 32
see 1+(BLtan¢ = 100 -
$,=1-0.4(BL) = 088 .
ForD/B < 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
For ¢ =0:d. = 1 +0.4 (D/B) = 108 Eq 3.27
me= (2+BL)/ (1 +BA) = 169 Eq3.18a
m, = (2+LB)/ () + LB) = 131 Eq3.18b
i EQyps > 0: €, = tan™ (EQu ew/ EQuu.s) = 079 rad
m, = m, cos%6, + mg sin%0, = 150 Eq3.18¢
k={1-Fu/I(F,+EQ)+B'L'ccot¢]]™ = 1.00 Eq3.14a
L={1-Fa/l[(F,+EQ)+B L'ccot¢]}™ = 000 Eq3.17a
For¢=z0:lc= 1-(mFy/B L' cN) = 0.38 Eq 3.16a
N, term Ng term N, term
Grossqu= 5338  psf= - 5,088 + 300 « (]
Qm= 4,850 psf=qu/FS
Cactunt = 4,565 psf = (Fy sunc + EQ,) / (B’ x L)
FSactual = 117 = Qun / Qaceua > 1.1 Hence OK

(geotN0Sg96\calc\bmg_cap\Pad\Wint_Fang-8.xis




STONE & WEBSTER, INC.

5010.65 CALCULATION SHEET
CALCULATION IDENTIFICATION NUMBER
J.0.OR W.0. NO. .| DIVISION & GROUP CALCULATION NO. | OPTIONAL TASK CODE PAGE 60
05996.02 G(B) 04-9

DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES

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

av Wp We
EQv = -100% x 0.695 x (904.5K + 2,862 K) = -2,611 K
an We
EQhp =0.711 x904.56 K=643 K
Normazl force at base of the cask = CaskDL= 2,852K

— CaskEQvc=-1.x0.695x2852K=-1982K =avxWc
= Nc= 870K

= Frguos=0.8x870K=696K

aH We ® Nc
EQhc = Minimum of {0.711 x 2,852 K & 0.8 x 870 K]
2,028K 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 ,=08); 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:

6962

EQ%nce-w + EQ%hen.s =EQ%hc = 696° = EQ, ;.. =EQu.ns = —— = 492.1K

40% of EQhp EQhens
= EQuns=04x643K+492.1K=7493K

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

= F, =yJEQ%e.w +EQ%ns = ¥749.3% +749.3° = 1,060K

Determine moments acting on pad due to casks.
See Figure 6 for identification of Ab. Note: EQvc = -1. x 0.695x 2,852 K = -1,.982K
_ 9.83'xEQhc _ 9.83' x 492.1K

Abp.w = We+EQve  2852K-1982K 5.56 It
40% an Wp Eghcew Ab We EQvec
IMons = 1.5'x0.4x0.711 x904.5K + 3' x 492.1 K + 5.56" x (2,852K - 1,982 K)
= 386 ft-K + 1476 ft-K + 4,837 fi-K = 6,699 ft-K

The horizontal forces are the same N-S and E-W for this case; therefore,
IMeew = IMens = 6,699 fi-K
Determine Qattouanie 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 Inertia! Forces Combined:
PSHA 2,000-Yr Earthquake: Case IIA 40 % N-S, -100 % Vert, 40 % E-W
Soil Properties: c= 2,200 Cohesion (psf) Footing Dimensions: B
: ¢= 0.0 Friction Angle (degrees) B=30.0 Width - it (E-W)
Y= 80 Unit weight of soll (pcf) L=67.0 Length - #t (N-S)
Yaurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B = 18.3 Effective Ftg Width - ft (E-W) L' =553 Length - ft (N-S)
D= 3.0 Depth of Footing (ft)
0.711 g=8y
FS= 1.1 Factor of Safety required for Qasowabie 0.695 g=ay
Fygat: = 3,757 k & EQyv= 2611k — 1,146 kfor Fy
EQHE-W = 749 k & EQH NS = 749k — 1,060 k for F“

General Bearing Capacity Equation,

Qun =€ Ne 8¢ dc o+ Youron Dy No Sq gl + 12 YB N, &, ¢, |, based on Winterkorn & Fang (1875)

Ne= (Ng - 1) cot(¢), but=5.14for =0 = 514 Eq3.6 & Teble 3.2
N, = €57 tan®(4 + ¢/2) = 1.00 Eq3.6
N, = 2 (Ng + 1) tan (¢) = 000 Eq3.8
6. = 1+ (B/L)NSNS) = 106 - Table 3.2
so=1+(BM)tan¢ = 100 .
s, = 1-0.4 (BL) = 087 .
ForD/B<1: d = 1+2tan ¢ (1-8in¢)’ DyB = 1.00 Eq3.26
d =1 = 100 .
For ¢ > 0: d. = d,, - (1-dg) / (N tan ¢) = NA
For ¢ =0: d. = 1+ 0.4 (D/B) = 107 Eq 3.27
mg= (2+BA)/(1+8BNL) = 169 Eq3.18a
m = (2+L/B)/(1+UB) = 131 Eq3.18b
IFEQuns>0:6,= ‘a_n" (EQuew/ EQups) = 079 rad
m, = m_c0s°6, + Mg in°e, = 150 Eq 3.18¢
lo={1-Fu/I(F,+EQ)+B'L'ccote]}™ = 1.00 Eq3.14a
L= {1-Fu/[(F, +EQ)+B'L'ccote] ™ = 000 Eq3.17a
For¢=0:l.=31-(MFy/B'L'cN) = 088 ‘Eq 3.16a
N, term N term N, term
Gross = 11,344  psi= 11,044 + 300 + 0
Gu= 10,310 pst=qu/FS
Qe 1,182 psf=(F, g+ EQ)/(B'x L)
FSecwn = 10.02 = Qun/ Qactua > 1.1 Hence OK

[ceotN05996\calc\bmg_cap\Pad\Wint_Fang-8.xs
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DYNAXIC BEARING CAPACTTY 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 earthquaie.

av Wp We
EQv=-40%x0.695x(904.5K + 2,852 K) = -1,044 K
Normazl force at base of the cask = Cask DL= 2,852K

— 20% of Cask EQvc =-0.4x0.695x2,852 K= -793K =40%ofavxWc
= Nc= 2,059K

= Frgu02=0.8x2,058K=1,647K

e Wc B’ Nc
EQhc = Min of [0.711 x 2,852 K & 0.8 x 2,059 K] = EQhc = 1.647 K:
2,028K 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 EQhec. 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%hee-w + EQ%hen.s =EQ%c = 1,647 = EQ, .. =41,647°-811% = 1.433.5K
Using 40% of N-S: 409 of EQhp Eqghens
= EQuns=04x643K+811K=1,068K

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

= F, =yEQ%e-w +EQ%ns = y2.076.5% +1,068% = 2.335K

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

9.83xEQhc, ,, _9.83 x 1433.5K

Abew = —erBOve  2852K-793K oo Rt
100% an Wwp Eqghce-w Ab We EQvc
ZMens = 1.5x0.711x9045K+3x1,433.5K +6.84' x (2,852K - 793 K)
= 965 ft-K + 4,300 f-K + 14,084 ft-K = 19,349 ft-K
9.83'xEQhc, ¢ 9.83 x 8Bl1K
abys = Wc+EQve  2,852K-793K 3871t
40% aun Wp Eqhens aAb We EQvc
IMeew = 1.5'x0.4x0.711 x904.5 K+ 3 x811 K+ 3.87'x (2,852K - 793 K)
= 386 ft-K + 2434ft-K + 7,969 ft-K = 10,787 ft-K

Determine Qanowante for FS = 1.1.
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DyYNAMIC BEARING CAPACITY OF THE CASX STORAGE PADS BASED OGN INERTIAL FU
Allowable Bearing Capacity of Cask Storage Pads
PSHA 2,000-Yr Earthquake: Case IIB

Based on Inertial Forces Combined:
40 % N-S, -40 %yem _100 % E-W

Soil Properties: c= 2,200 Cohesion (psf) Footing Dimensions:
= 0.0 Friction Angle (degrees) B=30.0 Width - &t (E-W)
Y= 80 Unit weight of soil (pcf) L=67.0 Length - &t (N-S)
Yeuren = 100 Unit weight of surcharge (pcf)
Foundation Properties: B= 15.7 Effective Ftig Width - ft (E-W) L' = 5§9.0 Length - it (N-S)
D= 8.0 Depth of Footing (f)
0711 g=84
FS= 1.1 Factor of Safety required for Quaowanie 0.655 g=ay
Fvsunc= 3,757k & EQy= 4084k — 2712kforFy

EQuew= 2,077k & EQuns= 1,068 k — 2,336 kforFy

. General Bearing Capacity Equation,
Gur =€ No 8c e fo + Youren Dy Ng 85 g lg + 12BN, 5,41, based on WIntegrkor?\ &itF‘;ng (1975)

N = (Ng-1) cot{¢), but=5.14for¢=0 = 514 Eq 3.6 & Table 3.2
Ny = €% tan®(n/d + ¢/2) = 100  Eq36
N, = 2 (N +1) tan () = 0.0 Eq3.8
Scx 1+ (BLYNSN,) = 105 Table 3.2
s;= 1+ (BA)tan ¢ = 100 .
s, = 1-0.4 (BL) = 089 - .
ForD/B<1: d = 1+2tan¢ (1-8in¢)°D/B = 1.00 Eq3.26
d=1 = 1.00 *
For ¢ > 0: d. = dg - (1-dg) / (N, tan ¢) = NA
Foré=0:d.= 1+0.4 (D/B) . = 1.08 EqQ 3.27
mg= (2 +BL)/ (1 +BL) = 169 Eq 3.182a
m. = (2+L/B)/(1+UB) = 131 Eq 3.18b
If EQy s > 0: 6, = tan™ (EQuew/ EQitn.s) = 110 rad
My = m._ cos®6, + mg sine, = 161 Eq3.18¢c
o= {1-Fu/l(F,+EQ)+B L'ccoté]}™ = 1.00 Eq3.14a
L={1-Fa/[(F,+EQ)+B'Lccot¢]’™ = 000 Eq3.17a
Forde0:l.= 1-(MFy/B'L'c) = 064 Eq3.16a
N term N term N, term
Gross Qu = 8,513 psi= 8,213 + 300 + 0

Qu= 7,730 psl=qum/FS
Qe = 2922  pst=(F,guu + EQ)/(B'XL)
FSpctuat = 2.91 e Qur/ Qacnat > 1.1 Hence OK

[ceoth05S96\calc\bng_cap\PadWint_Fang-8.ds




ETONE & WEBSTER, INC.

