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RECORD OF REVISIONS

REVISION 0
Original Issue

REVISION 1

Revision 1 was prepared to incorporate the following:

e Revised cask weights and dimensions
¢ Revised earthquake accelerations
e Determine ga as a function of the coefficient of friction between casks and pad.

REVISION 2

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

REVISION 3

The bearing pressures and the horizontal forces due to the design earthquake for the 2-
cask case that are described in Attachment A are superseded by those included in
Attachment B. Revision 3 also adds the calculation of the dynamic bearing capacity of the
pad for the 4-cask and 8-cask cases and revises the cask weight to 356.5 K, which is
based on Holtec HI-Storm Overpack with loaded MPC-32 (heaviest assembly weight shown
on Table 3.2.1 of HI-Storm TSAR, Report HI-951312 Rev. 1 - p. 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 soil parameters (c = 1,220 psf; ¢ =
24.9° based on direct shear tests that are included in Attachments 7 and 8 of Appendix
2A of the SAR.). The horizontal driving forces used in this analysis (EQhc and EQhp) are
based on the higher ground accelerations associated with the deterministic design basis
ground motion (0.67g horizontal and 0.69g vertical). These forces were not revised for the
lower ground accelerations associated with the 2,000-yr return period design basis ground
motion (0.528g horizontal and 0.533g vertical) and, thus, this calculation will require
confirmation at a later date.

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

Updated section on dynamic bearing capacity of pad for 8-cask case (pp 38-46). Inserted
pp 46A and 46B. This case was examined because it previously yielded the lowest gan
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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 qan based on revised soil parameters (c and ¢). Note: this analysis
will require confirmation and may be updated using revised vertical soil bearing pressures
and horizontal shear forces, based on the lower ground accelerations associated with the
2,000-yr return period design basis ground motion (0.528g horizontal, and 0.533g
vertical).

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

1.
2.

REVISION 5

Major re-write of the calculation.

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

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".

Added overturning analysis.

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

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.

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

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, 2000b).

Revised conclusions to reflect results of these changes.
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REVISION 6

1. Added "References” section.

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

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

REVISION 7
1. Updated stability analyses to reflect revised design basis ground motions (au = 0.711g
& av = 0.695g, per Table 1 of Geomatrix, 2001).

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

3. Added analysis of sliding of an entire column of pads supported on at least 1' of soil
cement, using an adhesion factor of 0.5 for the interface between the soil cement and

the underlying silty clay layer.

4. 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.

5. 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.

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

7. Updated references to supporting calculations.

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

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

surfaces.

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

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

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

1.

REVISION 9

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

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

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

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

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

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

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

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

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

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

ASSUMPTIONS/DATA

The arrangement of the cask storage pads is shown on SAR Figure 1.2-1. The spacing of
the pads is such that each N-S column of pads may be treated as one long strip footing
with B/L ~ 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 underlying soils. These profiles, located as shown in SAR
Figure 2.6-19, provide more detailed stratigraphic information, especially within the upper
~30-ft thick layer at the site.

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

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

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

GEOTECHNICAL PROPERTIES

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

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

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

performed.

In practice, the average shear strength along the anticipated slip surface of the failure
mode should be used in the bearing capacity analysis. This slip surface is normally
confined to within a depth below the footing equal to the minimum width of the footing. In
this case, the effective width of the footing is decreased because of the large eccentricity of
the load on the pads due to the seismic loading. As indicated in Table 2.6-7, the minimum
effective width occurs for Load Cases II and IIIB, where B' ~15 ft. Figure 7 illustrates that
the anticipated slip surface of the bearing capacity failure would be limited to the soils
within the upper half of the upper layer. Therefore, in the bearing capacity ‘analyses
presented herein, the undrained strength measured in the UU triaxial tests was not
increased to reflect the increase in strength observed for the deeper-lying soils in the cone

penetration testing.
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Table 6 of Calc 05996.02-G(B)-05-2 (copy included in Attachment C) 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
Calc 05996.02-G(B)-05-2 (copy included in Attachment C) illustrates that the undrained
strength of these soils increase as the loadings of the structures are applied; therefore, 2.2
ksf is a very conservative value for use in the dynamic bearing capacity analyses of these
structures.

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

1. under the fully loaded pads before the 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 ¢ = O 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 JA Static using undrained strength: ~ = 0° & ¢ = 2.2 ksf.
Case IB Static using effective-stress strength: = = 30° & ¢ = 0.

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

METHOD OF ANALYSIS

DESCRIPTION OF LOAD CASES

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

The following load combinations are analyzed:

Case ] Static
Case II  Static + dynamic horizontal forces due to the earthquake

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

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

OVERTURNING STABILITY OF THE CASK STORAGE PADS

The factor of safety against overturning is defined as:

FSor = ZMgesisting + ZMDriving

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

The driving moment includes the moments due to the horizontal inertial force of the pad x
2 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 (n = 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 in~rtial force due to the earthquake acts
downward. However, when the vertical force frm the earthquake acts downward, it acts
in the same direction as the weight, tending to stabilize the structure. Therefore, the
minimum factor of safety against overturning will occur when the dynamic vertical force
acts in the upward direction, tending to unload the pad.

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

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

17186 ft-K _

= -563
oT 3053 ft-K

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

DESIGN ISSUES RELATED TO SLIDING STABILITY OF THE CASK STORAGE PADS

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

shown on Figure 8.

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

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

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

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

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

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

8. The unconfined compressive strength of the soil cement beneath the pads is designed
to provide sufficient shear strength 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
eolian silt found at the site to provide an adequate subbase for support of the cask
transporter, as well as to provide additional margin against any potential sliding.

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

13.The unconfined compressive strength of the soil cement adjacent to the pads needs to
be at least 50 psi to provide an adequate subbase for support of the cask transporter,
in lieu of placing and compacting structural fill, but it likely will be at least 250 psi to
satisfy the durability requirements associated with environmental considerations (i.e.,
freeze/thaw and wet/dry cycles) within the frost zone (30 in. from the ground surface).
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The analysis presented on the following pages demonstrates that the static, undrained
strength of the in situ clayey soils is sufficient to preclude sliding (FS = 1.27 vs minimum
required value of 1.1), provided that the full strength of the clayey soils is engaged. The
soil-cement layer beneath the pads provides an "engineered mechanism" to ensure that
the full, static, undrained strength of the clayey soils is engaged in resisting sliding forces.
It also demonstrates that the bond between this soil-cement layer and the base of the
concrete pad will be stronger than the static, undrained strength of the in situ clayey soils
and, thus, the interface between the in situ soils and the bottom of the 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
failure mode is sliding along the surface at the base of the pad. No credit is taken for the
passive resistance acting on the sides of the pad above the base. This analysis is
applicable for any of the pads at the site, including those at the ends of the rows or
columns of pads, since it relies only on the strength of the material beneath the pads to
resist sliding.

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

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

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

d = 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=5f1t 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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SLIDING STABILITY AT INTERFACE BETWEEN IN SITU CLAYEY SOILS AND BOTTOM OF SOIL CEMENT BENEATH THE PADS

ACTIVE EARTH PRESSURE
P. = 0.5y H2K,

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

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

DYNAMIC EARTH PRESSURE

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

(1-av)-cosz(¢—9—a)

. . 2
cos 6 -cos?a - cos (6+a+9]{1+\/ sin (¢ +3)-sin (¢-6 - B) ]
cos (8 +a +0)-cos (B-a)

K =

whe re :

) =tan'1[ ot J
l—av

B =slope of ground behind wall,

o = slope of back of wall to vertical,

a,, =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,

5 =angle of wall friction,

¢ = friction angle of the soil,

g =acceleration due to gravity.

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

1 2 )
P.e ZEYH K,.,where:

AE?

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

To simplify the analysis, assume 6 = 0. This is conservative, as illustrated in Figure 12 of
Seed and Whitman (1970}, which indicates that Kag decreases with increasing values of 8.

B=a=0

Caf 0711 o,
6 =tan (—1_0.695]—66.8

¢ = 40°

To obtain a real solution to the equation for calculating Kag, the sin (¢ -6 - ) must be
positive; i.e., the sin (¢ -6 - pB) can vary from O to 1. Because it is in the denominator of
Kae, Kag will be greatest when it = 0. Therefore, assume sin (¢p—-9 - ) = O.

Similarly, approximate cos ($—6 —a) = 1. This term is in the numerator of Kag, and Kag will
be maximum when cos ($ —0 — a) = 1; therefore, approximating it equals 1 is conservative.

With these approximations,

-0y

Kyp=—-—F—
AE  cos 0-cos B

- 1-0695 4

AB 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 Kaz L
Fagew =Pag = % x 0.110 kef x (3 ft)2 x1.97 x 67 ft / storage pad = 65.3 K in the E - W direction.
Frpns =Pap = é x 0.110 kef x (3 ft)* x1.97 x 30 ft / storage pad =29.3 K in the N - S direction.

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

Y H2 KAE L
Fapew = Pag = % x0.110 kcf x (5 ft:)2 x1.97 x 67 ft / storage pad =181.5 K in the E - W direction.
Fipvs =Pag = é x 0.110 kef x (5 ft )} x1.97 x 30 ft / storage pad = 81.3 K in the N - S direction. *
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SLIDING STABILITY AT INTERFACE BETWEEN IN SITU CLAYEY SOILS AND BOTTOM OF SOIL CEMENT BENEATH THE PADS

WEIGHTS

Casks: Wc =8 x356.5 K/cask = 2,852 K
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

au = horizontal earthquake acceleration = 0.711g

av = vertical earthquake acceleration = 0.695g

CASK EARTHQUAKE LOADINGS
EQvc = -0.695 x 2,852 K = -1,982 K (minus sign signifies uplift force)
EQhcew = 2,212 K (acting short direction of pad, E-W)  Qxd maxin Table D-1(c) in Att B

EQhcys = 2,102 K (acting in long direction of pad, N-S) Qyd maxin Table D-1(c)

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|08xN EQhc max
K K K K K K
Case III - Uplift | 2,852 | -1,982| 870 174 696 696

2,212 E-W
Case IV - EQ- Down | 2,852 | 1,982 | 4,834 | 967 | 3,867 | “J"|0h \ g

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

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

EQhp = 0.711 x904.5 K=643 K EQhp= 0.711 x402 K =285.8K
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SLIDING STABILITY AT INTERFACE BETWEEN IN SITU CLAYEY SOILS AND BOTTOM OF SOIL CEMENT BENEATH THE PADS

CAsSE IIT: 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:

We Wp Wsc EQvc EQvp EQvsc
N=2,852K+904.5K+ 402K + (-1,982 K} + (-629 K) ) + (-279.4 K) = 1,268.6 K
N ) c B L
T=1,268.6 Kxtan 0° + 2.1 ksf x 30 ft x 67 ft = 4,221 K
The driving force, V, is defined as:
V = Fag + EQhp + Eghc + EQhsc

The factor of safety against sliding is calculated as follows:

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

For this analysis, the value of the horizontal driving force due to the earthquake, EQhc, is
limited to the upper-bound value of the coefficient of friction, p = 0.8, x the cask normal
load, because if EQhc exceeds this value, the cask will slide. The factor of safety exceeds
the minimum allowable value of 1.1; therefore the pads plus 2-ft block of soil cement
beneath them are stable with respect to sliding for this load case. The factor of safety
against sliding is higher than this if the lower-bound value of u 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 ¢ + [c B L]
where, N (normal force) = ¥ Fv = Wc + Wp + EQvc + Eqvp + EQvsc

Wc Wp EQvc EQvp Eqvsc
N=2,852K+904 5K+ 1,982 K + 629 K+ 279.4 K= 6,647 K

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

V = Fag + EQhp + Eghc + EQhsc
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SLIDING STABILITY AT INTERFACE BETWEEN IN SITU CLAYEY SOILS AND BOTTOM OF SOIL CEMENT BENEATH THE PADS

The factor of safety against sliding is calculated as follows:

T Faeews EQhp EQhcew EQhsc
F'S soil Cement to Clayey soit = 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 (i.e.,
acting in the E-W direction) was used. Even with these conservative assumptions, the
factor of safety exceeds the minimum allowable value of 1.1; therefore the pads overlying 2
ft of soil cement are stable with respect to sliding for this load case, assuming the strength
of the cement-treated soils underlying the pad is at least as high as the undrained
strength of the underlying soils.

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

The minimum shear strength required at the base of the pads to provide a factor of safety

of 1.1 is calculated as follows:

T Faeews EQhp EQhce.w
FS=T=+(65.3K+643K+2,212K)=>1.1
(2,920.3 K)

— T 21.1x2,920.3K=3,212.3K

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

=11.10 psi

- 12 in.

3,212.3K K ft \> 1,000 Ibs
p=_etEO R 602 x x
30ftx 67 ft ft2
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ADHESION BETWEEN THE BASE OF PAD AND UNDERLYING CLAYEY SOILS

The preceding analysis demonstrates that the static undrained strength of the soils
underlying the pads is sufficient to preclude sliding of the cask storage pads over 2 ft of
soil cement for the 2,000-yr return period earthquake with a peak horizontal ground
acceleration of 0.711g, conservatively ignoring the passive resistance acting on the sides of
the pads. This analysis assumes that the full static undrained strength of the clay is
engaged to resist sliding. To obtain the minimum factor of safety required against sliding
of 1.1, 76% (= 1.60 ksf (required for FS=1.1) + 2.1 ksf available) of the undrained shear
strength must be engaged, or in other words, the adhesion factor between the base of the
concrete storage pads plus 2 ft of soil cement and the surface of the underlying clayey
soils must be 0.76. This adhesion factor, 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
stiffness of the foundation to such a degree that it would exceed the target hardness
limitation of the hypothetical cask tipover analysis. Therefore, PFS decided 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 soils and the bottom of the soil cement, and

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

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

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

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

Asphalt and chlorinated rubber curing compounds decreased the bond.

N o u ks DN

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

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

DeGroot’s direct shear test results demonstrate that the specimens having a cement
surface treatment all had bond strengths that ranged from 47.7 psi to 198.5 psi, with the
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ADHESION BETWEEN THE BASE OF PAD AND UNDERLYING CLAYEY SOILS

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

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

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

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

Table 5-6 of Bowles (1996) indicates E = 1,500 s,, where sy = 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 limit
the modulus value to 75,000 psi. Thus, designing the soil cement to have an unconfined
compressive strength that ranges from 40 psi to 100 psi will provide an adequate factor of
safety against sliding and will limit the modulus of the soil cement under the pads to an
acceptable level for the hypothetical cask tipover considerations.
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SLIDING ALONG CONTACT BETWEEN THE CONCRETE PAD AND THE UNDERLYING SOIL CEMENT

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

N b B L T
T=6,368 Kxtan 0° + 2.88 ksf x 30 ft x 67 ft = 5,789 K

As indicated above, the driving force, V, is defined as: V = Fag + 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 Faeew  EQhp  EQhcew
F'Srad to Soil Cement = 5,789 K + (65.3 K+ 643 K+ 2,212 K} = 1.98
(2,920.3 K)

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

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

Soil cement also will be placed between the cask storage pads, above the base of the pads.
Earlier versions of this calculation demonstrated that this soil cement could be designed
such that its compressive strength alone would be sufficient to resist all of the sliding
forces due to the design earthquake. However, as shown above, this soil cement is NOT
required to resist sliding of the pads, because there is sufficient shear strength at the
interfaces between the concrete pad and the underlying soil cement and between that soil
cement and the underlying clayey soils that the factor of safety against sliding exceeds the
minimum required value. The pads are being surrounded with soil cement so that PFS
can effectively use the eolian silt found at the site to provide an 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 psi to satisfy the
durability requirements associated with environmental considerations (i.e., freeze/thaw
and wet/dry cycles) within the frost zone (30 in. from the ground surface).