$010.85 CALCULATION SHEET
CALCULATION IDENTIFICATION NUMBER
J.0. OR W.0. NO. DIVISION & GROUF CALCULATION NO. | OPTIONAL TASK CODE PAGE 64
059896.02 G(B) 04-9

Dynaric BEARING CAPACTTY 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 earthquake.

av Wp We
EQv = -40% x 0.695 x (904.5K + 2,852 K) = -1,044 K
Normal force at base of the cask = Cask DL= 2,852 K
— 40% of Cask EQvc =-0.4 x0.695x 2,852 K= -793K =40% of av x Wc¢
= Nec= 2,059K

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

an Wc 1} 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

Le., 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
E-W component of EQhc = 0.4 x 2,028 K = 811 K, and the N-S component is calculated as
follows:

EQ%nens +EQ%mcrw =EQ%c = 1,647° = EQ, , . =11.647°-811° = 1.433.5K
Using 100% of N-S:

100% of EQhp Eqghens
= EQuns=1.0x643K+1,433.5K=2,076 K

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

=  F, =yEQ%r.w +EQ%uns = {10682 +2076° = 2,335K

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

Ab. . = 2-83xEQhc, , _ 9.83x811K
¥ Wc+EQve  2852K-793K
40% an Wp Eqhcew Ab We EQvc
EZMons = 1.5'x0.4x0.711 x904.5K + 3' x 811 K + 3.87" x (2.852K - 793 K)
= 386 ft-K +2434ft-K + 7,969 ft-K= 10,787 f-K

=3.87 ft

_ 9.83'xEQhc,, -s _ 9.83x1433.5K

abys = We + EQve 2.852K-793K 6.84 ft
100%ban Wp Eqhons aAb We EQvc
IMeew = 1.5'x0.711x904.5K + 3'x 1,433.5K + 6.84' x (2,852K - 793 K)
= 965 ft-K + 4,300ft-K + 14,084 ft-K = 19,349 ft-K

Determine Qanowatie for FS = 1.1.
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DYNAMIC BEARING CAPACTTY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES

Allowable Bearing Capacity of Cask Storage Pads

PSHA 2,000-Yr Earthquake: Case HIC

Soll Properties:

Foundation Properties:

Based on Inertial Forces Combined:
100 % N-S, -40 % Vert, 40 % E-W

c= 2,200 Cohesion (psf) Footing Dimensions:
¢= 0.0 Friction Angle (degrees) B= 300 Width - ft (E-W)
Y= 80 Unit weight of soil (pcf) L= 67.0 Length - &t (N-S)
Youreh = 100 Unit weight of surcharge (pct)
B'= 22.0 Effective Ftg Width - ft (E-W) L' = 52.7 Length - # (N-S)
Di= 8.0 Depth of Footing (ft)
0711 g=a,
FSe 1.1 Factor of Safety required for Quuowabie 0.655 g=ay
Fvemc= 3,757k & EQu=  -1,044k — 2712kforFy
EQuew= 1,068k & EQuns = 2,077 k — 2,336 k forFy

Qu=t N,s,vd,icq-ym..'D,Nqsqdql. +1/2yBN,s,d, |,

General Bearing Capacity Equation,
based on Winterkorn & Fang (1875)

N.= (Ng - 1) cot(¢), but=5.14for ¢ =0 = 6514 Eq 3.6 & Table 3.2
Ny = "™ tan(w/4 + ¢/2) = 100 Eq3.6
N, = 2 (Ng + 1) tan (¢) 0.00 Eq 3.8
6= 1+ (BL)(Ny/No) = 1.08 - Table 3.2
s,= 1+ (BL)tan ¢ = 100 .
§,= 1-0.4 (BN) = 083 i
ForD/B<1: do=1+2tan¢ (1-5in ¢)° DyB 1.00 Eq3.26
d =1 = 100 .
For¢ > 0: d. = dg- (1-dg) / (Ngtan ¢) = N/A
Foré¢=0:d.= 1+0.4 (D/B) = 1.05 Eq3.27
mg= (2+BL)/ (1 +BA) = 1.69 Eq 3.18a
me = (2+LB)/ (1 + LUB) = 131 Eq 3.18b
If EQup.s > 0: 8, = tan"(EQu ew/ EQuns) = 048 rad
m,= m., c0s%6, + mg Sin6, = 139 Eq3.18c
iq={1-Fy/[(F,+ EQ,)+B' L' ccot ] | = 1.00 Eq 3.14a
L={1-Fu/l(F,+EQ)+B'L'coot¢}}™ = 000 Eq3.17a
For¢=0O:l.=1-(MmF,/B'L'cN) = 0.75 Eq 3.16a
N term Ng term N, term
Gross qu = 10,010 psf= 9,710 + 3800 + 0
Qu= 8,100 psfequ/FS
Qacrwa & 2,334 pst = (Fyguuc+ EQ.) 1B x L)
FSectunt = 4.29 = G/ Qo > 1.1 Hence OK

[geot\05996\cale\bmg_cap\Pad\Wint_Fang-8.xis
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Dynarze BEARING CAPACITY OF THE CASK STORAGE PADS BASED QN INERTIAL FORCES
Case IVA: 40% N-S, 100% Vertical, 40% E-W

Determine forces and moments due to earthqualke.

av Wp We
EQv = 100% x 0.695 x (904.5 K + 2.852 K) = 2.611 K
ax We
EQhp = 0.711 x 904.5 K = 643 K
Normal force at base of the cask = CaskDL= 2,852 K

+ Cask EQvec=1.x0695x2,852K=+1982K =ayxWec
= Nc= 4,834K
= Fgo ps0.8 = 0.8x4.834K=3,867K

ax We 13 Nc
EQhc = Min of [0.711 x 2,852 K & 0.8 x 4,834 K]
2,028K 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 (= Feg s0e); therefore, EQhc = 811 K in both the N-S and E-W
directions for this case.

40% of EQhp Eghens
= EQuns=04x643K+811K=1,068K

Since horizontal components are the same for this case. EQuew = EQuns
= F, =yEQ%rw +EQ%ns = 1068 +1068° = 1,510K

Determine moments acting on pad due to casks.
See Figure 6 for identification of Ab. Note: EQvc = 1.0 x 0.695 x 2.852 K = 1,982 K

9.83'xEQhc, ,,  9.8F'x811K
We + EQve 2,852K+1.982K

40% an Wp Eghcew 4ab We EQvc
ZMens = 1.5'x0.4x0.711x904.5K + 3'x 811 K + 1.65' (2,852K + 1,982 K)
= 386 R-K + 2433ft-K + 7,976 ft-K = 10,795 ft-K
The horizontal forces are the same N-S and E-W for this case: therefore,
IMoew = IMens = 10,795 fi-K

Ab, = =1.65f

Determine Qanowaste for FS=1.1.
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Allowable Bearing Capacity of Cask Storage Pads

PSHA 2,000-Yr Earthquake: Case
Soil Properties: C=
$¢=

Y =
Yaurch =
B'=

Dg =

Foundation Properties:

FS=
Fvsute =
EQuew=

Based on Inertiat Forces Combtned:

IVA . 40 % N-S, 100 % Vert, 40 % E-W,
2,200 Cohesion (psf) Footing Dimensions:
0.0 Friction Angle (degrees) B= 30.0 Width - ft (E-W)
80 Unit weight of soi! (pcf) L=67.0 Length - R (N-S)
100 Unit weight of surcharge (pcf)
26.6 Effective Ftg Width - R (E-W) L' = 63.6 Length - &t (N-S)
3.0 Depth of Footing (ft)
0.711 g=ay
1.1 Factor of Safety required for Quuowamse 0.695 g=8&y

3,767k &
1,068 k & EQuns=

Qun= € N 8¢ & I + Yauren D Ng 8 4 i +12yBN, s, d, i
N¢ = (Ng - 1) cot(¢), but=5.14for ¢ =0

N, = €™ tan®(v/4 + ¢/2)
N, = 2 (N +1) tan (¢)

s = 1+ (BALYN/N,)

sg=1+(BL)tan ¢
s,= 1-0.4(BL)

ForD/B<1:
d= 1

For ¢ >0:d. = d - (1-d;) / (N tan ¢)

For¢=0:d. = 1+0.4 (D/B)

= 1+2tan¢ (1-sin¢)’Dy/B

mp= (2+BA)/(1+B/L)
m.=2+LB)/{1+L/B)

H EQuus > 0: B, = tan™ (EQu e.w/ EQun.s) =
m, = My oS0, + Mg 8in®g,
o= {1-Fu/[(F, +EQ,) + B' L' ccot¢] )"
L= (1-Fy/[(F,+EQ,) + B L' ccot¢] )™

For¢=0:l.=1-(mF,/B'L

Gross Q. = 11,567
Gu= 10,510
Qactuat = 3,762
FSpctm = 3.07

{gect]05896\calc\brng_cap\Pad\Wint_Fang-8.xs

EQy= 2611k —

1,068 k —

6,368 kfor Fy
1,511 kforFy

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

= 514 Eq 3.6 & Table 3.2
= 1.00 Eq3.6
=  0.00 Eq3.8
= 1.08 Table 3.2
1.00 -
= 083 .
= 1.00 Eq 3.26
= 1.00 .
= N/A
= 1.05 Eq3.27
= 1.69 Eq 3.182
= 1.31 Eq 3.18b
079 rad
= 1.50 Eq 3.18¢
= 1.00 Eq 3.14a
= 0.00 Eq3.17a
c No) = 088 Eq3.16a
N term Ngterm N, term
psf= 11,267 + 300 + 0
pst=qu/FS

pst = (Fy g1 + EQ) /(B"x L)

= Qun/ Qacwat

> 1.1 Hence OK
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DYNAMIC BEARING CAPACTIY 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.

Wp we
EQv = 04x0695x(9045K+2852K)-1044K
Normal force at base of the cask = CaskDL= 2,852K

+ 40% of Cask EQvc =+0.4x0695x2,852K= +793K =40% ofavxWc
= Nc= 3.645K
= Frgp-08=0.8x3,645K=2916K

an We K® Nec
EQhc = Min of [0.711 x 2,852 K & 0.8 x 3,645 K] = EQhc = 2,028 K, since it is < Feg =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= 811K
and 100% in the E-W direction, Eqhcew = 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 Eqhcew
= EQuew=1.0x643K+2,028K=2,671K

= F, =JEQ’new +EQ%:ins = y2.671° +1,068> = 2,877K
Determine moments acting on pad due to casks
See Figure 6 for identification of Ab. Note: EQvc =0.4 x0.695x2.852 K =793 K

9.83xEQhc, ,, _ 9.83x 2.028K
Wec+EQve 2.852K +793K

1009 an Wp Eqhcew Ab We EQvc
IMens . = 1.5°x0.711 x9045K+3'x2028K+547'x(2852K+ 793 K)

= 965 ft-K + 6,084fi-K + 19,938 ft-K = 26,987 ft-K

9.83'x EQhc, .  9.83x811K
We+EQve 2,852K+793K

40% ax Wp Eqghens Ab We EQvc
EMeew = 1.5°x 0.4x0.711 x904.5 K+ 3 x 811 K+ 2.19'x (2,852K + 793 K)

= 386 fi-K + 2433ft-K + 7,982ft-K=10,801ft-K
Determine Qatowante for FS = 1.1.

Ab, . = =547 ft

Ab, = =2.19ft
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DYNAMIC BEARING CAPACTTY OF THE CASK STORAGE PADS BASED ON INERTIAL

Allowable Bearing Capacity of Cask Storage Pads

PSHA 2,000-Yr Earth
Soil Properties:

Foundation Properties:

Qur=C N St lc + Youren Dy N 8 dg g + V2YBN, 6, d, I,

quake: Case IVB

Based on Inertial Forces Combined:
40 % N-S, B 40 % Vert,

100 % E-W

c= 2,200 Cohesion (psf) Footing Dimensions:
6= €.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)
Yeureh = 100 Unit weight of surcharge (pcf)
B= 18.8 Efiective Fig Width - ft (E-W) L' = 62.5 Length - ft (N-8)
D= 3.0 Depth of Footing (ft)
0.711 g=8y
FS= 1.1 Factor of Salety required for Quowane 0.695 g=ay
Fygae= 3,757k & EQy= 1,048 k — 4,801 kforFy
EQu EW= 2,671 k & EQy4 NS = 1,068k — 2,877 k for F“

N, = (Ng- 1) cot(¢), but=5.14for¢=0 = 5.14

Ny = € tan’(w/4 + ¢/2) = 1.00

N, =2 (Ng+1) tan (¢) = 0.00

sc= 1+ (BALYNSN,) = 106

s;=1+(@B)tan¢ = 100

s,=1-0.4 (BL) = 088

ForD/B<1: dg=1+2tan¢ (1 -sin¢)’ D/B 1.00

d=1 ' = 1.00

For¢>0:d. = dy - (1-dg) / (Ng tan ¢) = N/A

Foro=0:d.= 1+ 0.4 (D/B) = 1.06

meg= (2+BAL)/{1+B/L) = 1.69

m = (2+L/B)/(1+L/B) = 1.31

If EQy s > 0: 8, = tan™(EQuew/ EQupns) = 119

m, = My c0s%6, + Mg sin%, = 164

Ig={1-Fu/[(F, +EQ,)+ B'L’ccot¢] " = 1.00

= {1-Fu/[(F,+EQ)+B L'ceote] )™ = 000

For¢=0:f.=1-(mFy/B'L'cN) = 0.64

N, term N, term

Gross Gy = 8,508 pst= 8,208 + 300

Qa = 7,730 psf=qu:/FS
Qactunt = 4,085 pst = (Fy grane + EQ) /(B'x L")
FSyctm = 2.08 = Qun / Qacual

[geothos9g6\calc\bmg_cap\Pad\Wint_Fang-8.xls

rad

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

Eq 3.6 & Table 3.2
Eq3.6
Eq 3.8

Table 3.2

Eq 3.26

Eq 3.27
Eq 3.18a
Eq 3.18b

Eq3.18¢c

Eq3.14a

Eq3.17a

Eq3.16a

N, term
0

> 1.1 Hence OK
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Dynasic BEARING CAPACITY OF THE CASK STORAGE PADS BASED O IVERTIAL FORCES
Case IVC: 100% N-S, 40% Vertical, 40% EW

Determine forces and moments due to earthquake.

av Wp We
EQv = 04x0695x(9045K+2852K]-1044K

Normal force at base of the cask = CaskDL= 2,852K
+40% of Cask EQvc =0.4x0.695x2,852K= +793K =40%ofavxWc
= Nc= 38,645K
= Fegu08=0.8x3.645K=2916K

an We 1} Nc
EQhc = Min of [0.711 x 2,852 K & 0.8 x 3,645 K] = EQhc = 2,028 K, since it is < Fep 08
2,028 K 2916 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, Eqhens = 2,028 K and 40% in
the E-W direction, Eqhce.w = 0.4 x 2,028 K = 811 K for this case.

Using 100% of N-S:

100% of EQhp Eqghens
= EQuns=10x643K+2,028K=2,671K

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

= F, =JEQ*srw +EQ%ns = y1068% +2671° = 2,877K
Determine moments acting on pad due to casks
See Figure 6 for identification of Ab.  Note: EQve = 0.4 x 0.695x 2,852 K =793 K

9.8Fx EQhc, ,, _ 9.83x811K
Wc+EQvc  2852K+793K

40% an Wp EQhe ab We EQve
IMens = 1.5°x0.4x0.711 x904.5K+3' x811 K +2.19'x (2,852K + 793 K)

386 ft-K + 2433ft-K + 7,982 ft-K= 10,801 ft-K
9.83'xEQhc, _ 9.83 x2,028K

=2.19ft

Ab, y =

= = =5.47 ft
abys Wc+EQve 2.852K +793K 5
100% an Wp EQhc ab We EQvc
IMeew = 1.5°x0.711x904.5K + 3 x 2,028 K + 5.47 x(2,852K + 793 K)

965 ft-K + 6,084 ft-K + 19,938 ft-K = 26,987 ft-K
Determine Qatiouwavte for 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