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

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

. 2
T - 250 28 X(lQm’J Xx— _ x233ftx30ft=2516K

SC Adjacent to Pad @ N&S in. ft 1 ,OOO 1bs

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

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

Tn-s Fag n-s EQhp Eghcws
FS Pad to Clayey Soil N-S w/Passive = 6,526 K+ (29.3 K+643 K + 2,102 K) =2.35
(2,774.3 K)

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

Tn-s Fagn-s EQhp Eghcn-s

FS Pad to Clayey Soil N-S w/o Passive — 4,221 K+ (293 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:

x2.33ftx671ft =5,620K

2 K
=250 ] X
in.? ft 1,000 1bs

TSC Adjacent to Pad g E& W in

1bs (12 in.
X

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

Te-w Fageew EQhp EQhcew
F'S pad to Clayey soil 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 soil cement
underneath the concrete pad. Therefore, adding the soil cement adjacent to the pads does
enhance the sliding stability of each pad.
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SLIDING RESISTANCE OF ENTIRE N-S COLUMN OF PADS

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

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

Cask Earthquake Loadsns= 10 x 2,102 K = 21,020K
Inertial forces due to Pads + Soil Cement:
Weight of Pads = 10x904.5K = 9,045K
Weight of Soil Cement = 9x3.33ftx30ftx5ftx0.11 kips/ft3 = 495 K
+10x30ftx67ftx1ftx0.11 kips/ft3 = 2211K
Total Weight = 11,751 K

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

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

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

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

This analysis conservatively ignores the passive resistance of the soil cement adjacent to
the northern or southern end of the N-S column of pads. The resistance to sliding in the
N-S direction is provided only by the shear strength of the soils underlying the soil cement
layer beneath the pads (i.e., along Line IT in Figure 8). This case uses the soil cement
beneath the pads as the engineered mechanism to bond the pads to the underlying clayey
soils so that their peak shear strength can be engaged to resist sliding. As shown in
Figure 7 on p. C2 of Attachment 2, the shear strength of the clayey soils under the pads is
2.1 ksf. The effective stresses under the 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 = 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 = 42,210 K + 1,890 K = 44,100 K

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

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

Tn-s Driving Forcen.s
FS pad to Clayey Soil N-§ = 44 100 K + 29,456 = 1.50

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

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

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

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

lbs
TSC Adjacent to Pad g Ng&S =250 in 2 X (

12in.)? K
ft 1,000 Ibs

x2.33ftx30ft=2,516K

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

Soil cement -
Tn.s = 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 = 42,210 K + 1,890 K = 44,100 K
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As discussed above, conservatively assume that the strength of the clayey soils beneath
the soil cement layer underlying the pads is reduced to its residual strength (i.e., by 5%) to
account for horizontal straining required to reach a strain that will result in the full
passive resistance of the soil cement adjacent to the pad.

TN»S Res‘jdua] Strength = 0.95 X 44,100 K = 41,895 K

Clay Soil Cement
Tns=41,895K+2,516 K=44411 K

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

Tn-s Driving Forcen.s
F'S Pad to Clayey soit n-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} x 2,516 K, or 5,619 K of resistance
based on the full passive pressure acting on the length of the pad, which is an increase of
5,619 K - 2,516 K = 3,103 K compared to the resistance provided by the soil cement to
sliding in the N-S direction. This is greater than the increase in driving forces in the E-W
direction; therefore, the factor of safety against sliding will be higher in the E-W direction.
The soil cement zone between the pads also is much wider and longer between the pads in
the E-W direction; therefore, there will be even more resistance to sliding E-W than N-S.

DETERMINE RESIDUAL STRENGTH REQUIRED ALONG BASE OF ENTIRE COLUMN OF PADS IN N-S
DIRECTION, ASSUMING FULL PASSIVE RESISTANCE IS 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 + Fag n-s]
=1.1x[21,020K + (11,751 Kx 0.711) + 81.3 K]
Therefore, Trs-1.1 = 32,402 K

In this case, the resisting forces to sliding in the N-S direction include all of the passive
resistance at the far end of the column of pads, which acts on the 2'-4" height of soil
cement along the 30" width of the pad in the E-W direction + the 1' minimum thickness of
soil cement under the pads.




STONE & WEBSTER, INC.

5010.65 CALCULATION SHEET
CALCULATION IDENTIFICATION NUMBER
7.0. OR W.0. NO. DIVISION & GROUP CALGCULATION NO. | OPTIONAL TASK CODE PAGE 34
05996.02 G(B) 04-9

Assuming the soil cement adjacent to the pad is constructed such that its unconfined
compressive strength is 250 psi, the passive resistance acting on the 2'-4" thickness of soil
cement adjacent to the pad + a minimum of 1' below the pad will provide a force resisting
sliding in the N-S direction of:

T 250 1PS x(

SC Adjacent toPad g Ng§ in.2

121in.

2
X -——K—x 3.33ftx30ft =3,596 K
ft 1,000 1bs

Base area, A, of a column of 10 pads is given by

A=10x30ftx67ft + 9x30ftx5S{t

A= 20,100 ft2 + 1,350 ft2 = 21,450 f{t2

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

Tns = 1 x area (A)
Tn-s =Tpad X 20,100 ft2 + Tsoil cement X 1,350 ft2= 32,402 K - 3,596 K = 28,806 K
Tpad = 2.1 ksf & Tsoil Cement = 1.4 ksf; thus, Tsoeil cement = (1.4 + 2.1) X Tpag = 0.67 X Tpag
Tn.s = Trag X 20,100 ft2 + 0.67 X tpaa x 1,350 ft2 = Tpad X 21,000 ft2
Tpaa X 21,000 ft2 = 28,806 K
Traa = 28,806 K + 21,000 ft2 = 1.37 ksf

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

At = 1.37 + 2.1 =0.65

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

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

Tn-s =Tpad X 20,100 ft2 + 1Tsoil cement X 1,350 ft2= 32,402 K

Tpad = 2.1 kSf & Tsoil cement = 1.4 ksf; thus, Tsoil cement = (1.4 + 2.1) X Tpaq = 0.67 X Tpag
Tn-s = Traa X 20,100 ft2 + 0.67 X Tpaa x 1,350 ft2 = Tpag X 21,000 {t2
Trad X 21,000 ft2 = 32,402 K

Tpad = 32,402 K = 21,000 {t2 = 1.54 ksf

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

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

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

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

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

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

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

12 in.

Ibs 2 I
ft 1,000 Ibs

250 X (

TSC Adjacent to Pad g Ng S = in 2

x3.33ftx30ft =3,596 K

The base area required to provide this shear resistance = 30 ft x Lns x 1.4 ksf, where 1.4
ksf is the shear strength of the underlying clayey soil for the effective vertical stress (~0.4
ksf) at the base of the soil cement layer beyond the end of the column of pads — See p C2.

Lns = 3,596 K + (30 ft x 1.4 ksf) = 85.62 ft.

Less than half of this amount is actually required due to 3D effects, similar to analysis of
laterally loaded piles. Further, as shown above, the factor of safety against sliding of these
pads exceeds the minimum allowable value without taking credit for the passive resistance
provided by the soil cement adjacent to the pads. Therefore, this soil cement is not
required for resisting sliding. However, the soil cement will be constructed adjacent to the
pads, and it will extend further than this from the pads at the perimeter of the pad
emplacement area. This soil cement will enhance the factor of safety against sliding,
providing defense in depth against sliding of these pads due to the design ground motion.
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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 soils such that the shear strength
at these interfaces will be at least as high as the undrained strength measured in
direct shear tests performed on samples of the underlying soils, and

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

Laboratory testing to demonstrate the 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 N tan ¢. N = 1,146 K,
as shown on p. 21:
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Wec Wp EQvc EQvp
N =12,852 K +904.5 K + (-1,982 K) + (-629 K) = 1,146 K

N ¢ c B L
T=1,146 Kxtan 17°+ O ksf x 30 ft x 67 ft = 3504 K

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

The factor of safety against sliding is calculated as follows:

T FAEN-s EQhp EQhc
FS=3504K + (29.3 K+ 643 K+ 696 K) = 0.26
(1,368.3 K)

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

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

N=2,852 K+ 904.5 K + (-1,982 K) + (-629 K) = 1,146 K

N 6 ¢ B L
T=1,146 Kxtan 17° + O ksf x 30 ft x 67 ft = 350.4 K

The driving force, V, is defined as V = Fag + EQhp + Eqghc, and using 40% in the north-
south direction for this case (Case II1A), the factor of safety against sliding is calculated as
follows:

T 40% of [Fae n-s EQhp Eqhc]
FS=3504K+[04x(29.3 K+ 643 K) + 696 K] =0.36
(964.9 K)

In this case, note that Eghcn.s = the minimum of 0.4 X Eghe max n-s and 0.8 x Neasks.
Eghe max n-s = 2,101 K, as shown in the table on p. 20; thus, 40% of it = 841K. A

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

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

615K K ft? . 1,000 Ibs

___6ISK _gg K -61.1psi
%0 T 333 1tx30 it %2 (12in)? K P

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

"The unconfined compressive strength of the soil cement adjacent to the pads needs
to be at least 50 psi to provide an adequate subbase for support of the cask
transporter, in lieu of placing and compacting structural 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).”

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

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

The soil cement layer will be approximately 5-ft thick over most of the pad emplacement
area; therefore, consider the sliding stability of a block of soil cement adjacent to the pads
that is 5-ft thick. For Case IIIA, where 100% of the vertical earthquake forces act upward,
tending to unload the soil cement, the normal stress at the base of the soil cement is very
small. Preliminary results of the moisture-density tests that have been performed to-date
on the soil-cement specimens indicate that 110 pcf is a reasonable unit weight to use for
the soil cement adjacent to the pads. Without the earthquake loading, the normal stress at
the base of the 5-ft deep soil cement layer is 5' x 0.110 kcf = 0.55 ksf. Subtracting the
uplift forces, the normal stress is reduced to (1 — 0.695) x 0.55 ksf = 0.168 ksf. The shear
resistance available due to friction at the base of the soil cement overlying the clayey soils
is calculated as N tan ¢, or 0.168 ksf x tan 17° = 0.051 ksf.
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Assume there are no external forces acting on this block of soil cement, other than the
horizontal and vertical dynamic forces due to the earthquake. In reality, there will be large
horizontal forces imposed on the soil cement block from the pad, but these are ignored in
this example to demonstrate the point that the soil cement cannot preclude sliding of the
soil cement block itself during the earthquake based only on the frictional resistance
along its base.

In this hypothetical case, the driving forces are due to the horizontal inertia of the soil-
cement block. The maximum horizontal driving force is calculated as the mass of the
block x the peak horizontal acceleration, 0.711g, which equals 0.711g x 5' x 0.110 kcf/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 IIIA) 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  0.051 ksf

= =0.33
Shear Stress Due to Horiz Inertia  0.156 ksf

FSSoil ~cement Block CaselllA =

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

(1-0.4%x0.695)x5 ft x0.11kef xtan17® 0.121ksf
100% x0.711x5ft x0.11 kcf 0.391 ksf

I:“SSoil-cement Block CaseIlIC =

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

Casell]A  (1-0.695)x5ftx0.11kcf xtan40® 0.141ksf

= = =0.90
w/¢ = 40° 40%x0.711x5 ft x0.11 kef 0.156 ksf

FSSoil —cement Block

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 againstA 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 c = 1.4 ksfand ¢ = 21.3°.

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

Pp=%ybe2xN¢+2cxHx1/N ,

l+sin¢ 1+sin21.3°
l-sin¢ 1-sin21.3°

where N, = =2.14 Eq 23.2 Lambe & Whitman (1969)

and H=5ft

. P, =%0.080 kef x (5 )2 x2.14 + 2x1.4 ksf x5 ft x v/2.14 =20.91 K /LF

For the 30 ft width of the pad, full passive resistance of the in situ soils =
30 ft x 20.91 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 [Faen-s  EQhp Eghc]
FS = (350.4 K + 627.3 K) + [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 IIIA,
assuming that resistance to sliding is provided only by friction acting on the base
of the pads and the full passive resistance of the site soils.
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Check Sliding of an Entire Row of Pads in the North-South Direction for the
Hypothetical Case Where Resistance Along the Base Is Due Solely to Frictional
Resistance

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

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

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

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

equals 1,359 K.

As shown above, the shear strength available due to friction along the base of the soil
cement between the pads and at the end of the row of pads (0.051 ksf) is not sufficient to
resist the inertial forces of the soil cement (0.156 ksf) and, thus, is ignored in this analysis.
It is recognized that the forces due to the difference between this frictional shear strength
along the base of the soil cement and the horizontal shear stresses due to the inertial
forces should be accounted for in the analysis of sliding, but it is ignored in this example
to demonstrate the point that the soil cement cannot preclude sliding of the entire row of
pads if the resistance along the base of the soil cement is limited to only the frictional
component.
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Therefore, the total resisting force available for the entire row of 20 pads due to only
friction along the base of the row + passive resistance of the existing soils at the edge of
the soil cement = 7,008 K + 627.3 K = 7,635.3 K. If 3D effects are included to distribute
the horizontal loads beyond the 30-ft width of the pad, the maximum credible resisting
force is 7,008 K + 1,359 K = 8,367 K.

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

Faen-s EQhp EQhc
V =29.3 K+ 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 IlIAy.s is:
Fagn-s EQhp EQhc
Vmans = 0.4 x (29.3 K + 20 pads x 643 K) + 20 pads x 696 K = 19,076 K.
And the factor of safety against sliding of the entire row for Case IIIA is calculated as
follows:

T 40% of Faen-s+ EQhp+ EQhc
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 Fae n-s+ EQhp+ EQhc
FS = 8,367 K+ 19,076 K= 0.44

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

"Where the factor of safety against sliding is less than 1 due to the design basis
ground motion, the displacements the structure may experience are calculated using
the method proposed by Newmark (1965) for estimating displacements of dams and
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
described in the section titled " Evaluation of Sliding on Deep Slip Surface Beneath Pads."
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Load Case ITIIA: 40% N-S direction, -100% Vertical direction, 40% E-W direction.
20 Pads in N-S Row
Static Vertical Force, F, = W = Weight of casks, pads, and soil cement in the row

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

30 ft width x 3 ft deep x [9 BAPS | 5 108 ) reas + 90 ft between areas} x0.110 kef =1,782 K
area gap

Soil cement 2 ft deep beneath the pads, which are 30 ft wide =

30 ft x 2 ft x [20 pads x 67 ft +9 B8PS . 5 ftw x 2 areas + 90 ft between areas}
pad area gap

x0.100 kef = 9,120 K

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

Earthquake Vertical Force, F,eq = avx W/g = 0.695g x 86,032 K/g = 59,792 K
o= 17°

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

Fv Fv Eqk (b Pp W
N= [(86,032-59,792) tan 17° + 627.3 K] / 86,032 = 0.101

Acceleration in N-S direction, A = 0.284g¢g

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

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

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

where g is in units of inches/sec?.