PSHA 2,000-Yr Earthquake: Case IVC

40 °é_!ert,

Based on Inertial Forces Combined:
100 % N-S,

40 % E-W

Sob Properties: c= 2,200 Cohesion (psf) Footing Dimensions:
¢= 0.0 Friction Angle (degrees) B = 30.0 Width - 1t (E-W)
Y= 80 Unit weight of solil (pcf) L=67.0 Length - ft (N-S)
Yaureh = 100 Unit weight of surcharge (pcf)
Foundation Properties: B'= 25.5 Effective Fig Width - ft (E-W) L'=55.8 Length - ft (N-S)
D= 3.0 Depth of Footing (ft)
0.711 g=8y4
FS= 1.1 Fector of Safety required for Quuowanis 0.695 g=ay
Fv Satic = 3,757 k & EQV = 1,044 K = 4,801 k for Fv
EQyu EWS 1,068 k & EQH NS = 2671k — 2,877 kfor Fy
_ Genera! Bearing Capacity Equation,
Gue =€ Ne ¢ Gc le + Yourcn D No 8¢ 6 1, + 12YB N, 5, 0, I, based on Winterkorn & Fang (1875)
Ne= (Ng - 1) cot{¢), but=5.14for ¢ =0 = 514 Eq 3.6 & Table 3.2
Ny = €% tan’(w/4 + ¢/2) 1.00 Eq3.6
N, = 2 (N, +1) tan (¢) = 000 Eq3.8
s = 1+ (BAYNSN,) = 1.09 Table 3.2
sg=1+(BL)tan¢ = 100 .
s, = 1-0.4 (BL) = 082 .
ForD/B<1: dg=1+2tan¢ (1-sin¢)° DyB = 100 Eq3.26
d =1 = 1.00 .
For ¢ > 0: d, = dg - {1-0g) / (N tan ¢) = NA
For¢=0:d.= 1+ 0.4 (D/B) = 1.05 Eq3.27
mg= (2+BA)/(1+BAL) = 169 Eq3.18a
m = (2+LUB)/ (1 +LUB) = 131 Eq 3.18b
If EQqps > 0: 6, = tan (EQuew/ EQun.s) = 038 rad
m, = m_ cos6, + mg sin’e, = 136 Eq 3.18¢
o= (1-Fu/[(F, +EQ)+B'L'ccot¢])™ = 1.00 Eq 3.14a
L={1-Fu/[(F,+EQ)+B L'cecot¢]}1™ = 0.00 Eq3.17a
Foro=0:l.=1-(MFy/B'L'cN,) = 076 Eq 3.16a
N, term Nq term N, term
Grossqm= 10,052 psf= 9,752 + 300 + 0
Qan = 8,130 pst=qu/FS
Qactunt = 3,376 pst = (Fy g1anc + EQ,) / (B’ x L")
FSectua = 2.98 = Que / Qacrua > 1.1 Hence OK

[geotpOSegs\cale\brng_cap\Pad\Wint_Fang-8.xds
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DYNAMIC BEARING CAPACTTY 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 I, 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 Il and IV, the
cffects 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(P0O17)-2 (CEC,
2001), which is shown on Page Bl1l. 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 (1 =
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 fi); therefore, the E-W direction is the critical direction with respect to a bearing
capacity failure.
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DYNAMIC BEARING mmmvcrm&sx&nmcs?msﬂasﬁomlmmm&sxbwmhm:smmms SSI ANALYSIS
ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS WITH 2 CASKS

PSHA 2,000-Yr Earthquake: CaseIVA 40 % N-S, 100 % Vert, 40% E-W“
Soll Properties: c= 2,200 Cohesion {psf) Fooling Dimensions:
¢= 0.0 Friction Angle (degrees) B=30.0 Width - ft (E-W)
Y= 80 Unit weight of soil (pcf) L= 670 Length - R{N-S)
Ysvren = 100 Unit weight of surcharge (pcf)
Foundation Properties: B= 25.0 Effective Ftg Width -t (E-'W) L'=26.6 Length - ft (N-S)
Dy= 3.0 Depth of Footing {ft)
FS= 1.1 Factor of Safety required for Quuowasie-
Fv= 8,780 k (Inciudes EQy)
EQH EW®= s06k & EQ” NS = 429k — 664 k for Fﬂ .
General Bearing Capacity Equation,
Gun = € Ne 8c de fe + Yourcn Dy No 8 dg y +1/2YB N, 5, ¢, 1, based on Winterkorn & Fang {(1975)
N = (Ng- 1) cot(¢), but=5.44 for ¢ =0 = 514 Eq3.6&Table 3.2
Ny = €™ tan’(4 + ¢/2) = 100 Eq3.6
N,=2(Ng+1) tan($) = 000 Eq3.8
so = 1+ (BL)N/N,) = 118 Table 3.2
se= 1+(B)tan¢ = 1.00 -
s, = 1-04 (BL) = 062 -
ForD/B<1: dy=1+21an¢ (1-sin¢)°Dy/B- = 1.00 Eq3.26
d=1 = 100 .
For¢>0:d. = d, - (1-dy) / (Nytan ¢) = N/A
For¢=0:d.= 1 + 0.4 (D/B) = 1.05 Eq 3.27
"mge (2+B/L)/(1+B/L) = 169 Eq3.18a
m = (2+ LB}/ (1 + UB) = 131 Eq 3.18b
HEQuns> 0:6,= tgn" (EQuew/ EQuus) = 087 rad
m, = m_ c0s°6, + mg sin0, = 153 Eq3.18c
o= (1-Fy/l(F,+EQ)+B'L'ccot¢]}” = 1.00 Eq 3.14a
L={1-Fu/[(F,+EQ)+B Lccot¢}}™ = 000 Eq3.17a
For¢=0:k=1-(MF,/B'L'cN) = 0.88 Eq 3.162
Ne term N, term N, term
Gross qu = 12,418 psi= 12,118 + 300 + 0
Qe 11,280 psf=qn/FS
G ® 5,708  psf=(F,+EQ)/(B'xL")
FSyctua = 218 =qu/Quua > 1.1 Hence OK

[geot]j05988\calc\bmg_cap\Pad\Wint_Fang-8.xls Sheet 2-Cask
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED O MAXBuns CASK DYNAMIC FORCES FROM THE SSI ANALYSIS
ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS WITH 4 CASKS

PSHA 2,000-Yr Earthquake: CaseIVA I 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 soit (pcf) L=67.0 Length - ft (N-S)
Yaurch = 100 Unit weight of surcharge (pef)
Foundation Properties: B'= 26.7 Effective Ftig Width - ft (E-W) L' = 39.7 Length - ft {N-S)
D= 3.0 Depth of Footing (ft)
FS= 1.1 Fector of Safety required for Qpowaie-
Fv= 6,380 k (Includes EQy)
EQuew= 781 k & EQuuns= 688k — 1,048 kforFy
LR L ST LR et

Ne = (Ng- 1) cot{¢),but=5.14for¢=0 5.14 Eq3.6 & Table 3.2
N, = 8"%% tan’(n/4 + ¢/2) = 1.00 Eq3.6

N,= 2 (Ng+ 1) tan (¢) = 000 Eq3.8

sc= 1+ (BLYNN,) = 113 Table 3.2

gg=1+(EL)tan¢ ' = 100 "

s, = 1-04 (BL) = 073 .

ForD/B<1: dy=1+2tan ¢ (1-sin¢)° DyB = 100 Eq3.26
d,=1 = 100 .
For ¢ > 0: d. = d - (1-dg) / (Ng tan ¢) = N/A
For¢=0:d.= 1+ 04 (D/B) = 1.04 Eq3.27
mpg= (2+B/L)/(1 +BL) = 169 Eq3.18z2
m. = (2 +L/B)/(1+L/B) = 131 £q3.18b
If EQp s > 0: 6, = tan™(EQu e.w/ EQuyns) = 085 rad

m, = M, cos%, + Mg §in%, ‘= 153 Eq3.18¢c
la={1-Fu/[(F,+EQ)+B L'ccot¢]]™ = 100 Eq 3.14a
L={1-Fy/[(F.+EQ)+B L' ccot¢]}™ = 000 Eq3.17a
For¢=0:i.=1-(mFy/B'L'cN,) = 087 Eq3.16a
N, term N, term N, term

Gross qu = 11,879 psie 11,579 + 300 + 0

Qun= 10,790_ psi=qum/FS
Qe ® 6,017  psf=(F,+EQ)/(B'xL")
FSpctun = 1.87 = Qur/ Qactuat > 1.1 Hence OK

(geot]j05986\calkc\bmg_cap\PadiWini_Fang-8.xis Sheet 4-Cask
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ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS WITH 8 CASKS

PSHA 2,000-Yr Earthquake: CaseIVA " 40 %N-S, 100 % Vert, 40% E-WH
Soil Properties: c= 2,200 Cohesion (pst) Footing Dimensions:
6= 0.0 Friction Angle (degrees) B = 30.0 Width - #t (E-W)
Y= 80 Unit weight of soll (pcf) L=67.0 Length - ft (N-S)
Yaurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B= 27.9 Effective Fig Width - ft (E-W) L'= 608 Length - ft {N-S)
D= 3.0 Depth of Footing (ft)
FS= 1.1 Factor of Safety required for Qanowatie-
Fy= 11,888 k (Includes EQy)
EQqew= 1,142k & EQuns= 1,098k — 1,584 kforFy,

General Bearing Capacity Equation,

Gun = € Ne € Ao le + Yaurcn Dy Nq 84 & s «+12YBN, 5,9} based on Winterkorn & Fang (1875)

Nc = (Ng- 1) cot(d), but=5.14for¢ =0 = 514 Eq 3.6 & Table 3.2
Ng= "™ tan’(w4 + ¢/2) = 1.00 Eq 3.6
N, = 2 (Ng + 1) tan (¢) = 000 Eq3.8
sc= 1+ (BAL)NSNS) = 109 Table 3.2
s,= 1+ (BL)tan¢ = 100 )
s,= 1-0.4 (BA) = 082 .
ForD/B<1: dy=1+21an¢ (1-sin¢)° D/B =  1.00 Eq 3.26
d,=1 = 1.00 .
For ¢ > 0: d. = Og - (1-dg) / (Ng tan ¢) = NA
For¢ =0:d.= 1+ 0.4 (D/B) = 104 Eq 3.27
mg = (24 BL)/(1+BL) = 169 Eq3.18a
m_ = (2 +WLB)/(1+LB) = 131 Eq3.18b
i EQuu.g > 0: 6, = tan™ (EQuew/ EQuns) = 0.81 rad
m, = r:;L co0s%6, + mg sin’6, = 151 Eq 3.18¢
lg={1-Fu/[(F.+EQ)+B L'ccot¢])” =  1.00 Eq3.14a
L={1-Fu/I(F,+EQ)+B L ccot¢) ™ = 000 Eq3.17a
For¢=0:lc=1-(MFy/B'L'cN) = 088 Eq3.162
N; term N, term N, term
Gross Q= 11,546 psf= 11,246 + 300 + 0
Qu= 10,430 psfequ/FS '
Quena= 7,008  pst=(F, +EQ)/(B'xL)
FSuctun = 165  =Qu/Quna > 1.1 Hence OK

[geot]j05996\calc\bmg_cap\Pad\Wint_Fang-8.xis Sheet 8-Cask
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON MaxamiM CASK DYNAMIC FORCES FROM THE SS! ANALYS!S

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 05896.02-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 load on the cask storage pad. The
width (30 fi) 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 faflure.