- 2
= u, - (13.7 in./sec) .(12_0.354) _1.55"
2-386.4in./sec”-0.101
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The above expression for the relative displacement is an upper bound for all the data
points for N /A less than 0.15 and greater than 0.5, as shown in Figure 5. For N/A values
between 0.15 and 0.5 the data in Figure 5 is bounded by the expression

U = [V2]/ (2gN)

: 2
> u_ = (13.7 1n./se2c:) - 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 IIIB: 40% N-S direction, -40% Vertical direction, 100% E-W direction.

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

Load Case IIIC: 100% N-S direction, -40% Vertical direction, 40% E-W direction.
Static Vertical Force, F, = W = 86,032 K
Earthquake Vertical Force, Fygq = 59,792 K x 0.40 = 23,917 K
é= 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=0228/0.711=0.321
The maximum displacement of the pad relative to the ground, um, calculated based on
Newmark (1965) is
um = [V2(1-N/A)/ (2gN)

- :[(34.1in./sec)2 .(1-0.321)

=4.48"
2-386.4in./sec’- 0.228 ]
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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 = V21/ (2gN)

- u_= (34..11n./se;:)2 - 6.60"
2.386.4in. /sec”-0.228

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

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

LOAD COMBINATION DISPLACEMENT
Case IIIA 40% N-S -100% Vert 40% E-W ~2 inches
Case IIIB 40% N-S -40% Vert 100% E-W < Case IIIC
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 horizontal displacement were to occur from an earthquake, there would be
no safety consequence to the pads or the casks, since the pads and casks do not rely on
any external “Important to Safety” connections.
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Adequate factors of safety against sliding due to maximum forces from the design basis
ground motion have been obtained for the storage pads founded directly on the silty
clay/clayey silt layer, conservatively ignoring the presence of the soil cement that will
surround the pads. The shearing resistance is provided by the undrained shear strength
of the silty clay/clayey silt layer, which is not affected by upward earthquake loads. As
shown in SAR Figures 2.6-5, Pad Emplacement Area - Foundation Profiles, a layer,
composed in part of sandy silt, underlies the clayey layer at a depth of about 10 ft below
the cask storage pads. Sandy silts oftentimes are cohesionless; therefore, to be
conservative, this portion of the sliding stability analysis assumes that the soils in this
layer are cohesionless, ignoring the effects of cementation that were observed on many of
the split-spoon and thin-walled tube samples obtained in the drilling programs.

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

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

ESTIMATION OF HORIZONTAL DISPLACEMENT USING NEWMARK’S METHOD

N'W T Fv(Eqk)
‘._

v R
7 N N N Y § » T=t1Area




STONE & WEBSTER, INC.
CALCULATION SHEET

5010.65
CALCULATION IDENTIFICATION NUMBER
7.0, ORW.0. NO. DIVISION & GROUP CALCULATION NO. | OPTIONAL TASK CODE PAGE 47
05896.02 G(B) 04-9

EVALUATION OF SLIDING ON DEEP SLIP SURFACE BENEATH PADS

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

For a block sliding on a horizontal surface, N-W =T,
where T is the shearing resistance of the block on the sliding surface.
Shearing resistance, T= tArea
where T= optan ¢
on= Normal Stress
= Friction angle of cohesionless layer
on= Net Vertical Force/Area
= (Fyv—Fyeq)/Area
T= (Fv—Fveq) tan ¢
W= T
= N = [(Fv—-Fveq)tang¢] /W

The maximum relative displacement of the pad relative to the ground, um , 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)

MAXIMUM 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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LoAD CASES

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

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

GROUND MOTIONS FOR ANALYSIS

North-South Vertical East-West
Load Case Accel Velocity Accel Accel Velocity
g in./sec g g in./sec
[IA 0.284¢g 13.7 0.695g 0.284¢ 13.7
1B 0.284¢g 13.7 0.278g 0.711g 34.1
aIc 0.711g 34.1 0.278¢g 0.284¢g 13.7
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Load Case IIIA: 40% N-S direction, -100% Vertical direction, 40% E-W direction.
Static Vertical Force, F, = W = Weight of casks and pad = 2,852 K + 904.5 K = 3,757 K
Earthquake Vertical Force, Fyeq = avx W/g = 0.695g x 3,757 K/g = 2,611 K

¢= 30°

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

Fv Fv Eqk d) W
N= [(3,757 - 2,611) tan 30°] / 3,757 = 0.176

40% N-S  40% E-W
Resultant acceleration in horizontal direction, A = \/(0.2842 +0.284%)=0.402¢g

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

= N/A=0.176 / 0.402 = 0.438

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

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

. 2
= u - (19.4 in./sec) -(12—0.438) 156"
2-386.4in./sec”-0.176

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

Um = [V2]/ (2gN)

. 2
= u_ - (19.4% 1n./sezc) o
2-386.4in./sec”-0.176

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

Static Vertical Force, F, = W = 3,757 K
Earthquake Vertical Force, Fygqy = 2,611 K x 0.40 = 1,044 K

o= 30°

F, Fy Eqk ) w
N= [(3,757 - 1,044) tan 30°] / 3,757 = 0.417
40% N-S 100% E-W

Resultant acceleration in horizontal direction, A = \[(0.2842 +0.711%) g = 0.766¢g

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

= N/A=0417 / 0.766 = 0.544

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

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

_{(36.71in./sec) - (1 - 0.544) 197
2.386.4in./sec?®- 0.417 '

m

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 IIIC: 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
SoOILS WITH ¢ = 30° AND NO SoOIL CEMENT

LOAD COMBINATION DISPLACEMENT
Case IIIA 40% N-S | -100% Vert | 40% B-W 5.9 inches
Case IIIB 40% N-S | -40% Vert | 100% BE-W 1.9 inches
Case IIIC 100% N-S | -40% Vert | 40% E-W 1.9 inches
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Assuming the cask storage pads are founded directly on a layer of cohesionless soils with ¢
= 30°, the estimated relative displacement of the pads due to the design basis ground
motion based on Newmark's method of estimating displacements of embankments and
dams due to earthquakes ranges from ~1.9 inches to 2.2 inches. Because there are no
connections between the pads or between the pads and other structures, displacements of
this magnitude, were they to occur, would not adversely impact the performance of the
cask storage pads. There are several conservative assumptions that were made in
determining these values and, therefore, the estimated displacements represent upper-
bound values.

The soils in the layer that are assumed to be cohesionless, the one ~10 ft below the pads
that is labeled "Clayey Silt/Silt & Some Sandy Silt" in the foundation profiles in the pad
emplacement area (SAR Figures 2.6-5, Sheets 1 through 14), are clayey silts and silts, with
some sandy silt. To be conservative in this analysis, these soils are assumed to have a
friction angle of 30°. However, the results of the cone penetration testing (ConeTec, 1999)
indicate that these soils have ¢ values that generally exceed 35 to 40°, as shown in
Appendices D & F of ConeTec (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 cohesion along the base of the pads. Adding friction and cohesion
along the base of the pads will increase the factor of safety against sliding.
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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 gu: = ¢N. + gq-Ng +
Y2y-B'N,. The ultimate bearing capacity of soil consists of three components: 1) cohesion,
2) surcharge, and 3) friction, which are represented by the bearing capacity factors N, 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:

qut=CcNescdeic+qNgsgdgigt Y2yBN,s,d, i,
where
qur = ultimate bearing capacity
¢ = cohesion or undrained strength
g = effective surcharge at bottom of foundation, = y Dy
¥= unit weight of soil
B = foundation width
Se Sg S, = shape factors, which are a function of foundation width to length
de, dg, d, = depth factors, which account for embedment effects
i, i3 i, = load inclination factors
Ng, Ng, 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 CAPACITY FACTORS

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

N, = e“‘an¢tan2[45+g]
Ne={(Na—1) cot¢, but=5.14 for ¢ = 0.

N, =2 (No+1) tan¢
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SHAPE FACTORS (FOR L>B)

Sc=1+—B—'£\I—3
Ne
B
Sq=1+—tan
q T ¢
s1r=1—0.4E
L

DEPTH FACTORS (FOR % <1)

_ D
dc=dq-Mf0r¢>o and de=1+0.4{—L| for $=0.
Ng-tanéd B

de=1+2tan¢-(1-sin¢) - (%]
dr=1
INCLINATION FACTORS

lq: 1_ T
F, +B'L'ccot¢

F
kel ] for =0

ic=iq Mf0r¢>0 and ic=1 - (—B—.'_LT——N—
C

—Nc.tan(b

. F m+1
ly = 1- H
F, +B'L'ccot¢
Where: Fu and Fv are the total horizontal and vertical forces acting on the footing and
mp= (2+B/L)/(1+B/L)
mL= (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° & ¢ = 2.2 ksf).

Case IB Static using effective-stress strength parameters (¢ = 30° & ¢ = 0).
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Allowable Bearing Capacity of Cask Storage Pads

Static Analysis: Case IA - Static
Soil Properties: c= 2,200 Cohesion (psf)
o= 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 - ft {E-W) L'=67.0 Length - ft (N-S)
D= 3.0 Depth of Footing (%)
0g=ay
FS= 3.0 Factor of Safety required for Qauewate 0Dg=ay
Fysaie= 3,757k &  EQy= 0k — 3,757 kforFy
EQHE-W= o0k & EQHN-S= 0k — OkaI'FH

General Bearing Capacity Equation,

Gur = € No Se Ao To + Yourcn Dt No S g i + 127B N, s, iy based on Winterkorn & Fang (1975)

Ne = (Ng - 1) cot(¢), but=5.14for =0 = 5.14 Eq 3.6 & Table 3.2
Ny=e" e tan(/4 + ¢/2) = 1.00 Eq3.6
N, =2 (Ng +1) tan (¢) = 0.00 Eq3.8
se= 1+ (BLNGN,) = 109 Table 3.2
Sq= 1+ (B/L)tan ¢ = 1.00 "
s, = 1-0.4(B/L) = 082 .
ForDyB<1: dg=1+2tan¢ (1-sin¢)* D/B = 100 Eq3.26
d=1 = 1.00 y
For ¢ > 0: do = dg - {1-dg) / (N tan ¢) ' =  NA
For ¢ = 0: d. = 1 + 0.4 (DyB) =  1.04 Eq3.27

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

N term N, term N, term
Gross Qup = 13,085 psf= 12,785 + 300 + 0
Ga= 4,360  pst=qu/FS
Qaciual = 1,869 pst = (F, staue + EQY) / (B" x L)
FSacta = 7.00 = Qi / Qactual > 3 Hence OK

[geoi}\O5996\calc\bmg_cap\Pad\W|ni_Fang-B.)ds
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Allowable Bearing Capacity of Cask Storage Pads

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

EOHE-W= o0k & EQHN-S= Ok — OkaI'FH

General Bearing Capacity Equation,

Gui= € Ne Sc de fo + Youren D Ny Sq dafq + 12BN, 8, iy based on Winterkorn & Fang (1975)

N = (Ng - 1) cot(¢), but=5.14for$=0 = 30.14 £q 3.6 & Table 3.2
Ng = """ tan®(n/4 + ¢/2) = 18.40 Eq3.6
Ny= 2 (Ng+1) tan (¢) = 2240 Eq3.8
se= 1+ (BIL{NGN) = 1.27 Table 3.2
Sy = 1+ (B/L) tan ¢ = 1.26 u
s, =1-04 (BL) = 082 "
ForDyB<1: dy= 1 +2tan ¢ (1-sin¢)’ DyB = 103 Eq3.26
dy =1 = 1.00 *
For ¢>0:d. = d - (1-dg) / (Ngtan ¢) = 1.03
For ¢ = 0: d. = 1 + 0.4 (DyB) = NA Eq 3.27
No inclined loads; therefore, ic = iq =iy, = 1.0.
N¢ term Nq term N, term
Gross Gy = 29,216  psi= o + T,148 + 22,068
Qan = 9,730 psf =qu:/FS
Qactual = 1,868 psf = (Fy stauc + EQ} /(B" X L)
Fsac(ual = 15-63 = qultl qac«ua\ > 3 Hence OK

{geot]\05996\calc\brng_cap\Pad\Wint_Fang-8.xIs
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Table 2.6-6 presents a summary of the results of the bearing capacity analyses for the
static load cases. As indicated in this table, the gross allowable bearing pressure for the
cask storage pads to obtain a factor of safety of 3.0 against a shear failure from static loads
is greater than 4 ksf. However, loading the storage pads to this value may result in
undesirable settlements. This minimum allowable value was obtained in analyses that
conservatively assume ¢ = 0° and ¢ = 2.2 ksf, as measured in the UU tests that are
reported in Attachment 2 of Appendix 2A of the SAR, to model the end of construction.
Using the estimated effective-stress strength of ¢ = 30° and ¢ = O results in higher
allowable bearing pressures. As shown in Table 2.6-6, the gross allowable bearing
capacities of the cask storage pads for static loads for this soil strength is greater than 9
ksf.




STONE & WEBSTER, INC.
CALCULATION SHEET

5010.866

CALCULATION IDENTIFICATION NUMBER
PAGE 57

J.0. OR W.0. NO. DIVISION & GROUP CALCULATION NO. | OPTIONAL TASK CODE
05996.02 G(B) 04-9

DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS

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

BASED ON INERTIAL FORCES

This section presents the analysis of the allowable bearing capacity of the pad for
supporting the dynamic loads defined as the inertial forces applicable for the peak ground
accelerations from the design basis ground motion. The total vertical force includes the
static weight of the pad and eight fully loaded casks * the vertical inertial forces due to the
earthquake. The vertical inertial force is calculated as av x [weight of the pad + cask dead
loads], multiplied by the appropriate factor (+40% or £100%) for the load case. In these
analyses, the minus sign for the percent loading in the vertical direction signifies uplift
forces, which tend to unload the pad. Similarly, the horizontal inertial forces are
calculated as ag 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 (4 = 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 n 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 Il 100% N-S direction, 0% Vertical direction, 100% E-W direction.

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

Case IIIB  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.

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

Case IVC 100% N-S direction, 40% Vertical direction, 40% E-W direction
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Case II: 100% N-S, 0% Vertical, 100% E-W

Determine forces and moments due to earthquake.

Wc Wp
Fy=2,852 K+ 904.5 K = 3,757 K and EQ, = O for this case.

aH HTpad B L Yeone
EQurd =0.711x3 x30'x67' x0.15kcf =643 K

aH Wc 5 Nc
EQhc = Minimum of [0.711 x 2,852 K& 0.8 x 2,852 K] = EQhc=2,028K
2,028 K 2,282K

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

Combine these horizontal components to calculate Fu:

= F,; =JEQ%uew +EQ%uns = 2,671% +2,671% = 3,777K

Determine moments acting on pad due to casks.