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 I 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 IIl 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 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. This soil
cement will be designed to have a minimum unconfined compressive strength of 40 psi.
The bond between this sofl-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 {gnored 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 also 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 soils 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.




s010.68

STONE & WEBSTER, INC.
CALCULATION SHEET

CALCULATION IDENTIFICATION NUMBER

J.0. OR W.0. NO.
059986.02

“DIVISION & GROUP
G(B)

CALCULATION NO. |
04-9

OPTIONAL TASK CODE

PAGE 101

ALLOWASBLE BEARING CAPACITY OF THE CASK STORAGE PADS

STATIC BEARING CAPACITY OF THE CASK STORAGE PADS

Anzlyses of bearing capacity for static loads are summarized in Table 2.6-6. As indicated
for Case IA, the factor of safety of the cask storage pad foundation is 7.0 using the
undrained strength for the cohesive soils that was measured in the UU tests (s, > 2.2 ksf)
that were performed at depths of approximately 10 to 12 feet. The results for Case IB
illustrates that the factor of safety against a bearing capacity failure increases to greater
than 15 when the effective-stress strength of ¢ = 30° is used. The minimum gross
allowable bearing capacity exceeds 4 ksf for static loads. Therefore, these analyses
demonstrate that the factor of safety against a bearing capacity failure exceeds the
minimum allowable value of 3 for static loads.

DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS

Analyses of bearing capacity for dynamic loads are summarized in Tables 2.6-7 and 2.6-8.
Table 2.6-7 presents the results of the bearing capacity analyses based on the inertial
forces applicable for the peak ground accelerations from the design basis ground motion.
Table 2.6-8 presents the results of the analyses based on 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 latter
dynamic forces represent the maximum forces 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.

Table 2.6-7 presents the results of the dynamic bearing capacity analyses for the following
cases, which include static loads plus inertial forces due to the earthquake.

Case Il 100% N-S direction, 0% Vertical direction, 100% E-W direction.
Case MIA 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.
Case IVA  40% N-S direction, 100% Vertical direction, 40% E-W direction.
CaseIVB 40% N-Sdirection, 40% Vertical direction, 100% E-W direction.
Case IVC 100% N-S direction, 40% Vertical direction, 40% E-W direction

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 faflure 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,
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tending to rotate the cask storage pad about the N-S axis. The actual factor of safety for
this condition was 1.2, which is greater than the criterion for dynamic bearing capacity (FS
2 1.1). In Load Cases IIl and IV, 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.

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. 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 load on the cask
storage pad. The width (30 fi) 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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TABLE 1
Summary of Vertical Soil Bearing Pressures (ksf) from Cale 059096.02-G(P017)-2, Rev. 3

20'96650
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Loading |Point A(287)| B(203) | C(209) | D(144) |E(180) | F(156) ] G() | B(7) | J(13)

2-Cask |[Pad DL 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45

Snow LL 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 }

Cask LL 1.345 | 1.352 | 1.345 | 0.185 { 0.199 { 0.183 | 0.00 0.00 0.00

Pad EQ 0.313 | 0.313 | 0.313 | 0.313 | 0.313 | 0.313 | 0.313 | 0.313 | 0.313

(2)i5]
dNOHD ¥ NOISIAIQ

Cask EQ 4.11 3.90 3.18 0.84 0.52 0.56 0.00 |- 0.00 0.00

100% Vert| 6.26 6.06 85.33 1.83 1.53 1.66 0.81 0.81 0.81

4-Cask |Pad DL 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45

SnowlL | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045

Cask LL 1.71 1.71 1.71 0.76 0.76 0.76 0.00 0.00 0.00

Pad EQ 0.313 | 0.313 | 0.313 | 0.313 | 0.313 | 0.313 | 0.313 | 0.313 | 0.313

Cask EQ 2.75 3.45 3.76 2.69 2.16 1.86 | 0.00 0.00 0.00

100% Vert| 3.27 5.97 6.28 4.28 3.73 3.42 0.81 0.81 0.81

8-Cask {Pad DL 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45

Snow LL 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045

Cask LL 1.402 | 1.402 | 1.402 | 1.514 | 1 516 | 1.514 | 1.402 | 1.402 | 1.402
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Pad EQ 0.313 | 0.313 | 0.313 | 0.313 | 0.313 | 0.313 | 0.313 | 0.313 | 0.313

Cask EQ 2.71 2.08 4.24 4.41 2.59 4.69 5.14 4,32 4.94

100% Vert| 4.92 4.29 6.48 6.73 4.91 7.01 7.38 | 6.83 7.18
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TABLE 2.6-6
SUMMARY - ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS
Based on Static Loads |
B L GROSS . EFFE
Case Fv |EQuns|EQuew} ZMons| ZMecy EQuew|EQuns] Gun | G o B | L | Gecws | FSacrm
k k kK ft-k ft-k deg deg | ksf | kst ft ft ft ft ksf
IA - Statie
Undrained| 3,757 0 0 0 0 0.0 00 f1308| 436 ] 00 | 00 | 300670 | 187 | 7.0
IB - Static .
Effective | 3,757 0 0 0 0 0.0 00 |2022] 973] 00| 00 | 300| 670 187 ] 156
Strength _
¢= 30 Effective stress Iriction angle (deg), c=0. Fy = Vertical load (Static + EQy)
¢ = 2,200 Undrained strength (psf), $=0. EQ,, = Earthquake: Horizontal force. Fy =EQye.w of EQuns
y= 80 Unit weightof soil (pcf) Be = tan™ [(EQy e.w) / Fy ] = Angla of load inclination from vertical (deg) as f(
B = 30 Footing width (f) By = tan™ ((EQuw.s)/ Fv] = Angle of load inclination from vertical (deg) as (!
L = 67 Footing length (ft) ep = IMans/Fy e, = IMaew/ Fy
D;= 3.0 Depthof footing (ft) B'=B-26 L=L-2¢
Yawcn = 100  Unit welght of surcharge (pcf) Qocnat = Fv/ (B"x L)
FS= 1.1 Factor of safety for static loads. '

[geot]\ 05996 \cale\brng_cap\Pad\Wint_Fang-8.x!s Table 2.6-6
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TABLE 2.6-7
SUMMARY - ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS
Based on Inertial Forces Due to Deslgn Earthquake: PSHA 2,000-Yr Return Perlod

20°966S0
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GROSS EFFECTIVE
F EQ EQyew| ZM M Be B e
Case Y s | EQuew ons OV |EOwew|EOuns] G | am " B’ L’ | Quctest | FSpctumt
k k Kk ft-k ft-k deg | deg ksf kst ft ft ft fl kst
n 3,757 | 2671 | 2,671 ‘26.982 26962 | 354 | 354 | 534 | 485 | 72 | 72 | 156 | 526 | 456 ] 1.2
mA 1,146 749 749 6,699 6,699 332 | 332 | 1134|1031 | 58 | 58 | 183 ]| 553 | 1.13 | 10.0
ns 2712 | 1,068 | 2,077 | 19,361 10,793 | 374 | 215 | 851 | 773 | 7.1 | 40 | 157 | 59.0 | 292 | 29
mc 2,712 | 2,077 | 1,068 | 10,793 19361 | 215 | 374 | 1001 | 910 | 40 | 7.1 | 220 | 527 | 233 | 43
IVA 6,368 | 1,068 | 1,068 | 10,793 10,793 9.5 95 | 11571051 ]| 1.7 | 1.7 | 266 | 636 | 376 | 3.1
VB 4801 | 1,068 | 2,671 | 26982 10793 | 291 | 1251 851 | 7273 | 56 | 22 | 188 ]| 625 4.09] 21
e 4,801 2,671 1,088 10,793 26,982 125 29.1 | 10.05 | 9.13 22 66 | 255 | 55.8 | 3.38 3.0
c= 2,200 Undrained strength (psf) Fy = Vertical load (Fy e + EQy) ‘ 0.711 g=ay
¢= 0.0 Friction angle (deg) EQy = Earthquake: Horizontal force. Fy = SQRT[EQy gw + EQu’ns]  0.695 g = ay
B= 30 Footing width (ft) Bs = tan™ [(EQuew) / Fv 1= Angle of load inclination from vertical (deg) as f(width).
= 67  Footing length (ft) Bo = tan™ [(EQum.s)/ Fv ] = Angle of load Inclination from vertical (deg) as f(length).
D= 3.0  Depth of footing (ft) ep = ZMons/ Fy e, = ZMogw/ Fy
y= 80  Unitweightof soil (pcf) B'=B-2e, U'=L-2¢
Yaurch= 100  Unit weight of surcharge (pcf) Qactsat = Fy / (B' x L)
FS= 1.1 Factor of safety for dynamic loads.

{eot]\03996 \cale\brng_cap\Pad\Wint_Fang-8.xis Table 2.6-7
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Based on Maximum Cask Driving Forces Due to Design Earthquake: PSHA 2,000-Yr Return Period for
Loading Case IV: 40% N-S, 100% Vertical, and 40% E-W

TABLE 2.6-8

SUMMARY - ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS

20°968S0
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. GROSS EFFECTIVE
Caselv| F, |E EQuew| =M Moew | P2 | B en | @ -
ase v Qyins HEW . ons ot 1e0 ewl EQuns| G O n L 5 v la FS oren
Kk Kk k ft-k ft-k deg deg | ksl kst ft ft ft ft kst
2 Casks | 3,790 429 506 6,443 16,183 76 65 {1242 | 1128 1.70 | 427 ] 250 | 266 | 571 | 22
4 Casks | 6,380 688 791 10,526 | 33,620 74 62 | 1188 | 1079 | 165 | 527 | 26.7 | 39.7 [ 602 | 2.0
8Casks | 11,888 | 1,008 | 1,942 | 12,720 | 36,140 5.5 53 | 1155 ]| 1049] 1.07 | 304 | 279 | 609 | 700 ]| 1.8
c= 2,200 Undrained strength (psf) Fy = Vertical load (Static + EQy)
¢= 0.0 Friction angle (deg) EQ,, = Earthquake: Horizontal force. Fy = EQuew Or EQuus
= 30 Footing width (it) Bg = tan™ [(EQuew) / Fv ] = Angle of load inclination from vertical (deg) as f(width).
L = Varles Footing length (ft) By = tan™ [(EQuns) / Fv ] = Angle of load inclination from vertical (deg) as f(length).
D;= 3.0 Depth of footing (ft) TMons = @8 X Fy EMocw = & X Fy
y= 80  Unitweightof soil (pcf) . B=B-2¢g U=L-2¢
Ysch= 100 Unit weight of surcharge (pcf) Qe = Fy /(B x L)
FS= 1.1 Factor of safety for dynamic loads.

(geot]\05996\calc\brng_cap\Pad\Winl_Fang-8.xls Table 2.6-8
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Note: Plan view of pad from SWEC Drawing 0599601-EY-2E.
Cask details from Attachment C of Calc 05996.02-G(B)-05-1.
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FIGURE 2

STATIC FOUNDATION LOAD / PRESSURE
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Cask weight = 356.5K based on heaviest assembly weight shown on HI-STORM TSAR
Table 3.2.1 (overpack with fully loaded MPC-32). See p C3 of Calc 05996.02-G(B)-05-1 for

copy.
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DETERMINATION OF MOMENTS ACTING ON PAD DUE TO EARTHQUAKE
Loabs FroMm CASKS

wc_x' E&vc l\aé = Q-gg !

o . E_@z_&_ Y l
i)
1 Pa << Pp; therefore,
AE her— it's conservative to
ignore both in IM.
Fv + €&y

Vertical reaction of cask load acts on the pad at an offset = Ab from the centerline of the
cask.

Y Mg centerne t0 find Ab.
Abx(Wc +EQW:)=9.83&><EQI_lc
Y Mg, tofind ¥ Mg, ¢

zMeN-s =15 ftxEQ,, +3ft XEQ,,. "‘AbX(Wc "'Ech)-
pad cask horiz cask vert

Note: Moment arm of 3 ft is used for determining moment due to cask horizontal force,
because casks are only resting on the pads — No connection exists to transmit moment to
the pad.
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NOTES OF TELEPHONE CONVERSATION =~ " 'JONo.  05996.01
PRIVATE FUEL STORAGE, LLC ' Date: 06-19-97
PRIVATE FUEL STORAGE FACILITY Time: 2:45PM EDT
FroMm: Stan M. Macie = SWEC-Denver 1E ‘ Tie Line 321-7305
Wen Tseng (ICEC) Voice (510) 841-7328
(FAX) (510) 841-7438
To: Paul J. Trudeau SWEC-Boston 245/03 (617) 589-8473

SUBJECT: DYNAMIC BEARING CAPACITY OF PAD

DISCUSSION:

WTseng reported that his pad design analyses are being prepared for three loading cases: 2 casks, 4
casks, and 8 casks. The dynamic loads that he is using are based on the forcing time histories he
received from Holtec. These forcing time histories were developed using a coefficient of friction
between the cask and the pad of 0.2 and 0.8, where 0.2 provides the lower bound and 0.8 provides
the upper bound loads from the cask to the pad.

{ He indicated that the bearing pressmem of the pad are greatest for the 2-cask dyramic

: loading case for 1 = 0.8 between the cask and the pad, because of eccentricity of the loading. For
this case, the vertical pressures at the 30’ wide loaded end of the pad are 5.77 ksf at one corner and
3.87 ksf at the other. He reported that it is reasonable to assume this pressure decreases linearly to 0
at & distance of ~32 ft; i.e., approximately half of the pad is loaded in this case. He also indicated
that the horizontal pressure at the base of the pad is 1.04 ksf at the 30° wide end of the pad that is
loaded by the 2 casks, and that this pressure decreases linearly over a distance of ~40° from the
loaded end. He noted that the vertical pressures include the loadings (DL + dynamic loadings) of the
casks and the pad, but the horizontal pressures apply only to the casks. Therefore, the inertia force of

Lthe whole pad must be added to the horizontal loads calculated based on the horizontal pressure

d

vt b e o, e —————

S

.o
™ s

- .

istribution described above. e

Since the table of allowable bearing pressures as a function of coefficient of friction between the
cask and the pad that is in the design criteria does not include a value for p = 0.8, WTseng asked
PJTrudeau to provide the allowable bearing pressure for this case.

ACTION ITEMS: SvrersedED>
By At B

PJTrudean to determine the dynamic allowable bearing pressure for the 2-cask loading case.

Cory T0: NTGeorges Boston 245/03 . _,9.9-9-9—1-
SMMacie Denver 1E

[geotNj05996\elcon\970619.doc Page 1 of |
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SUBJECT Storage Pad Analysis and Design SHEET 2272

53 Soil Pressures
5.3.1 Static Soil Pressure

Calculations of static soil pressure due to dead load (DL) and cask live load (LL)
are given in Table S-1 and S-2, respectively.

International Civil Engineering Consultants, Inc.
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ORIGINATOR [P DATE _3/37 /o] CHECKED —on € DATE =5 oy
PROJECT Private Fuel Storage Facility JOBNO. 1101-000
SUBJECT Storage Pad Analysis and Design SHEET 2.2%
Table S-1
Maximum Verticat Displacements and Soil Bearing Pressures
Dead Load
k, = 2.75 ket Kk, = 26.2 kef
Z ()= 0.164 0.017
Geulksf) = 0.45 045
Notes:
1. Z,, = maximum vertical d splacement due to dead load (wt. of the pad only) obtained from
CECSAP analysis sesults.

2. q, = vertical soil bearing pressure = k, X 2,. where k, = subgrade modulus=2.75 and 26.2 kef
for lower-bound and upper-bound soils, respectively.

Internationa! Civil Engineering Consultants, Inc.
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Table S-2
Maximum Vertical Displacements and Soil Bearing Pressures
Live Load
(Z)max ( x10? f.)
Node subgrade modulus = 2.75 ket subgrade modulus = 26.2 kef
No. [ 2 Casks | 4 Casks | 8 Casks |7 Casks +] 2 Casks | 4 Casks | B Casks |7 Casks +
OLT OLT
1 13.06 11.29 -50.07 -57.81 0.6 1.16 483 -5.30
7 13.02 11.28 -50.97 41.84 0.59 1.14 -4.84 442
13 13.06 11.29 -50.87 -25.83 0.61 1.16 igi -3.50
144 -11.82 -26.36 -52.73 -78.21 0.70 -2.89 -5.78 -7.85
150 -11.83 -26.35 -52.71 -£1.06 -0.76 -2.89 -5.79 -6.31
156 | -11.82 -26.36 -52.71 43.87 -0.70 -2.89 -5.78 -4 65
287 | -42.54 -£2.26 -50.97 -100.20 -5.13 -588 «4.83 -11.81
203 | -42.59 -62.25 -50.97 -80.68 -5.16 -5.88 -4.84 -8.48
208 42.54 £52.26 -50.97 £1.84 -5.13 -5.08 4.83 -5.47
Maximum Soil Bearing Pressure q,'" ( ksf)
1 0 0 -1.402 -1.590 0 0 -1.264 -1.390
7 0 0 -1.402 -1.151 0 0 -1.267 -1.159
13 0 (o] -1.402 0.710 0 0 -1.264 -0.817
144 -0.325 0.725 -1.450 -2.151 -0.185 0.757 -1.514 -2.082
180 -0.328 -0.725 -1.450 -1.678 -0.189 -0.758 -1.516 -1.653
156 | -0.325 0.725 -1.450 -1.206 -0.185 0.757 <1.514 -1.218
287 -1.170 -1.712 -1.402 -2.756 -1.345 -1.567 -1.264 -3.094
293 -1.171 -1.712 -1.402 -2.224 -1.352 -1.565 -1.267 2222
269 | -1.170 <1.712 -1.402 -1.701 -1.345 -1.567 -1.264 -1.434

Notes:
1. g, = k, X Z, where

k.= 2.75 and 26.2 kef for lower-bound and upper-bound subgrade moduli,

respectively, ard Z, are obtained from CECSAP analysis results (Att. A)
2. Negative displacements imply downward movements.
1. The locations of nodes listed are shown in Figure 5.1-1.
4. For snow load, the soil bearing pressures Is .045 ksf (Ref. 11).