See Figure 6 for identification of Ab.

b = 9.83'xEQhc _ 9.83'x2,028K ~6.99 ft

Wc + EQvc 2,852K +0

aH Wp EQhc Ab We EQvc
“Mgns = 1.5x0.711x904.5K+ 3'x2,028 K + 6.99' x (2,852K + 0)
= 965 ft-K + 6,084 ft-K + 19,935 ft-K = 26,984 {t-K

The horizontal forces are the same N-S and E-W for this case; therefore,
IMgew = ZMgns = 26,984 ft-K

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

Deterfnine qallowable fOT FS = 1 . 1 .
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Allowable Bearing Capacity of Cask Storage Pads Based on Inertial Forces Combined:
PSHA 2,000-Yr Earthquake: Case II 100 % N-S, 0 % Vert, 100 % E-W
Soil Properties: c= 2,200 Cohesion {psf Footing Dimensions:
o= 0.0 Friction Angle (degrees) B = 30.0 Width - it (E-W)
Y= 80 Unit weight of soil {pcf) L=67.0 t.ength - ft (N-S)
Ysurch = 100 Unit weight of surcharge (pci)
Foundation Properties: B'= 15.6 Effective Ftg Width - ft (E-W) L' = 52.6 Length - ft (N-S)
: Dy = 3.0 Depth of Footing (ft)
0.711 g=2ay
FS= 1.1 Factor of Safety required for Qaiowatie 0.695 g = ay
Fystaie= 3,757k &  EQy= 0k — 3,757 kforFy
EQuew= 2,671 k & EQuns= 2,671k — 3,777 kfor Fy

Genera) Bearing Capacity Equation,

Guit = € Ne Se de fe + Ysurcn Dy Ng Sq dg I + /27BN, s, dy i, based on Winterkorn & Fang (1975)

N. = {Nq- 1) cot(¢), but=>5.14for ¢ =0 = 5.14 Eq 3.6 & Table 3.2
N, = """ tan®(n/4 + ¢/2) = 1.00 Eq36
Ny =2 (Ng + 1) tan (¢} = 0.00 Eq 3.8
se= 1+ (BL)(Ng/N) = 106 Table 3.2
Sq= 1+ (B/L) tan ¢ = 1.00 "
s, = 1-0.4 (B/L) = 088 "
For DyB <1: dy=1+2tan ¢ (1-sin ¢)* DyB = 100 Eq 3.26
d,=1 = 100 "
For ¢ > 0: d. = dg - (1-dg) / (N tan ¢) = NA
For ¢ = 0: d. = 1 + 0.4 (D/B) =  1.08 Eq3.27
mp = (2 + BL) /(1 + BL) = 169 Eq 3.18a
my = (2+ L/B)/ (1 + LUB) = 131 Eq3.18b
If EQuuns > 0: 6, = tan (EQuew/ EQuns) = 079 rad
m, = My cos’8, + Mg sin°6, = 150 Eq 3.18¢c
lq= {1-Fu/[(F, + EQ) +B L' coot¢]}" = 100 Eq3.14a
i,={1-Fa/[(F,+EQ)+B' Uccoto]}™ =  0.00 Eq3.17a
For¢=0:ic=1-(mFy/B L cNy) = 039 Eq 3.162
N; term Ny term N, term
Gross = 5338  psf= 5,038 + 300 o+ 0
Gan = 4,850 psf=qu/FS
Qactual = 4,565 psf = (Fy statie + EQ) / (B" X L)
FSactua = 1.17 = O/ Qacwal > 1.1 Hence CK

[geot\05996\calc\bmg._cap\Pad\Wint_Fang-B.xls
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES

Case ITIA: 40% N-S, -100% Vertical, 40% E-W

Determine forces and moments due to earthquake.

av Wp Wc

EQv=+-100%x0.695x (904.5K + 2,852 K) =-2,611 K

an We
EQhp =0.711 x904.5 K =643 K
Normal force at base of the cask = Cask DL= 2,852 K

— Cask EQvc=-1.x0.695x2,852K=-1,982K =avxWc

= Nc= 870 K
= Feo,08=0.8x 870K =696 K
an Wc [ Nc
EQhc = Minimum of [0.711 x 2,852 K & 0.8 x 870 K]
2,028 K 696 K

Note: Use only 40% of the horizontal earthquake forces in this case. 40% of 2,028 K =
811 K, which is > 696 K (= Frq 4-0.8); therefore, EQhc is limited to the friction force at the
base of the casks, which = 696 K in the direction of the resultant of both the N-S and E-W
components of EQhc. For this case, the N-S and E-W components of EQhc are the same,
and they are calculated as follows:

2
EQ%erw + EQ%ens =EQ%e = 6967 = EQ, ., =EQ,. .. =1}6926 - 492.1K

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

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

= F, =yEQ%Ms-w +EQ%ins = v749.32 +749.3> = 1,060K

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

APpw = WerEOve  2853K-1982K 0t
40% au Wp Eqhcew Ab We EQvc
SMavs = 1.5 x0.4x0.711 x904.5K + 3' x 492.1 K + 5.56' x (2,852K - 1,982 K)
= 386 ft-K + 1,476 ft-K + 4,837 ft-K = 6,699 ft-K

The horizontal forces are the same N-S and E-W for this case; therefore,
ZM@E.W = XIMgns = 6,699 {ft-K

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

Aliowable Bearing Capacity of Cask Storage Pads
PSHA 2,000-Yr Earthquake: Case IIIA

Based on Inertial Forces Combined:
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 - it (E-W)
Y= 80 Unit weight of soil (pcf) L= 67.0 Length - ft (N-S)
Ysurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B'= 18.3 Effective Ftg Width - ft (E-W) L' =553 Length - ft (N-S5)
D;= 3.0 Depth of Footing (it)
0711 g=ay
FS= 1.1 Factor of Safety required for Qayowabie 0.695 g =ay
Fy static = 3,757 K & EQy = 2611k —» 1,146 kforFy
EQH EW= 749 k & EQH NS = 749k — 1,060 k for FH

Quit = € Ne S¢ O Ie + Ysuren Dy Ny Sq dqiq + 127YBN, s, d; iy
Ne= (Ng- 1) cot(¢), but=5.14for¢=0

o= &0 tan(nd + ¢/2) =

N,= 2 (Ng + 1) tan (o) =

se= 1+ (B/L)Y(Ng/NY) =
Sq= 1+ ((B/L)tan ¢

s, =1-0.4 (BL) =
For D/B<1: dg= 1+21an ¢ (1-sin¢)? DyB =
d7=1 =

For ¢ >0: d, = dg - (1-dg) / (Nq tan ¢) =
For¢=0:d.= 1+ 0.4 (D/B) =

Mg = (2+ B/L)/(1+BL) =

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

If EQ s > 0: 0, = tan (EQu ew/ EQunes) =
m, = M c0s?8, + Mg sin’e, =
iq={1-FH/[(FV+EQV)+B'L’ccotq)]}'“ =
i={1-Fa/[(F, +EQ)+B L ccotoJ}™" =
For¢=0:i.=1-(MF /B LcN,) =

N, term
Gross gy = 11,344 pst = 11,044 +
Qo = 10,310 psf = qu“/ FS
Qactual = 1,132 pst = (F, stanc + EQy) / (B” x L)

FSactwa = 10.02 = Qun/ Qactua

{geot]05996\calc\bmg_cap\Pad\Wint_Fang-8.xls

5.14
1.00
0.00

1.06
1.00
0.87

1.00
1.00

N/A
1.07

1.69
1.31
0.79
1.50
1.00
0.00
0.86

rad

N, term

300

> 1.1

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

Eq 3.6 & Table 3.2

Eq3.6
Eq 3.8

Table 3.2

Eq 3.27
Eq 3.18a
£g 3.18b

Eq3.18c

Eq 3.14a

Eq3.17a

Eq 3.16a

N, term
0

Hence OK
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DyNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES
Case OIB: 40% N-S, -40% Vertical, 100% E-W
Determine forces and moments due to earthquake.

av Wp Wce
EQv =-40% x 0.695 x (904.5 K + 2,852 K) =-1,044 K
Normal force at base of the cask = Cask DL = 2,852 K
— 40% of Cask EQvc =-0.4x0.695x2,852K= -793K =40% of avx Wc

= Nc= 2,059K
= Fro,08=0.8x2,059K=1,647K

aH Wc u Nec
EQhc = Min of [0.711 x 2,852 K & 0.8 x 2,059 K] = EQhc = 1,647 K;
2,028 K 1,647K

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

follows:

EQ%ncrw + EQ%en.s =EQ% = 1,647 = EQ, .. =v1,647%-811% = 1,433.5K

Using 40% of N-S: 40% of EQhp Eghen-s
= EQuns=04x643K+811K=1,068K

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

= F, =\/EQ2HE-W +EQ%uns = J2,076.52 +1,068% = 2,335K

Determine moments acting on pad due to casks.
See Figure 6 for identification of Ab. Note: EQvc =-0.4x0.695x2,852K =-793 K

_ 9.83xEQhc, , _9.83 x 1433.5K

AbE—W = =6.84 ft
Wc + EQvc 2,852K-793K
100% au Wp Eghcew Ab We EQvc
IMegns = 1.5'x0.711x904.5K+3'x1,433.5 K+ 6.84' x (2,852K - 793 K)
= 965 ft-K + 4,300 ft-K + 14,084 ft-K = 19,349 ft-K
9.83'xEQhc 83
AbN_S _ Q N-S _ 9 83 X 81 ].K _ 387 ft
Wc+ EQvc 2,852K-793K
40% an Wp Eghcn-s Ab Wc EQvc

IMgew = 1.5'x0.4x0.711x904.5K+ 3 x811 K+ 3.87" x (2,852K - 793 K)
= 386 ft-K + 2,434 ft-K + 7,969 ft-K = 10,787 ft-K

Determine Gattowabte for FS = 1.1.
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DyYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES
Allowable Bearing Capacity of Cask Storage Pads
PSHA 2,000-Yr Earthquake: Case IIIB

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

Soil Properties: c= 2,200 Cohesion (psf) Footing Dimensions:
o= 0.0 Friction Angle (degrees) B = 30.0 Width - it (E-W)
Y= 80 Unit weight of soil (pcf) L= 67.0 Length - ft (N-S)
Ysureh = 100 Unit weight of surcharge (pcf)
Foundation Properties: B = 15.7 Effective Ftg Width - ft (E-W) L' = 59.0 Length - ft (N-S)
D= 3.0 Depth of Footing (ft)
0711 g=ay
FS= 1.1 Factor of Safety required for Qamewatie 0.695 g=ay
Fy Satic = 3,757 k & EQ\/ = -1,088 kK — 2,712 K for Fy
EQuew = 2,077 k & EQuns= 1,068 k — 2,336 kfor Fy

General Bearing Capacity Equation,

Quit =€ Ne Sc e o + Youren Dt Ny Sq g iy + 1/2YB Ny s, d, based on Winterkorn & Fang (1975)

N = (Ng-1) cot(s), but=5.14for 6=0 = 5.14 Eq 3.6 & Table 3.2
Ng = "™ tan“(n/4 + ¢/2) = 100  Eq36
N, = 2 (Ng+ 1) tan (§) = 0.00 Eq 3.8
sc= 1+ (BLYN/N,) = 1.05 Table 3.2
sq=1+(BL)tan ¢ = 1.00 .
sy=1-0.4 (BA) = 0.89 !
For DyB<1: dy=1+2tan ¢ (1 -sin ¢)° D/B =  1.00 Eq 3.26
d;=1 = 100 "
For ¢ > 0: de = dg - (1-dg) / (Ng tan ¢) = N/A
For¢=0:d.= 1+ 0.4 (DyB) : = 1.08 Eq 3.27
mg= (2 +B/L)/(1+BIL) = 1.69 Eq 3.18a
my = (2+L/B)/(1+L/B) = 131 Eq 3.18b
If EQy s > 0: 6, = tan" (EQuew/ EQun.s) = 110 rad
m, = m,_ cos%8, + mg sin’e, = 161 Eq 3.18¢c
iq={1-Fu/l(F, +EQ,}+B'LU'coot¢g]}” = 1.00 Eq 3.14a
i,={1-Fu/[(F,+EQ)+ B L'ccot¢]}™ = 0.0 £q3.17a
Foro=0:i,=1-(mFy/B L ¢cNp) = 064 Eq 3.16a
N, term N, term N, term
Gross q; = 8,513 psf= 8,213 + 300 + 0
Qan = 7,730  pst=qu/FS
Qactuat = 2,922 psf = (Fy stauc + EQV) / (B" X L)
FSactua = 2.91 = Qun/ Yacrat > 1.1 Hence OK

{geot]\05998\calc\brng_cap\Pad\Wint_Fang-8.xis
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DyNAaMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES

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

av Wp Wc
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 =-0.4x0.695x2,852K= -793K =40% ofavx Wc

= Nc= 2,059K
= FEQ u=0.8 < 0.8x 2,059 K= 1,647 K

aH Wce n Nc
EQhc = Min of [0.711 x 2,852 K & 0.8 x 2,059 K] = EQhc = 1,647 K;
2,028 K 1,647K

i.e., EQhc is limited to the friction force at the base of the casks, which = 1,647 K in the
direction of the resultant of both the N-S and E-W components of 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%men-s + EQ%men-w =EQ%c = 1,647 = EQ,_, . =+1,6472-811% = 1,433.5K
Using 100% of N-S:

100% of EQhp Eqghcen-s
= EQuns=1.0x643K+ 1,433.5K=2,076K

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

= F, =yEQ%uew +EQ%ns = y1,068% +2,076 = 2,335K
Determine moments acting on pad due to casks
See Figure 6 for identification of Ab. Note: EQvc=-0.4x0.695x2,852 K=-793 K

_ 9.83xEQhcy ,  9.83'x811K
E-W © We+EQve 2.852K-793K

Ab =3.87 ft

40% au Wp Eqghce-w Ab Wc EQvc
IMgns = 1.5'x0.4x0.711x904.5K+ 3" x 811K + 3.87' x (2,852K ~ 793 K)

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

_ 9.83xEQhc, ¢  9.83'x 1,433.5K

AbN_s = =6.84 ft
Wc + EQvc 2,852K-793K
100% an Wp Eghcen-s Ab Wc EQvc
IMgew = 1.5x0.711x904.5K+3'x1,433.5K+6.84"x(2,852K-793K) -
= 965 ft-K + 4,300 ft-K + 14,084 ft-K = 19,349 ft-K

Determine Qaiowavie for FS = 1.1.
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES
Allowable Bearing Capacity of Cask Storage Pads Based on Inertial Forces Combined:
PSHA 2,000-Yr Earthquake: Case IIIC 100 % N-S, -40 % Vert, 40 % E-W
Soit Fsroperties: c= 2,200 Cohesion (psf) Footing Dimensions:
¢= 0.0 Friction Angle (degrees) B=30.0 Width - it (E-W)
y= 80 Unit weight of soil (pcf) L= 67.0 Length - ft (N-S)
Ysurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B'= 22.0 Effective Ftg Width - ft (E-W)} L'=52.7 Length - ft (N-S)
Di= 3.0 Depth of Footing (ft)
0711 g=2ay
FS= 1.1 Factor of Safety required for Qaiowabie 0.695 g =ay
Fysae= 3,757k & EQy= 1,088k — 2,712 kforFy
EQuew= 1,068k & EQuns= 2,077 k — 2,336 kforFy

General Bearing Capacity Equation,

Gui = € No S¢ be fe + Youen DN Sq dg i + /27BN, 5, &,y based on Winterkorn & Fang (1975)

N. = (N - 1) cot(¢), but=5.14for ¢ =0 = 514 Eq 3.6 & Table 3.2
Ny = """ tan®(v/4 + &/2) = 100 Eq 3.6
N, =2 (Ng+1} tan (9) = 0.00 Eq3.8
So= 1+ (BILYNg/No) = 1.08 Table 3.2
Sq= 1+ (B/L)tan ¢ = 1.00 "
s,= 1-0.4(BL) = 083 "
For DyB <1: d,=1+2tan ¢ (1 -sin ¢)° DyB = 1.00 Eq3.26
d, =1 = 1.00 "
For ¢ > 0: d. = dg - (1-dg} / (Ng tan ¢) = N/A
For¢=0:d.= 1+ 0.4 (DyB) = 105 Eq 3.27
mg= (2 +B/L)/{1+B/L) = 1.69 Eq 3.18a
m = (2+UB)/ (1 +L/B) = 1.31 Eq 3.18b
if EQuns > 0: 6, = tan (EQy ew/ EQun-s) = 048 rad
m, = M c0s°0, + mg sin®8, = 139 Eq3.18¢c
iq={1-Fa/[(F, + EQ,) + B L' ccot¢] }" = 1.00 Eq 3.14a
i,={1-Fa/[(F, +EQ)+B L'ccotg]}™ = 000 Eq3.17a
For¢=0:ic=1-(mFy/B L cNy) = 0.75 Eq 3.16a
N, term Ny term N, term
Gross gy = 10,010 psf = 9,710 + 300 + 0
Qan = 9,100 pst =g,/ FS
Qoewar= 2334 PSf=(Fysunc+EQ)/ (B'XL)
FSactual = 4,29 = Oyt Qactual > 1.1 Hence OK

[geot]\0599S\calc\brng_cap\Pad\Wint_Fang-S.xls
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DyNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES

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

Determine forces and moments due to earthquake.

av Wp We
EQv = 100% x 0.695 x (904.5 K + 2,852 K) = 2,611 K

ay Wc
EQhp =0.711x904.5 K=643 K
Normal force at base of the cask = Cask DL = 2,852 K

+ Cask EQvc=1.x0.695x2,852K=+1982K =ayvxWc
= Nc= 4,834 K
= FeQu-08=0.8x4,834 K= 3,867 K

an Wc u Nc
EQhc = Min of [0.711 x 2,852 K & 0.8 x 4,834 K]
2,028 K 3,867K

Note: Use only 40% of the horizontal earthquake forces in this case. 40% of 2,028 K =
811 K, which is < 3,867 K (= Fgq p-0.8); therefore, EQhc = 811 K in both the N-S and E-W
directions for this case.

40% of EQhp Eghcn.s
= EQuns=04x643K+811K=1,068K

Since horizontal components are the same for this case, EQuew = EQun.s

= F, =yEQ%ew +EQ%ns = 1,068 +1,068%> = 1,510K

Determine moments acting on pad due to casks.
See Figure 6 for identification of Ab. Note: EQvc =1.0x0.695x 2,852 K =1,982K

_9.83xEQhc, ,,  9.83'x811K
E-w Wce + EQve 2,852K+1,982K

Ab =1.65 ft

40% au Wp Eqghce-w Ab Wce EQvc
1.5x04x0.711 x904.5K + 3'x 811 K + 1.65'x (2,852K + 1,982 K)

386 ft-K + 2,433 ft-K + 7,976 ft-K = 10,795 ft-K

ZMgn-s

Il

The horizontal forces are the same N-S and E-W for this case; therefore,

ZMgew = IMgns = 10,795 ft-K

Determine Qatowabte for FS = 1.1.
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORC é
Allowable Bearing Capacity of Cask Storage Pads Based on Inertial Forces Combined:
PSHA 2,000-Yr Earthquake: Case IVA 40 % N-S, 100 % Vert, 40 % E-W
Soil Properties: c= 2,200 Cohesion (psf) Footing Dimensions:
o= 0.0 Friction Angle (degrees) B = 30.0 Width - ft (E-W)
¥= 80 Unit weight of soil (pcf) L=67.0 Length - ft (N-S)
Ysurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B = 26.6 Effective Ftg Width - ft (E-W) L = 63.6 Length - ft (N-S)
D= 3.0 Depth of Footing (ft)
0711 g=ay
FS= 1.1 Factor of Safety required for Qauewable 0.685 g=ay
Fustac= 3,757 k &  EQy= 2,611k — 6,368 kforFy
EQuew= 1,068 k & EQuns = 1,068 Kk — 1,511 kforFy

General Bearing Capacity Equation,

Gue = € Ne Sc G fe + Youren Dt Ng Sq dglg + 127 BN, 8, d, based on Winterkorn & Fang (1975)

Ne= (Ng- 1) cot(e), but=5.141or ¢ =0 = 5.14 Eq 3.6 & Table 3.2
Ny = €"=" tan®(u4 + ¢/2) = 1.00 Eq 3.6
N, =2 (Ng+ 1) tan (9) = 0.00 Eq 3.8
Sc= 1+ (BL)(NG/No) = 1.08 Table 3.2
$q= 1+{BML)tan ¢ = 1.00 s
s,=1-0.4 (BL) = 0.83 *
For DJB < 1: dy=1+2tan ¢ (1-sin ¢)° DyB = 1.00 Eq 3.26
dy=1 =  1.00 "
For ¢ > 0: d. = dqg - (1-dg} / {Ng tan ¢) = NA
Foro=0:d. =1+ 04 (D/B) = 1.05 Eq3.27
mg = (2 +B/L) /{1 +BL) = 169 Eq3.18a
my = (2 + L/B)/ (1 + UB) = 131 Eq 3.18b
If EQy s > 0: B, = tan (EQu e/ EQunes) = 079 rad
m, = m,_cos’6, + Mg sin®6, = 150 Eq3.18¢c
ig={1-Fa/[(F,+EQ)+B'L'ccote]}” =  1.00 Eq 3.14a
i,={1-Fu/[(F, +EQ)+ B’ L'ccote] ™ =  0.00 Eq3.17a
Foro=0:ic=1-(MFy/B L' cNy) = 088 Eq3.16a
N term N, term N, term
Gross Qui = 11,567 psf= 11,267 + 300 + 0
CQau = 10,510 psf=qu/FS
Qactual = 3,762 psf = (F, staue + EQ}/ (B’ x L)
FSactual = 3.07 = Qun / Dactua > 1.1 Hence OK

[geotN05996\calc\bmg_cap\Pad\Wint_Fang-8.x!s
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES

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

Determine forces and moments due to earthquake.

. av Wp We
EQv=0.4x0.695x (904,5K + 2,852 K) = 1,044 K
Normal force at base of the cask = Cask DL= 2,852K

+ 40% of Cask EQvc = +0.4x0.695x 2,852 K= +793 K =40% of avx Wc
= Nc= 3,645K

= Feou08=0.8x3,645K=2,916K

aH Wc n Nc
EQhc = Min of [0.711 x 2,852 K & 0.8 x 3,645 K] = EQhc = 2,028 K, since it is < Fgg -0
2,028 K 2,916K

The horizontal inertial force of the casks acting on the pad is less than the friction force at
the base of the casks. Applying 40% in the N-S direction, Eghcns = 0.4 x 2,028 K = 811 K
and 100% in the E-W direction, Eghcgw = 2,028 K for this case.

Using 40% of N-S:

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

Using 100% of E-W:

100% of EQhp Eqhcew
= EQuew=10x643K+2,028K=2,671K

= F, =JEQ2ew +EQ%xns = 2,671% +1,068 = 2,877K

Determine moments acting on pad due to casks
See Figure 6 for identification of Ab. Note: EQvc = 0.4 x0.695x2,852K =793 K

_ 9.83'xEQhc, ,,  9.83'x 2,028K

Ab, , = = =5.47 ft
Wc + EQvc 2,852K +793K
100% an Wp Eghcew Ab Wc EQvc
IMgns = 1.5'x0.711x904.5K + 3'x2,028 K+ 5.47' x (2,852K + 793 K)
= 965 ft-K + 6,084 ft-K + 19,938 ft-K = 26,987 {t-K
9.83'x EQhc '
AbN_s _ x EQ N-S _ 9.83'x811K _ 9219 ft
Wc + EQvc 2,852K+793K
40% an Wp Eqghcen-s Ab Wc EQvc -

IMgew = 1.5'x0.4x0.711 x904.5K +3'x 811 K+ 2.19' x (2,852K + 793 K)
= 386 ft-K + 2,433ft-K + 7,982 ft-K=10,801 ft-K

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

Allowable Bearing Capacity of Cask Storage Pads

Based on Inertial Forces Combined:

PSHA 2,000-Yr Earthquake: Case IVB

40 % N-S, 40 % Vert,

100 % E-W

Soil Properties: c= 2,200 Cohesion (psf) Footing Dimensions:
6= 0.0 Friction Angle (degrees) B = 30.0 Width - it (E-W)
Y= 80 Unit weight of soil (pcf) L= 67.0 Length - ft (N-S)
Ysurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B' = 18.8 Effective Ftg Width - ft (E-W) L = 62.5 Length - ft (N-S)
D= 3.0 Depth of Footing {ft)
0.711 g=ay
FS= 1.1 Factor of Safety required for Qajowaste 0.695 g =ay
Fysaic= 3,757k & EQu= 1,044k — 4,801 kforFy
EQuew= 2671k & EQuns = 1,068 k — 2,877 k for Fy

Quit = € Ne S de ic + Ysuren Dy Ng Sq dg ig +12yBN; s, d, i

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

Ne = (Ng- 1) cot(¢), but=5.14for ¢=0 = 5.14 Eq 3.6 & Table 3.2
Ng = "% tan®(n/4 + ¢/2) = 1.00 Eq 3.6
N, =2 (N + 1) tan (¢) = 0.00 Eq 3.8
Se = 1+ (B/LYNYN:) = 1.06 Table 3.2
Sq=1+ {B/L) tan ¢ 1.00 "
s, = 1-0.4 (B/L) = 088 "
For D/B < 1: dy=1+2tan¢ (1 -sin ¢)° DyB = 100 Eq3.26
d,=1 = 1.00 *
For ¢ > 0: d. = Oq - (1-dg) / (Ng tan ¢) = NA
For¢=0:d.=1+0.4 (D/B) = 106 Eq3.27
me=(2+B/L)/(1 +B/L) = 1.69 Eq 3.18a
m, = (2+ LB}/ (1 +L/B) = 1.31 Eq 3.18b
If EQy s > 0: 6, = tan (EQuew/ EQuns) = 119 rad
m, = m, cos’6, + mg sine, = 164 Eq 3.18c
ig={1-Fu/[(F, + EQ) + B L ccot o))" = 1.00 Eq 3.14a
i={1-Fu/[(F, +EQ)+B L'ccot¢}}™ =  0.00 Eq3.17a
For¢=0:ic=1-(mFuy/B' L' cN) = 0.64 Eq 3.16a
N; term Ng term N, term
Gross Qe = 8,508 psf= 8,208 + 300 + 0
Qan = 7,730 psf=qu/FS
Guorar = 5,095 pst=(Fysuue + EQ)/ (B’ X L)
FSactuat = 2.08 = GQut/ Qacrua > 1.1 Hence OK

[geot]\05996\calc\bmg_cap\Pad\\Mnt_Fang-axls
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DyNaMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORCES

Case IVC: 100% N-S, 40% Vertical, 40% E-W

Determine forces and moments due to earthquake.

av Wp Wc
EQv=04x0.695x(904.5K+ 2,852 K) =1,044 K
Normal force at base of the cask = Cask DL= 2,852 K

+ 40% of Cask EQvc=0.4x0.695x2,852K= +793K =40% of avx Wc
= Nc= 3,645K
= Fegu08=08x3,645K=2916K

aH Wc il Nc
EQhc = Min of [0.711 x 2,852 K & 0.8 x 3,645 K| = EQhc = 2,028 K, since it is < Feg 4-0.s
2,028 K 2,916 K

The horizontal inertial force of the casks acting on the pad is less than the friction force at
the base of the casks. Applying 100% in the N-S direction, Eghcn.s = 2,028 K and 40% in
the E-W direction, Eghcew = 0.4 x 2,028 K = 811 K for this case.

Using 100% of N-S:

100% of EQhp Eghcn-s
= EQuns=10x643K+2028K=2,671K

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

= F, =yEQ%n5w +EQ%Mns = 41068% +2671% = 2,877K

Determine moments acting on pad due to casks
See Figure 6 for identification of Ab. Note: EQvc=0.4x0.695x2,852K =793 K

_ 9.83xEQhc, ,  9.83x811K

Ew = = =2.19 ft
Wc+ EQvc 2,852K+793K

Ab

40% an Wp EQhc Ab Wc EQvc
XMgns = 1.5x0.4x0.711x904 5K+ 3 x811 K+ 2.19'x (2,852K + 793 K)

= 386 ft-K + 2,433ft-K + 7,982 ft-K=10,801 ft-K
_ 9.83xEQhc, ;  9.83 x2,028K

Aby ¢ = = =5.47 ft
Wc + EQvc 2,852K+ 793K
100% au Wp EQhc Ab Wc EQvc
IMegew = 1.5'x0.711x904.5K+ 3 x2,028K + 5.47'x (2,852K + 793 K)
= 965 ft-K + 6,084 ft-K + 19,938 ft-K = 26,987 ft-K

Determine Qattowabte for FS = 1.1.
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON INERTIAL FORC

Allowable Bearing Capacity of Cask Storage Pads

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

‘Y =

Ysurch =

Foundation Properties: B'=
Df =

FS=
Fyv staic =
EQuew=

Cun = € Nc S de ic + Yeurcn D¢ Ny sq dyig

e 100 % N-S,

Based on Inertial Forces Combined:

40 % Vert,

40 % E-W

2,200 Cohesion (psf)

0.0 Friction Angle (degrees)
80 Unit weight of soil {pcf)
100 Unit weight of surcharge (pcf)
25.5 Effective Ftg Width - ft (E-W) L’ = 55.8

3.0 Depth of Footing (it)

Footing Dimensions:

B =
L=

30.0
67.0

1.1 Factor of Safety required for Qawasie

3,757 k & EQV=
1,068 k & EQuns=

+1/2yBN,s,d, i

Ne = (Ng - 1) cot(¢), but=5.14for =0 -
Ny= """ tan(n/4 + ¢/2) =

Ny= 2 (Ng+1) tan (¢) =

sc= 1+ (B/L)(Ng/Ne) =

Sq= 1+ (BLytan ¢
s,=1-0.4(BL)