International Civil Engineering Consultants, Inc.
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5.3.2 Dynamic Horizontal and Vertical Soil Pressures

Calculations of lateral and vertical soil pressures due to dynamic cask loadings
resulting from 2000-year event earthquake are given in the following tebles:

Table D-1(2) shows calculation of horizontal dynamic soil pressures in the X-

direction (short direction of pad).

Table D-1(b) shows calculation of horizontal dynamic soil pressures in the Y-

direction (long direction of pad).
Table D-1(c) shows a summary of averaged horizontal dynamic soil reactions.

Table D-1(d) shows calculation of vertical dynamic soil pressures.
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Table D-1(a)
Averagec Maximum Horizonta! Soil Reactions in the X Direction
Dynamic Load
Maximum Displacement Xd ( x10” ft.)
Node LB BE UB
No. "7 Caske T2 Casks | B Casks | 2 Casks | 4 Casks | B Casks | 2Casks | 4 Casks asks |
3.512 2.609 17.160 1.624 1.17¢ ©.0/0 0.798 0.547 3.997
7 3.515 2.405 17.180 1.625 1.170 0.085 0.801 0.552 3.625
13 3.512 2408 17.190 1.624 1177 8.060 0.799 0.550 3.618
144 4.451 9./12 1/.6o0 2.021 &.241 8.2/ 1.0%/ 2.325 3.892
150 4.461 9.72¢ 17.470 2.021 4.242 8.156 0.98% 2284 3.951
156 4.467 8.732 17.470 2.028 4244 8.171 0.882 2272 3.947
8/ 12.800 21.480 17517 6.201 39.004 —8.860 3.349 5300 | 4.5
293 12.800 21.490 17.530 6.185 8.512 8.886 3.380 5.331 4.566
298 12.800 21.470 17.530 6.173 2.516 8.886 3.381 5.349 4.565
Vg = —6.825 | 11.205 17.38% 3.278 4.9/ 8.U34 1.720 - 2.146 4.037
d =] 1.18E+05 | 1.14E+05] 1.14E+005 | £.33E+05 T H3E+05 | 2.33E+05 [ 5.4BE+05| 5.48E+05 5.48+00
X0 = 7839 277 1982 o4 1108 2100 843 1494 2232
Notes:

1. Avg = {sum (Xd)}/N; Xd = max. x-displ.; i = nodes 1, 7, 13, 144, 150, 156, 287, 293,289, and N = e.
2. Qxd = Kxd x Avg = averaged maximum horizontal-x soil reaction in Kips due to dynamic loading.
3. Kxd for LB, BE, and UB soils are dynamic horizontal-x soil spring stiffnesses given below:

4.57E+07 1b/in
5 48E+05 Kips/ft

1.84E+07 Ibfin
2.33£+05 Kips/ft

©.51E+06 Ib/in {Kxd)BE = (Kxd)UB =

1.14E+05 Kips/ft

(Kxd)LB =

-

4. LB = lower-bound soll, BE = best-estimate soil, UB = upper-bound soil.
5. Xd are obtained from CECSAP analysis results given in Att. A.

International Civil Engineering Consultants, Inc.
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Table D-1(b)
Averaged Maximum Horizontal Soil Reactions in the Y Direction
Dynamic Load
Max. Displacement Yd ( x10™ ft.)
Node 2] BE UB
No. Tasks | 4 Casks | B Casks | 2 Casks | 4 Casks | B Casks | 2Casks | 4 Casks [ & Lasks
5.107 ©57 15.550 2193 4058 | B.383 12713 2576 3.978
7 3.9816 7.318 14.030 2.055 4313 8.173 1.195 | 1.862 4.056
13 4.303 7.087 14.510 2.567 4.664 7.937 1.337 2.161 4.108
144 | 5231 §.763 13450 Z.332 4187 8430 1513 2714 3.975
150 | 3.946 7.447 13.860 2.122 4.429 B.132 1.267 2.133 £4.042
156 4.378 7.207 14.450 2.680 4.767 7.834 1.442 2.301 4.121
287 | D5.389 B.870 27.260 2429 %.357 ~B.395 1651 2821 3.026
283 4.016 7.584 13.840 2.253 4.555 8.048 1.464 2.380 4,013
295 4.476 7.253 14.370 2.877 4,846 7.795 1.657 2.334 4.097
Vg =| 4.529 7.800 15.451 2.393 4.4564 8.126 1438 2.315 4035
yd = | 1.08E+05] 1.08E+05 | 1.08E+Us| 2.21 Es05 1 Z.2TE+05 | 2.21E+05 ) 5.21E+U5) D.ZTE+U5| 5.21E+U5
yo=| 4ol B45 1680 528 21:05) 1794 745 1237 2102
Notes:

(Kya)LB =

1. Avg = {sum (Yd)iN; Yd = max. y-displ.;
2. Qyd = Kyd x Avg = averaged maximum
3. Kyd for LB, BE, and UB sails are dynam

9.04E+06 Ibfin
1.08E+05 Kips/ft

{Kyd)BE =

1.84E+07 Ib/in
2.21E+05 Kips/ft

4 LB = lower-bound soil, BE = best-estimate soil, UB = upper-bound soil.
5. Yd are obtained from CECSAP analysis results given in Att. A.

(Kyg)uB =

i = nodes 1, 7, 13, 144, 150, 156, 287, 2983, 299; and N=9.
horizontal-y soil reaction in Kips due to dynamic loading.
ic horizontal-y soil spring stiffnesses given below:

4.34E+07 Ibfin

5.21E+05 Kips/ft

international Civil Engineering Consultants, Inc.
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ORIGINATOR [P DATE 3{.&5{0[ CHECKED _~»rc = DATE -5 of
PROJECT Private Fuel Storage Facility JOBNO. 1101-000
SUBJECT Storage Pad Analysis and Design SHEET 272
Table D-1(c)
Summary of Total Maximum Horizontal Soil Reactions
Dynamic Load
Max. Soil Reaction ( Kips)
LB BE us
2Casks | 4Casks | 8Casks | 2Casks | 4 Casks | 8 Casks | 2 Casks | 4 Casks | 8 Casks
Qxd =u 789 1277 1882 764 1159 2105 643 1494 2212 {E-W
loyd=| 4s1 845 1680 528 g86 1794 749 1237 2102 [N-S
Notes:

1. Qxd, and Qyd shown ere obtained frorn Tables D-1(a), and (b), respectively.
2. LB = lower-bound soil, BE = best-estimate soll, UB = upper-bound soil.

International Civil Engineering Consultants, inc.
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Table D-1(d)

Maximum Vertical Soil Bearing Pressures
Dynamic Load

Maximum Displacement Zd { x10 ft.)
Node L8 BE uB
No. | 2 Casks | 4 Casks | 8 Casks | 2 Casks | 4 Casks 8 Casks | 2 Casks | 4 Casks | 8 Casks
1 4.051 8.396 -31.02 1.806 4.158 -23.66 0.406 1.654 -15.92
7 3.800 7.873 -24.23 1.964 3.648 -21.18 D0.439 1.024 -13.36
13 4788 11.470 -31.22 2.115 4,636 -17.88 0.528 1.560 -156.31
144 -9.195 -22.56 -34.05 -5.839 -16.84 -22.66 -1.661 -8.34 -13.66
150 | -5.063 -16.2 -12.71 -3.683 -11.13 -12.39 -1.332 -£.698 -8.016
156 «6.565 -15.9 -32.24 -2.888 -9.447 -18.42 -1.734 -5.773 -14.63
287 -29.18 -24.39 -17.51 -14.54 <1567 -18.68 -12.72 -8.52 -8.38
283 -15.57 -16.97 -19.21 -6.019 -12.42 -12.22 -12.08 -10.68 -6.446
289 -21.85 -26.09 -28.04 -12.87 -16.35 -17.02 -9.835 -11.63 -13.12
Maximum Soil Bearing Pressure Q- { Kips/t® )

1 0 0 -2.22 0 0 -3.35 0 0 -5.14
7 0 0 -1.74 0 0 -3.00 0 0 4.32
13 0 0 -2.24 0 0 -2.53 0 0 -4.84
144 -0.66 -1.62 -2.44 -0.84 -2.38 -3.21 -0.60 -2.69 -4.41

150 -0.38 -1.08 -0.91 -0.52 -1.57 -1.75 -0.43 -2.16 -2.59
156 -0.47 -1.14 -2.31 -0.42 -1.34 -2.61 -0.56 -1.86 -4.65

287 -2.09 -1.75 -1.25 -2.06 222 -2.67 -4.11 2.75 -2.71

293 -1.12 -1.22 -1.38 -1.28 -1.76 -1.73 -3.90 =345 -2.08

299 -1.57 -1.87 -2.01 -1.82 -2.31 -2.41 -3.18 -3.76 4.24
Notes:

1. Q¢ = maximum soil bearing pressure = (Kzd x Zg)/A, where A =67"x 30" = 2010 .
2. Kzd for LB, BE, and UB soils are vertical-z dynamic soil spring stifinesses given below:

(Kzd)LB = 1.20E+07 Ib/in (K2d)BE = 2.37E+07 Ibfin (Kzd)UB = 5.41E+07 Ibfin
1.64 E+05 Kips/ft 2.84.E+D5 Kipsift 6.40.E+05 Kips/ft

LB = lower-bound soil, BE = best-estimate soil, UB = upper-bound soil.