ForDyB<1: dg=1+2tan ¢ (1-sin¢)* D/B =

d.,: 1

For ¢ > 0: d. = dg - {1-dg) / {Nq tan ¢) =

For9=0:d.= 1+ 0.4 (D/B)

mg = (2+B/LY/ (1 +BNL) =
m = (2+LUB)Y/(1+LU/B) =

If EQy s > 0: 6, = tan (EQuew/ EQuns) =
m, = m_cos’, + mg sin°g, =
ig={1-Fy/[(F,+EQ)+B L'ccote]}” =
iy={1-Fu/[(F, +EQ)+B Lcootg] ™ =
For¢=0:ic=1-(MFu/B L cN,) =

Gross Gy = 10,052

Qau = 9,130

Qactuat = 3,376
FSacwa = 2.98

[geot]\05996\caic\brng_cap\Pad\Wint_Fang—&xls

N; term
psf= 9,752 +
psf = que/ FS
psf = (F, staue + EQ) / (B" X L)

= Quit/ Qactuat

1,044k —
2,671k —

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

5.14
1.00
0.00

1.09
1.00
0.82

1.00
1.00

N/A
1.05

1.69
1.31
0.38
1.36
1.00
0.00
0.76
Ny term
300

rad

141

Width - ft (E-W)
Length - ft (N-S)

Length - ft (N-S})

0.711 g =2y
0.695 g=ay

4,801 kfor Fy
2,877 kfor Fy

Eq 3.6 & Table 3.2

Eq 3.6
Eq338

Table 3.2

Eq3.27
Eqg 3.18a
Eq3.18b

Eg 3.18c

Eq3.14a

Eq3.17a

Eq 3.16a

N, term
0

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

As indicated in Table 2.6-7, the gross allowable bearing pressure for the cask storage pads
to obtain a factor of safety of 1.1 against a shear failure from static loads plus the inertial
loads due to the design basis ground motion exceeds 4.8 ksf for all loading cases identified
above. The minimum allowable value was obtained for Load Case II, wherein 100% of the
earthquake loads act in the N-S and E-W directions and 0% acts in the vertical direction.
The actual factor of safety for this very conservative load case was 1.2, which is greater
than the criterion for dynamic bearing capacity (FS = 1.1). In Load Cases III 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.
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BASED ON MAXIMUM CASK DYNAMIC FORCES FROM THE SSI ANALYSIS

The following pages determine the allowable bearing capacity for the cask storage pads
with respect to the maximum dynamic cask driving forces developed for use in the design
of the pads in Calculation 05996.02-G(PO17)-2 (CEC, 2001) for the pad supporting 2
casks, 4 casks, and 8 casks. These dynamic forces represent the maximum force
occurring at any time during the earthquake at each node in the model used to represent
the cask storage pads. It is expected that these maximum forces will not occur at the
same time for every node. These forces, therefore, represent an upper bound of the
dynamic forces that could act at the base of the pad.

The coordinate system used in the analyses presented on the following pages is the same
as that used for the analyses discussed above, and it is shown in Figure 1. Note, this
coordinate system is different than the one used in Calculation 05996.02-G(PO17)-2 (CEC,
2001), which is shown on Page B11. Therefore, in the following pages, the X direction is
still N-S, the Y direction remains vertical, and the Z direction remains E-W.

These maximum dynamic cask driving forces were confirmed to be less than the maximum
force that can be transmitted from the cask to the pad through friction acting at the base
of the cask for each of these load cases. This friction force was calculated based on the
upper-bound value of the coefficient of friction between the casks and the storage pad (i =
0.8, as shown in SAR Section 8.2.1.2) x the normal force acting between the casks and the
pad. These maximum dynamic cask driving forces can be transmitted to the pad through
friction only when the inertial vertical forces act downward; therefore, these analyses are
performed only for Load Case IV. These analyses are performed for Load Case IVA, where
40% of the horizontal forces due to the earthquake are applied in both the N-S and the E-
W directions, while 100% of the vertical force is applied to obtain the maximum vertical
load on the cask storage pad. The width (30 ft) is less in the E-W direction than the length
N-S (67 ft); therefore, the E-W direction is the critical direction with respect to a bearing
capacity failure.
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DyNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON MAXmMUM CASK DYNAMIC FORCES FROM THE SSI ANALYSIS

ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS WITH 2 CASKS

PSHA 2,000-Yr Earthquake: CaseIVA 40 % N-S, 100 % Vert, 40 % E-W
Soil Properties: c= 2,200 Cohesion {psf) ffooting Dimensions:
o= 0.0 Friction Angle (degrees) B =300 Width - ft (E-W)
Y= 80 Unit weight of soil {pcf) L=67.0 Length - ft (N-S)
Ysurch = 100 Unit weight of surcharge (pcf)
Foundation Properties: B = 25.0 Effective Ftg Width - ft (E-W) L' =26.6 Length - ft (N-S)
D= 3.0 Depth of Footing (ft)
FS= 1.1 Factor of Safety required for Qaiowabie-
Fy= 3,790 k (Includes EQy)
EQuew= 506 k & EQuns= 429k — 664 k for Fy

General Bearing Capacity Equation,

Gun = € Ne S¢ de fe + Youron Dt No Sq g fg + /27 B Ny s, dyy based on Winterkorn & Fang (1975)

Ne= (Ng - 1) cot(9), but=5.14for¢=0 = 5.14 Eq 3.6 & Table 3.2
N, = "™ tan(/4 + ¢/2) = 100 Eq3.6
N, = 2 (Ng + 1) tan (¢) = 0.0 Eq3.8
so = 1+ (BILYNGNY) = 118 Table 3.2
Sq= 1+ (BML)tand - 1.00 "
s,=1-0.4(B/) = 0862 -
For DyB <1: dg=1+2tan¢ (1 -sin¢)* D/B = 1.00 Eq 3.26
d,=1 = 1.00 "
For ¢ > 0: d, = dg - (1-dg) / (Ng tan ¢) = N/A
For ¢ =0:d.= 1+ 0.4 (DyB) = 1.05 Eq3.27
mg= (2 + BA)/ (1 +BL) =  1.69 £q3.18a
my = (2 + L/B)/ (1 + LUB) = 131 Eq 3.18b
It EQp s > 0: 6, = tan (EQu ew/ EQunes) = 087 rad
m, = m, cos8, + Mg sin°e, = 153 Eq 3.18¢
ig={1-Fu/[(F, +EQ)+B Lccote]}” = 1.00 Eq3.14a
i,= {1-Fu/[(F,+EQ)+B L'cooto}}™ = 000 Eq3.17a
Foro=0:i.=1-(mFu/B'L'cNy) = 0.86 Eq3.16a
N term N, term N, term
Gross g = 12,419 psf= 12,119 + 300 + 0
Qa = 11,280 psf=q./FS
Qectem = 5,708  psf=(F,+EQ)/ (B’ xL)
FSactua = 218 =dut/ Qacta > 1.1 Hence OK
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON MaxiMunt CASK DYNAMIC FORCES FROM THE SSI ANALYSIS

ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS WITH 4 CASKS

PSHA 2,000-Yr Earthquake: CaseIVA 40 % N-S, 100 % Vert, 40 % E-W
Soil Properties: c= 2,200 Cohesion {psf) Footing Dimensions:
o= 0.0 Friction Angle {degrees) B =30.0 Width - ft (E-W)
Y= 80 Unit weight of soil {pcf) L =670 Length - ft (N-S)
Ysurch = 100 Unit weight of surcharge {pcf)
Foundation Properties: B = 26.7 Effective Ftg Width - ft (E-W) L' =39.7 Length - ft (N-S)
D= 3.0 Depth of Footing (ft)
FS = 1.1 Factor of Safety required for Quuowabte-
Fy= 6,380 k (Includes EQy)
EQuew= 791k & EQuns= 688k — 1,048 kforFy

General Bearing Capacity Equation,

Guie = € Ne So de T + Yauren De Ny Sq dg I + 12BN, 5, dy i, based on Winterkorn & Fang (1975)

Ne = (Ng-1) cot(d), but=514for¢ =0 = 5.14 Eq 3.6 & Table 3.2
N, = 6" tan*(w/4 + ¢/2) = 1.00 Eq 3.6
N,=2(Ng+ 1) tan {¢) = 0.00 Eq 3.8
Se= 1+ (B/L}NG/NG) = 1.13 Table 3.2
sq=1+(B/L)tan¢d = 1.00 "
s, = 1-04(B/L) = 0.73 "
ForDyB<1: dg=1+2tano (1 -sin ¢)* DyB = 1.00 Eq 3.26
dy=1 = 1.00 !
For ¢ > 0: d, = dg - (1-dg) / (Ng tan ¢) = N/A
For¢=0:d.= 1+ 0.4 (D/B) = 1.04 Eq 3.27
mg= (2 +B/L)/(1+B/L) = 1.69 Eqg3.18a
m_= {2+ L/B)/(1+UB) = 1.31 Eq3.18b
If EQy n.s > 0: 8, = tan (EQuew/ EQun.s) = 085 rad
m, = m, cos’0, + mg sin’e, = 153 Eq3.18¢c
iq={1-Fu/[(F,+EQ)+B L'ccot¢]}” =  1.00 Eq3.14a
i,={1-Fu/[(F,+EQ)+B L'coot¢]}™ =  0.00 Eq3.17a
For¢=0:ic=1-(MF/BLcN) = 087 Eq3.16a
N term N, term N, term
Gross q,; = 11,879 psi= 11,579 + 300 + 0
Qu= 10,790 psf=qu/FS
actual = 6,017 psf=(F,+EQ,)/(B'xL’)
FS.ctuat = 1.87 = dun/ Qactual > 1.1 Hence OK

[geot}j05996\calc\bmg_cap\Pad\Wint_Fang-8.xls Sheet 4-Cask
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON Maxmum CASK DYNAMIC FORCES FROM THE SSI ANALYSIS

ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS WITH 8 CASKS

PSHA 2,000-Yr Earthquake: CaseIVA 40 % N-S, 100 % Vert, 40 % E-W
Soil P'roperties: c= 2,200 Cohesion (psf) Footing Dimensions:
o= 0.0 Friction Angle (degrees) B=30.0 Width - ft (E-W)
Y= 80 Unit weight of soil (pcf) L=67.0 Length - ft (N-S)
Yeuech = 100 Unit weight of .surcharge (pcf)
Foundation Properties: B = 27.9 Effective Fig Width - ft (E-W) L' =60.9 Length - ft (N-S)
Ds= 3.0 Depth of Footing (ft)
FS= 1.1 Factor of Safety required for Quowatte-
Fy= 11,888 k (Includes EQy)
EQH EwW = 1,142 k & EQuyns= 1,098 k — 1,584 k for Fy

General Bearing Capacity Equation,

Gui = © Ne ¢ B o + Yourcn Dy Ny Sqdg iy + /27BN, s, d, hased on Winterkorn & Fang (1975)

N = (Ng - 1) cot(¢), but=5.14for ¢ =0 = 5.14 Eq 3.6 & Table 3.2
Ny = €" =" tan’(w/a + ¢/2) = 1.00 Eq3.6
N, = 2 (Ng+ 1) tan (¢) = 000 Eq3.8
So= 1+ (B/IL)(Ng/Ne) = 1.09 Table 3.2
sq=1+(BL)tan¢ = 100 .
s,= 1-0.4 (BL) =  0.82 u
ForDyB<1: dy=1+2tan¢ (1-sin ¢)° DyB = 1.00 Eq 3.26
d,=1 = 1.00 "
For ¢ > 0: d, = dg - (1-dg) / (Ng tan ¢) = N/A
For¢=0:d.= 1+ 0.4 (D¢B) = 1.04 Eq3.27
mg= (2 +B/L}/ (1 +B/L) = 1.69 £q 3.18a
my = (2 + L/B) / (1 + L/B) = 131 Eq 3.18b
If EQyp.s > 0: 8, = tan (EQuew/ EQunes) = 081 rad
m,, = M, cos’0, + mg sin’e, = 151 EqQ3.18¢c
= {1-Fu/[(F, +EQ)+ B L'cootg])™ =  1.00 Eq3.14a
i,={1-Fu/[(F,+EQ) +B L'ccot¢] ™ = 000 Eq3.17a
For¢=0:i.=1-(mF/BLcN) - 088 Eq3.16a
N, term Ng term N, term
Gross qu = 11,546  pst= 11,246 + 30 + 0O
Oy = 10,490 psf=q,/FS
Qootuar = 7,008 psf=(F,+EQ)/(B"xL’)
FSactuar = 1.65 = Aunr / Gactual > 1.1 Hence OK

{geot]j05996\calc\brng_cap\Pad\Wint_Fang-8.xis Sheet 8-Cask
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DYNAMIC BEARING CAPACITY OF THE CASK STORAGE PADS BASED ON MAXIMUM CASK DYNAMIC FORCES FROM THE SSI ANALYSIS

Table 2.6-8 presents a summary of the bearing capacity analyses that were performed
using the maximum dynamic cask driving forces developed for use in the design of the
pads in Calculation 05996.02-G(PO17)-2 (CEC, 2001) for the pad supporting 2 casks, 4
casks, and 8 casks. Details of these analyses are presented on the preceding pages.
These analyses are performed for Load Case IVA, where 40% of the horizontal forces due to
the earthquake are applied in both the N-S and the E-W directions and 100% of the
vertical force is applied to obtain the maximum vertical load on the cask storage pad. The
width (30 f) 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 =
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
Joadings due to the design basis ground motion. The following load cases are considered:

Casel  Static
Casell Static + dynamic horizontal forces due to the earthquake
Case Ill Static + dynamic horizontal + vertical uplift forces due to the earthquake

Case IV Static + dynamic horizontal + vertical compression forces due to the
earthquake
For Case II, 100% of the dynamic lateral forces in both the N-S and E-W directions are
combined. For Cases III and IV, the effects of the three components of the design basis
ground motion are combined in accordance with procedures described in ASCE (1986);
i.e.. 100% of the dynamic loading in one direction is assumed to act at the same time that
40% of the loading acts in the other two directions.

These results of these stability analyses are discussed in more detail in the following
sections.

OVERTURNING STABILITY OF THE CASK STORAGE PADS

Analyses presented above indicate that the factor of safety against overturning due to
dynamic loadings from the design basis ground motion is 5.6. This is greater than the
criterion of 1.1 for the factor of safety against overturning due to dynamic loadings;
therefore, the cask storage pads have an adequate factor of safety against overturning due
to loadings from the design basis ground motion.

SLIDING STABILITY OF THE CASK STORAGE PADS

The cask storage pads will be constructed on and within soil cement, as shown in Figure
3. Analyses presented above demonstrate that the static, undrained strength of the in situ
clayey soils is sufficient to preclude sliding (FS = 1.27 vs 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 scil-cement layer and the base of the concrete pad will be stronger
than the static, undrained strength of the in situ clayey soils. The factor of safety against
sliding between the concrete at the base of the pad and the surface of the underlying soil
cement is greater than 1.98, which exceeds the factor of safety between the bottom of the
soil cement and the underlying clayey soils. Therefore, the minimum factor of safety
against sliding of the overall cask storage pad design is at least 1.27.

Since the resistance to sliding of the cask storage pads is provided by the strength of the
bond at the interface between the concrete pad and the underlying soil cement and by the
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bond between the soil cement under the pad and the in situ clayey soils, the sliding
stability of the pads at the end of each column or row of pads are no different than that of
the other pads. Therefore, the pads along the perimeter of the pad emplacement area also
have an adequate factor of safety against sliding. Further, the soil-cement layer is
continuous throughout the pad emplacement area; therefore, the area available to resist
sliding of an entire column of pads greatly exceeds the sum of the areas of only the pads in
the column. The factor of safety against sliding of an entire column of pads will, therefore,
exceed that of an individual pad.

Additional analyses presented above demonstrate that even if the cohesion of the
underlying soils is ignored along the interface between the soil cement and those soils, the
resulting displacement of the pads would be minimal. This hypothetical case assumes
resistance to sliding is comprised of only frictional resistance along base of pads and soil
cement + passive resistance, using obviously conservative values of the friction angle for
the underlying soils. Assuming the cask storage pads are founded directly on a layer of
cohesionless soils with ¢ = 17°, the resulting factor of safety is less than 1.1. The relative
displacement of the pads due to the design basis ground motion was estimated using
Newmark's method of estimating displacements of embankments and dams due to
earthquakes. The analysis indicates that the maximum displacement of the pads ranges
from ~2 inches to ~6 inches for this hypothetical case. There are several conservative
assumptions that were made in determining these values for this hypothetical case, and,
therefore, the estimated displacements represent upper-bound values. Even if the
maximum horizontal displacement were to occur from an earthquake, there would be no
safety consequence to the pads or the casks, since the pads and casks do not rely on any
external “Important to Safety” connections.

Analyses presented above 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 (0.71 g) 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.
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ALLOWABLE BEARING CAPACITY OF THE CASK STORAGE PADS

STATIC BEARING CAPACITY OF THE CASK STORAGE PADS

Analyses of bearing capacity for static loads are sumunarized 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 (su > 2.2 ksf)
that were performed at depths of approximately 10 to 12 feet. The results for Case 1B
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 sumrmarized 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 II 100% N-S direction, 0% Vertical direction, 100% E-W direction.
Case IlIA 40% N-S direction, -100% Vertical direction, 40% E-W direction.
Case IlIB 40% N-S direction, -40% Vertical direction, 100% E-W direction.
Case IIIC 100% N-S direction, -40% Vertical direction, 40% E-W direction.
Case IVA 40% N-S direction, 100% Vertical direction, 40% E-W direction.
Case IVB 40% N-S direction, 40% Vertical direction, 100% E-W direction.
Case IVC 100% N-S direction, 40% Vertical direction, 40% E-W direction

As indicated in Table 2.6-7, the gross allowable bearing pressure for the cask storage pads
to obtain a factor of safety of 1.1 against a shear failure from static loads plus the inertial
loads due to the design basis ground motion exceeds 4.8 ksf for all loading cases identified
above. The minimum allowable value was obtained for Load Case II, wherein 100% of the
earthquake loads act in the N-S and E-W directions and 0% acts in the Vertical direction,
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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
> 1.1). In Load Cases III and 1V, the effects of the three components of the earthquake in
accordance with procedures described in ASCE (1986) to account for the fact that the
maximum response of the three orthogonal components of the earthquake do not occur at
the same time. For these cases, 100% of the dynamic loading in one direction is assumed
to act at the same time that 40% of the dynamic loading acts in the other two directions.
For these load cases, the gross allowable bearing capacity of the cask storage pads to
obtain a factor of safety of 1.1 against a shear failure from static loads plus the inertial
loads due to the design basis ground motion exceeds 6.7 and the factor of safety exceeds
2.1.

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(P017)-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 ft) is less in the E-W direction than the length N-S (67 ft);
therefore, the E-W direction is the critical direction with respect to a bearing capacity
failure.

As indicated in this table, the gross allowable bearing pressure for the cask storage pads to
obtain a factor of safety of 1.1 against a shear failure from static loads plus the very
conservative maximum dynamic cask driving forces due to the design basis ground motion
is at least 10.5 ksf for the 2-cask, 4-cask, and 8-cask loading cases. The minimum
allowable value was obtained for the 8-cask loading case. The actual factor of safety for
this case was 1.6, which is greater than the criterion for dynamic bearing capacity (FS =
1.1).
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TABLE 1

Summary of Vertical Soil Bearing Pressures (ksf) from Calc 05996.02-G(PO17)-2, Rev. 3
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Loading |Point A(287) | B(293) | C(299) | D (144) | E (150} | F(156) | G (1) H(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 1.34¢5 | 0.185. | 0.199 | 0.185 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 4.11 3.90 3.18 0.84 0.52 0.56 0.00 |- 0.00 0.00

100% Vert{ 6.26 6.06 5.33 1.83 1.53 1.65 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
Snow LL 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} 5.27 5.97 6.28 4.25 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

Pad EQ 0.313 | 0.313 | 0.313 | 0313 | 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 6.45 6.73 4.91 7.01 7.35 | 6.53 7.15
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TABLE 2.6-6
SUMMARY - ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS
Based on Static Loads ‘
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Bs BL GROSS . EFFECTIVE
Case F EQns| EQnewl ZMen.s | ZMge. e e
a v HN-S H E-W @N-s @E-W EQuew| EQnunsl Gur Qan B L B’ L’ | Yactuat | FSactual
k k k ft-k ft-k deg deg ksf ksf ft ft ft ft kst

1A - Static
Undrained| 3,757 0 0 0 0 0.0 00 |13.08]| 436 | 0.0 0.c } 30.0 | 67.0 | 1.87 7.0
Strength ,

1B - Static

Effective | 3,757 0 0 0 0 0.0 00 |2922] 973 §{ 0.0 00 ] 30.0| 67.01 1.87 ] 156
Strength

= 30 Effective stress friction angle (deg), c=0. Fy = Vertical load (Static + EQy)

¢= 2,200 Undrained strength (psf), ¢=0. EQy = Earthquake: Horizontal force, Fy=EQyew or EQypg

y= 80 Unitweight of soil (pcf)

B = 30 Footing width (ft) B = tan” {(EQu w.s) / Fyv ] = Angle of load inclination from vertical (deg) as (I

L = 67 Footing length (ft) €p = ZM@N-S/ Fy e = ZM@E-W/ Fy
Di= 3.0 Depth of footing (ft) B=B-2¢ I'=L-2¢,
Yeurch = 100 Unit weight of surcharge (pcf) Qactwar = Fy / (B' x L)

FS= 1.1 Factor of safety for static loads.
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Bg = tan™ [(EQy g.w) / Fy ] = Angle of load inclination from vertical (deg) as f(
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TABLE 2.6-7

SUMMARY - ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS
Based on Inertial Forces Due to Design Earthquake: PSHA 2,000-Yr Return Period

20796650
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Bs B GROSS EFFECTIVE
Case Fi EQuuns | EQue ZMgn. IMee. e e n -
v HNS HEW on-s oEw EQuew|EQuns| Qun Qe ? v B L CGactual | FSactual
k k k ft-k fi-k deg deg ksf ksf ft ft ft ft ksf
14 3,757 | 2,671 | 2,671 26,982 26,982 | 354 | 354 | 534 | 485 | 72 | 72 | 156 | 526 | 456 | 1.2
1A 1,146 749 749 6,699 6,699 332 ] 332 111341031 ] 58 | 58 1 183 | 553 | 113 | 10.0
s 2,712 | 1,068 | 2,077 18,361 10,793 | 374 | 215 | 851 | 773 | 741 40 | 157 | 59.0 | 292 | 29
mic 2,712 | 2,077 | 1,068 10,793 19,361 215 | 374 11008 | 910 ] 40 | 7.1 | 220 527 1233 ] 4.3
VA 6,368 1,068 | 1,068 10,793 10,793 9.5 95 | 1157|1051} 17 | 1.7 | 266 | 636 | 3.76 | 3.1
IVB 4,801 1,068 | 2,671 26,982 10,793 | 29.1 125 | 851 | 773 | 56 { 22 | 188 625 | 4.09 | 241
e 4,801 2,671 1,068 10,793 26,982 | 125 | 291 | 1005 913 | 22 | 56 | 255 | 558 § 3.38 | 3.0
c= 2,200 Undrained strength (psf) Fy = Vertical load (Fy siaic + EQv) 0.711 g=ay
¢= 0.0 Friction angle (deg) EQy = Earthquake: Horizontal force. Fy = SQRT[EQZ ew + EQW sl 0.695 g = ay
B = 30 Footing width (ft) By = tan” [(EQuew) / Fv]= Angle of load inclination from vertical (deg) as f(width).
L = 67 Footing length (ft) B = tan™ [(EQun.s)/ Fy 1= Angle of load inclination from vertical (deg) as f(length).
D= 3.0 Depth of footing (ft) eg = EMgn.s/ Fy g, = ZMeew/ Fy
y= 80  Unitweightof soil {pcf) B=B-2¢e; =L-2¢
Yswen= - 100 Unit weight of surcharge (pcf) Qactwat = Fyv / (B' x L)
FS= . 1.1  Factor of safety for dynamic loads.
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TABLE 2.6-8
SUMMARY - ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS
Based on Maximum Cask Driving Forces Due to Design Earthquake: PSHA 2,000-Yr Return Period for

$9°010§

Loading Case IV: 40% N-S, 100% Vertical, and 40% E-W

c0°966S0
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- GROSS EFFECTIVE
Caselv| F EQuys | EQuew] Mens | =Moe Ba | B e e .
Y Hs HEW ens CEW 1 EQuew| EQuns| Gun an ? - B’ L' | Qactuat | FSactual
k k k ft-k ft-k deg deg ksf ksf ft ft ft ft ksf
2 Casks | 3,790 429 506 6.443 16,183 7.6 65 | 1242 | 1128 | 1.70 | 427 | 25.0 | 26.6 | 5.71 22
4 Casks | 6,380 688 791 10,526 | 33,620 71 62 | 11.88 | 1079} 165§ 527 | 26.7 | 39.7 | 6.02 1 2.0
8 Casks | 11,888 | 1,098 | 1,142 12,720 36,140 5.5 53 | 11551 1049 ]| 1.07 | 304 | 279 | 609 | 7.00 | 16
c= 2,200 Undrained strength (psf) Fy = Vertical load (Static + EQy)
¢= 0.0 Friction angle (deg) EQj = Earthquake: Horizontal force. Fp=EQuew OF EQun.g
B = 30 Footing width (ft) By = tan [(EQuew) / Fv ] = Angle of load inclination from vertical (deg) as f(width).
= Varies Footing length (ft) BL = tan™ [(EQun.s) / Fv ] = Angle of load inclination from vertical {deg) as f(length).
D;= 3.0 Depth of footing (ft) IMgn.s = €s X Fy SMgew = €. X Fy
= 80 Unitweight of soil (pcf) B=B-2e¢q L'=L-2¢
Yswen= 100  Unit weight of surcharge (pcf) Qacteat = Fv / (B' x L)
FS= 1.1 Factor of safety for dynamic loads.

[geol]\05996 \calc\brng_cap\Pad\Wint_Fang-8.xls Table 2.6-8
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FOUNDATION PLAN & PROFILE
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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
L3-8 15°-0° 16",
Totel Load IR geam‘m? Pressure -
. ! _ | .
R losk® 39—6\‘5‘::)85}‘(:1 s 7T 2T P - [
LTS R = et
(o, r & T e
30%6TKI K NSZ@ 29045 R N
3 ' : : ac‘w‘-Q —,_-_3755\5/ P
— SJ: 2 s BRI DR - . 0% 61
o\ (O'ELQ[OLC(:?-Igé‘ S E_._i_. "‘é"";" 2 Pd_& [
‘ N saudd = [T £F
° ’ CONST gT ¢
® PRy N
l’ | I’ l N
]
: T T %

36"

,/Tix 2 ~
CRHCT
\+’ \\+’

30‘-0"

PLAN
CASX STORAGE PAD
(500 REQD)

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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FIGURE 3

DETAIL OF SOIL CEMENT UNDER &
ADJACENT TO CASK STORAGE PADS
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FIGURE 4

PASSIVE PRESSURE ACTING ON CASK STORAGE PADS

/ I
,ﬁ:)’HK? %:(ZE-&ZS)H\}—K:

= CZ’E,—@ 0,08) K3F x 2.3%1 FoR, dbt’.o
KP?— \\o

% z o025 K B W- 4 e8KSF
/ S 3 Tz fer
Y _
Jt '; CASK TWRME, 7AD
2 '— A e
‘ . ?4- ;‘




5010.65

STONE & WEBSTER, INC.
CALCULATION SHEET

CALCULATION IDENTIFICATION NUMBER

J.0. OR W.O. NO.
05996.02

DIVISION & GROUP
G(B)

CALCULATION NO.
04-9

OPTIONAL TASK CODE PAGE 112

FIGURE 5

STANDARDIZED DISPLACEMENT FOR NORMALIZED EARTHQUAKES
{SYMMETRICAL RESISTANCE)
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FIGURE 6

DETERMINATION OF MOMENTS ACTING ON PAD DUE TO EARTHQUAKE
LoADps FrRoM CASKS

W By, | wiy = 423

% 4 =M
i A Jo
Pa << Pp; therefore,
&o NS, it's conservative to
ignore both in ZM.
Fv €&,

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

2 M @ centerline to ﬁnd Ab.

Abx (W, +EQ,.)=9.83ft xEQ,

ZM@O to find ZM@N_S

S Mg ys =LBftXEQ,, +3ft XxEQ, +Abx (W, +EQ,.).
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 ' "JO No. 05996.01
PRIVATE FUEL STORAGE, LLC Date: 06-19-97
PRIVATE FUEL STORAGE FACILITY Time: 2:45 PM EDT
From:  StanM.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

e wree cmteann ey e T .
————m L ..

( e T e e T ST ,/“
i He indicated that the bearing pressures at the base of the pad are greatest for the 2-cask dynaxm?:_‘\

loading case for p = 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 comer and
3.87 ksf at the other. He reported that it is reasonable to assume this pressure decreases linearly to 0
at a 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

i casks and the pad, but the horizontal pressures apply only to the casks. Therefore, the inertia force of

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

distribution described above.

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.