2d are obtained from CECSAP analysis results givenin Att. A.

. Nepative displacements imply downward movements.

The maximum values of Zd shown may not be concurrent. However, they ere assumed to be concurrent
values and concurrent signs are assigned to them.

Node numnbers are shown in Figure 5.1-1.

o ;s w

N
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6.2 Ventical Soil Bearing Pressures and Horizontal Soil Shear Stresses
Vertical soil bearing pressures for individual loadings and combined loadings are
Summarized in Table 4.
Horizontal soil shear stresses are shown in Tables D-1(2) and (b), and the total horizontal soil
reactions (shear forces) in both the short (x) and long (y) directions of the pad are summarized in
Table D-1(c).

International Civil Engineering Consultants, Inc.
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Table 4
Summary of Vertical Soil Bearing Pressures ( ksf)
A 3 c D E ¥ G H J
Loading Point 287 293 298 144 150 156 1 7 13
2 -Cask Pad DL 0.45 0.45 0.45 0.45 0.45 0.45 045 045 0.45
SnowlLL | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 0.045 | 0.045 | 0.045 | 0.045
CaskLL| 1345 | 1352 | 1.345 | 0185 | 0198 | D.185 0 0 0
PadEQ | 0313 | 0313 | 0.313 | 0313 | 0313 | 0313 0.313 | 0.313 | 0.313
Cask EQ| 4.1 3.8 3.18 0.84 0.52 0.56 0 0 0
100% Veﬂy 6.26 6.06 5.33 1.83 1.53 1.55 0.81 0.81 0.81
4.Cask PadDL | 045 0.45 0.45 0.45 0.45 045 045 0.45 0.45
SnowlLL| 0045 | 0045 | 0045 | 0.045 | 0.045 | 0.045 0.045 | 0.045 | 0.045
CasklL| 1712 | 1712 | 1712 | 0.757 | 0.758 | 0.757 0 0 0
PadEa | 0313 | 0313 | 0343 | 0313 { 0.313 | 0.313 0.313 | 0313 | 0.313
CaskEQ| 2.75 345 3.76 269 216 1.86 0 0 0
100% very 527 5.97 €.28 4.25 373 342 0.81 0.81 0.81
8-Cask Pad DL 0.45 0.45 0.45 045 0.45 0.45 0.45 0.45 0.45
SnowlLL| 0.045 | 0.045 | 0.045 | 0.045 | 0045 0.045 | 0.045 | 0.045 | 0.045
Cask LL | 1.402 1.402 | 1.402 1.514 1.516 1514 | 1.402 1.402 1.402
padEQ | 0343 | 0.313 | 0.313 ) 0313 | 0.313 0.313 | 0.313 | 0313 | 0.313
CaskEQ| 2.7 2.08 4.24 4.41 2.58 4.69 5.14 4.32 4.94
100% Vertf 4.82 4.28 6.45 6.73 4.91 7.01 7.35 6.53 7.15

Notes:

1. Values for Pad DL are obtained from Table S-1.
2. Values for snow LL are obtained from Table S-2.
3. Values for Cask LL are obtained from Table S-2.

5. Values for Cask EQ are obtained from Table D-1(d).
6. EQ pressures listed are the envelopes of results for all soit conditions.
7. Node numbers are shown in Figure 5.1-1.

4. Pad EQ pressure = (pad wt)xa,, where pad wt.=804.5 kips, and 8,=.695g.

international Civil Engineering Consultants, Inc.
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procedure for nuclear projects.

Pages 17,21, 28,236, 298, and 312.
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computer output file names and explanation notes on Pages 43 and 51.

[X] Nuclear Quality Assurance Category O wNon-Nuclear Quality Assurance Category

This set of calculations documents the engineering analyses and detailed calculations required
for structural design of the reinforced-concrete spent-fuel cask storage pads to be constructed
at the Private Fuel Storage Facility (PFSF) project site.

This set of calculations has been prepared in accordance with CEC's quality assurance

Revision 2 was made to correct typographica! errors and to include additional clarifications on

errors on Pages 5, 29, and A-3 and (2) insert
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Revision 3 was made to incorporate the following: (1) PGA of 0.711g and 0.695¢ for horizontal
and vertical components of the new design ground motions, (2) Revised dynamic soil properties
for lower-bound, best-estimate, and upper-bound soils provided by Geomatrix, (3) Revised cask
force time-histories provided by Holtec, (4) Revised pad size to 30 fi by 67 ft with cask spacing
in the long axis of the pad changed to 16 ft and cask spacing in the short axis of the pad

remained at 15 ft, (5) Pad founded in soil cement with about 3 ft under the pad and 2 ft thick on

its side walls, and (6) Revised transporter weight to 145 kips.
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: ] ; ; i » O W e N P B A NN =
TaBee 6 G =
SUMMARY OF TRIAXIAL TEST RESULTS FOR SOILS WITHIN ~10 FT e
OF GRoLMND SURFACE AT THE S\TE -_gg
Depth| Etev | W |ATTERBERGLIMITS| USC| Yo ! Ya | S | % | S | & Dat <
Dortng | Semple | " | ' | o | 1| PL | P1 |Code| pet | pof xet | kst | o [PP O 'S:o
B-1 v-2c | 59 | 4453.9]47.1] 66.1 | 33.4| 32.7| MH | 79.3 | 53.9]2.15] 00 | 2.03| 1.7 | CU |Nov'99 N3
B-1 voB | 53 | 44545 52.9] 80.6| 40,9 | 39.7| MH | 70.8 | 463 | 2.67| 1.0 | 2.21 | 6.0 | CU |[Nov'89
B-4 u-ap | 10.4 | 4462.1 | 27.4| 42.5| 24.7{ 17.8} CcL | 855 67.1 | 1.63| 1.3 | 2.18( 4.0 | UU [Jan'97 o
<
c2 vap | 11.1 ] 4483.4 | 35.6| SeeU-2c&E' | CL | 785|579 | 193] 1.3 | 2.39| 11.0 | UU |Jan 97 JJ‘Q
o
crn-1 | u-sD | 8.7 | 4463.7 | 47.9 See U-3C? cH | 91.9] 621 | 1.73} 1.7 | 2.84| 5.0 | CU |June 99 8: o
cTB-4 | U-2D | 9.5 | 4465.5 | 45.2 Sce U-2E? CH | 87.7]| 60.4 | 1.81} 1.7 { 3.11| 6.0 } CU |[June'09 \sa E
[o]
crB-6 | U-sD | 83 | 4467.9 ] 52.7 CH | 857 | 56.2 { 2,02} 1.7 | 270| 7.0 | CU |June'99 S E
| CTBN | U-1B | 57 | 4468.4 | 30.1 4131225 188] cL |1006] 77.3 | 120} 1.7 | 3.00| 8.0 | CU |Nov'o8 g
cTB-N| U2B | 7.7 | 4466.4 | 65.4 See U-2A% MH | 746 | 45.1 [ 2.76] 1.7 | 2.41 | 13.0 | CU [June 99 e ;
>
croN | v-ap | 105 | 4463.6 | 52.2 | 61.1| 30.8|30.3| cH | 863 | 56.7 | 1.98 1.7 | 2.73 | 7.0 | CU |Junc'99 &g g
Ll
crs | vas | 5.8 | 4468.7 | 73.6 | 66.2| 409| 28.3| MH | 78.0 | 44.9 | 2.78] 1.7 | 2.05 | 12.0 ] CU |Nov'08 P32
cTBs | u-2p | 8.4 | a466.1 | 546579289 (200 cH | 90.0| 5682} 1.92] 1.7 | 240 5.0 | CU |June'99 Pe A
] Q
B-1 U-2D | 65 | 4453.3 | 452 | 59.8| 34.7 | 25.1 | MH | 76.7 | 52.8 | 2.22| 2.1 | 3.26 | 15.0 | CU [Mar'99 3 z
B-3 U-1B | 52 | 4463.0| 335 52.4}252|27.2| MH | 906 | 67.9 | 1.50| 2.1 | 3.55| 8.0 | CU |Mar'99 S &
2|
c-2 v-1D | 63 | 44582 | 505| 70.3| 41.3| 20.0| MH | 745 | 495 | 2.43] 2.1 | 3.03 | 12.0 | CU |Mar'99 3%
g
»
[
»
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Shear Stress, ksf

DIRECT SHEAR TEST
Boring C-2, Sample U-1C
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Shear Stress, ksf

DIRECT SHEAR TEST
Boring CTB-6, Sample U-3B&C
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Shear Stress, ksf
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