SuPERGEDED

ACTION ITEMS:
By ATt B

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

Copy TO:NTGeorges Boston 245/03 S
SMMacie Denver 1E

[geot\i05996\telcon\970619.dac Page 1 of 1



ATTACHMENT B TO CALC 05996.02-G(B)-04-9 PAGE Bl oF 4

AN CALCULATION SHEET
v/ -
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5.3 * 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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Table S-1
Maximum Vertical Displacements and Soil Bearing Pressures
Dead Load
ks = 2.75 kef . = 26.2 kcf
Zfft) = 0.164 0.017
Qrufksf) = 0.45 0.45
Notes:

— 1. Z,, = maximum vertical displacement due to dead load (wt. of the pad only) obtained from

CECSAP analysis results.
2. q,,, = vertical soil bearing pressure = k; x Z,,, where k; = subgrade modulus=2.75 and 26.2 kcf

for lower-bound and upper-bound soils,respectively.

international Civil Engineering Consultants, Inc.
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Table S-2 .
Maximum Vertical Displacements and Soil Bearing Pressures
Live Load
(Z)max ( X107 t)
Node subgrade modulus = 2.75 kef subgrade modulus = 26.2 kcf
No. | 2 Casks | 4 Casks | 8 Casks |7 Casks +| 2 Casks | 4 Casks | 8 Casks |7 Casks +
OLT OLT
1 13.08 11.29 -50.97 -57.81 0.61 1.16 -4.83 -5.30
7 13.02 14.28 -50.97 -41.84 0.59 1.14 -4.84 -4.42
13 13.06 11.29 -50.97 -25.83 0.61 1.16 -4.83 -3.50
144 -11.82 -26.38 -52.73 -78.21 070 | -2.8¢ -5.78 -7.95

150 | -11.93 -26.35 -52.71 -61.06 -0.76 -2.89 -5.79 -6.34
186 | -11.82 -26.36 -52.71 -43.87 -0.70 -2.89 -5.78 -4.65
287 | -42.54 -62.26 -50.87 | -100.20 -5.13 -5.98 -4.83 -11.81

293 | -42.59 62.25 -50.97 -80.88 -5.16 -5.98 -4.84 -8.48
299 | -42.54 -62.26 -50.87 -51.84 -5.13 -5.98 -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 -1.168
13 o V] -1.402 -0.710 0 0 -1.264 -0.917

144 | -0.325 -0.725 -1.450 -2.161 -0.185 -0.757 -1.514 -2.082
150 | -0.328 -0.725 -1.450 -1.679 -0.199 -0.758 -1.516 -1.653
156 | -0.325 -0.725 -1.450 -1.206 -0.185 -0.757 -1.514 -1.219
287 | -1.170 -1.712 -1.402 -2.756 -1.345 -1.667 -1.264 -3.094
293y 1171 -1.712 -1.402 -2.224 -1.352 -1.565 -1.267 -2.222
209 | -1.1470 -1.712 -1.402 -1.701 -1.345 -1.567 -1.264 -1.434

Notes:

1. qq = ks X 2, where k.= 2.75 and 26.2 kef for lower-bound and upper-bound subgrade modul,
respectively, and Z, are obtained from CECSAP analysis resuits (Alt. A)

2. Negative displacements imply downward movements.

3. 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}

Internationat 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 tables:

Table D-1(a) 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)
Averaged Maximum Horizontal Soil Reactions in the X Direction
Dynamic Load

Maximum Displacement Xd { x10™ ft.)
Node LB BE UB
No. [2TCasks | 4 Casks | & Casks T TAsks | 4 Casks | B Casks | < Casks | 4 Casks | O Casks
1 3.912 2.40% 17.160 | 1.624 1177 83.07o 0./98 C.b4/ 3.987
7 3.515 2.405 17.180 1625 1.170 9.085 0.801 0.552 3.625
13 3.512 2.408 17.180 1.624 1.477 9.060 0.799 0.550 3.618
144 4.461 8712 17.400 2.0217 4.241 9127 1.017 2.325 3.552
180 4,461 9,729 17.470 2.021 4.242 9.156 0.899 2.294 3.951
156 4,467 8.733 17.470 2.028 4.244 9.171 0.982 2272 3.947
287 12.800 21.4890 17.910 0.201 B.504 8.8360 3.345 5.306 | 4514
293 { 12.800 21.490 17.530 6.186 9.5612 8.886 3.360 5.341 4,566
209 )} 12.800 21.470 17.530 6.173 8.516 8.886 3.381 5.349 4,565
AVg =| 6.940 71.200 17.369 3.278 4.8/ 8.034 1.720 2.726 4.037
d=171.14E+05] 1.14E+0D TA3E+05 | 2.5906+05 | 2.33E+03 7 33E+05 | 5.48E+02 5.48E+05 | 5.4BE+U0
XG = 784 1217 1962 o4 1158 2105 943 1494 2212

Notes:

1. Avg = {sum (Xd)}/N; Xd = max. x-displ.; i = nodes 1, 7, 13, 144, 150, 156, 287, 293, 299; and N=9.
2. Qxd = Kxd x Avg = averaged maximum horizontal-x soil reaction in Kips due to dynamic joading.

3. Kxd for LB, BE, and UB soils are dynamic horizontal-x soil spring stiffnesses given below:

(Kxd)LB = 8.51E+06 lbfin (Kxd)BE = 1.94E+07 Ibfin (Kxd)UB =  4.57E+07 Ibfin
1.14E+05 Kips/ft 2.33E+05 Kips/ft 5.48E+05 Kips/ft

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

International Civil Engineering Consulitants, Inc.
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Tabie D-1(b)
Averaged Maximum Horizontal Soil Reactions in the Y Direction
Dynamic Load
Max. Displacement Yd { x107 ft.)
Node LB . -BE UB
No. [ ZCasks | 4 Casks BCasks | 2Casks | 4 Casks | 8 Casks | 2 Casks 4 Casks | 8 Lasks
1 5.107 B.657 13.500 2.194 4.058 8.393 - 1.413 2.0/8 3.979
7 3.916 7.318 14.030 2.055 4313 8.173 1.195 1.962 4.058
13 4.303 7.097 14.510 2.567 4,664 7.937 1.337 2.161 4.109
21 5.231 B.768 [ 19400 2.332 4187 5430 1533 2.714 3575
150 3.946 7.447 13.960 2.122 4.429 8.132 1.267 2.133 4.042
156 4.378 7.207 14.450 2.680 4767 7.834 1.442 2.301 4121
287 5,389 8.87U 77.260 | 2.44%8 4,39/ 8.380 1.0651 2.821 3.940
293 4.016 7.584 | 13.840 2.253 4.556 8.048 1.464 2.380 4013
299 4 476 7.253 14.370 2.877 4.846 7.795 1.657 2.334 4,097
Vg = 4529 7.800 15.481 2.393 4.404 8.120 1.438 2.3/ 4.035
yd=11 OBE+05 [ 1.08E+UD T08E+05 | 2.2 1E+0D S IEF0b | 2.21E+00 5. 21E+(00 | 0.41 E+05 ] 0.21E+UD
ya=| 491 BAG | 1os80 528 O8s | /94 749 1237 2102
Notes:
1. Avg = {sum (Y@)i}/N; Yd = max. y-displ.; i = nodes 4,7, 13, 144, 150, 156, 287, 293, 299; and N=9

2. Qyd = Kyd x Avg = averaged maximum horizontal-y soil
3. Kyd for LB, BE, and UB soils are

1.84E+07 Ibfin
2.21E+05 Kips/ft

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

(Kyd)LB = (Kyd)BE =

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

(Kyd)UB =

reaction in Kips due to dynamic loading.
dynamic horizontal-y soil spring stiffnesses given below:

4.34€+07 ibfin

5.21E+05 Kips/ft

International Civil Engineering Consultants, Inc.
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Table D-1(c)
Summary of Total Maximum Horizontal Soil Reactions
Dynamic Load
Max. Soil Reaction ( Kips)
LB BE UB
2 Casks | 4 Casks | 8 Casks | 2 Casks | 4 Casks | 8 Casks | 2 Casks | 4 Casks | 8 Casks
Qxd = 789 1277 1982 764 1158 2105 943 1404 2212 E-W
Qyd={ 491 846 1680 528 986 1704 749 1237 2102 |N-S
Notes:

1. Qxd, and Qyd shown are obtained from Tables D-1(a), and {b), respectively.
2. L8 = lower-bound soil, BE = best-estimate soil, 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 LB BE U
No. | 2 Casks | 4 Casks | 8 Casks | 2 Casks | 4 Casks | 8 Casks | 2 Casks | 4 Casks | 8 Casks
1 4.051 8.306 -31.02 1.806 4,458 -23.66 0.406 1.654 -16.92
7 3.900 7.973 -24.23 1.964 3.648 -21.18 0.439 1.024 -13.36
13 4788 11.470 -31.22 2.115 4.636 -17.88 0.528 1.560 -15.31
144 -9.195 -22.58 -34.05 -5.939 -16.84 -22.66 -1.861 -8.34 -13.66
150 -5.063 -15.2 -12.71 -3.683 -14.13 -12.39 -1.332 -5.698 -8.016
156 -5.565 -15.9 -32.24 -2.988 -9.447 ~18.42 -1.734 -5.773 -14.53
287 -29.18 -24.39 -17.51 -14.54 45667 -18.88 -12.72 |- -8.52 -8.38
293 -15.57 -16.97 -19.2% -8.019 -12.42 -12.22 -12.08 -10.68 -6.446
299 -21.85 -26.09 -28.04 -12.87 -16.35 -17.02 -9.835 -41.63 -13.12
Maximum Soil Bearing Pressure G, { Kips/ft®)

1 0 0 -2.22 0 8] -3.35 0 0 -5.14

7 0] 0 -1.74 g 0 -3.00 0 0 -4.32

13 0 Q -2.24 0 0 -2.53 0 0 -4.94
144 -0.66 -1.62 244 -0.84 -2.38 -3.21 -0.60 -2.69 -4.41
150 -0.36 -1.09 -0.81 -0.52 -1.57 -1.75 -0.43 -2.16 -2.58
156 -0.47 -1.14 -2.31 -0.42 -1.34 -2.61 -0.56 -1.86 -4.69
287 -2.09 -1.75 -1.25 -2.06 -2.22 -2.67 -4.11 -2.75 -2.71
283 | -1.12 -1.22 -1.38 -1.28 -1.76 -1.73 -390 -3.45 -2.08
289 -1.57 -1.87 -2.01 -1.82 -2.31 -2.41 -3.18 -3.76 4.24

Notes:

1. q,q = maximum soil bearing pressure = (Kzd x Z;)/A, where A=67'x 30" = 2010 &,
2. Kzd for LB, BE, and UB soils are vertical-z dynamic scil spring stiffnesses given below:

(Kzd)LB = 1.20E+07 Ibfin (Kzd)BE = 2.37E+07 Ibfin (Kzd)UB = 5.41E+07 ib/in
1.44.E+05 Kips/ft 2.84.E+05 Kips/ft 6.49.E+05 Kips/ft

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

_ 2d are obtained from CECSAP analysis results given in Att. A.

Negative displacements imply downward movements.

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

7. Node numbers are shown in Figure 5.1-1.

o m > w
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62 Vertical 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(a) 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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i n ﬂ CALCULATION SHEET
CALC.NO. G(PO17)-2 REV.NO. 3
ORIGINATOR : kS _ DATE _3 /27 fo) _ CHECKED oo cop DATE 4 -—os~=o/
PROJECT Private Fuel Storage Facility JOBNO. 1101-000
SUBJECT Storage Pad Analysis and Design SHEET o
Table 4
Summary of Vertical Soil Bearing Pressures ( ksf)
A ) C D E [~ G H J
Loading Point 287 293 299 144 150 156 1 7 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
CasktlL | 1.345 | 1.352 | 1.345 | 0.185 | 0.199 | 0.185 Q 0 0
padEQ | 0313 | 0313 | 0.313 | 0.313 0.313 | 0.313 | 0.313 | 0.313 0.313
Cask EQ| 4.11 3.9 3.18 0.84 0.52 0.56 0 0] 0
100% Verl] 6.26 6.06 5.33 1.83 1.63 1.55 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
SnowllL] 0045 | 0.045 | 0,045 | 0.045 | 0.045 | 0.045 | 0.045 | 0.045 0.045
Caskil | 1712 | 1712 | 1.712 | 0.757 0.7568 | 0.757 0 0 0
PadEQ | 0.313 | 0.313 | 0.313 | 0313 0.313 | 0313 | 0.313 | 0.313 0.313
CaskEQ| 2.75 345 3.76 2.69 2.16 1.86 1] 0 0
100% Vertf 5.27 5.97 6.28 4.25 3.73 3.42 0.81 0.81 0.81
s.Cask | PadDL | 045 | 045 | 045 | 045 | 045 | 045 | 045 0.45 | 0.45
SnowLL | 0.045 | 0.045 | 0.045 | 0.045 | 0046 | 0.045 | 0045 | 0045 0.045
caskLL | 1.402 | 1402 | 1.402 | 1514 | 1616 | 1514 | 1.402 | 1402 1.402
Pad EQ | 0313 | 0313 | 0.313 | 0.313 0.313 | 0.313 | 0313 | 0.313 0.313
Cask EQ| 271 2.08 4.24 4.41 2.59 469 5.14 4.32 4.94
100% Verj 4.92 428 6.45 6.73 4.9 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.
4. Pad EQ pressure = (pad wt.)xa,, where pad wt.=904.5 kips, and a,=.695¢g.

5. Values for Cask EQ are obtained from Table D-1(d).

6. EQ pressures listed are the envelopes of results for all scil conditions.
7. Node numbers are shown in Figure 5.1-1. :

International Civil Engineering Consultants, inc.
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This set of calculations documents the engineering analyses and detailed calculations required
for structural design of the reinforced-concrete spent-fuel cask storage pads o 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
procedure for nuclear projects.

Revision 1 was made to correct (1) typographicat errors on Pages 5, 29, and A-3 and (2) insert
computer output file names and explanation notes on Pages 43 and 31.
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Pages 17, 21,28, 236, 298, and 312.
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Revision 3 was made to incorporate the following: (1) PGA of 0.711g and 0.695g 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 ft 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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SO S AN T I - - A - A O B - S A A S S S e @ o oo
SUMMARY OF TRIAXIAL TEST RESULTS FOR SOILS WITHIN ~10 FT . n e
OF GRoLMD FUREACE AT TRE S\TE -.gg
Depth| Elev W |ATTERBERG LIMITS [ USC | Ym | 7a € | o Sy €,
Bori Sampl e Date =
ormg | Sample | g | g | o | 1] pL | Pr |code| pef | pef st | xst | % |VP o O
B-1 v-2c | 5.9 | 44539 47.1]66.1 [33.4}1327] MH | 79.3| 53.9 (2.15} 0.0 | 2.03| 1.7 | CU |Nov'99 NS
B-1 U-2B | 5.3 | 4454.5 | 52.9| 80.6 | 40.9} 39.7| MH | 70.8 | 46.3 | 2.67| 1.0 | 2.21 | 6.0 | CU |Nov'99
B-4 U-3D | 10.4] 4462.1{27.4]42.5|24.7|17.8| CL | 855 | 67.1 | 1.53} 1.3 | 2.18| 4.0 | UU |[Jan '97 o
<
c-2 U-2D | 11.1| 4453.4 | 35.6| SeeU-2C & &' CL | 785 | 57.9(1.93] 1.3 { 2.39 | 11.0 | UU {Jan'97 \@Q
(o]
CTB-1 | U-3D | 8.7 | 4463.7 | 47.9 See U-3C* CH {919 621 }173] 1.7 | 2.84| 5.0 | CU [June 99 82 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'99 g Py
(o]
CTB-6 | U-3D | 83 | 4467.9 | 52.7 CH | 85.7 | 56.2 | 2.02] 1.7 | 2.70.| 7.0 | CU [June '99 S E
| CTB-N| U-1B | 57 | 4468.4 | 30.1 | 41.3 | 22.5] 188 | CL |100.6| 77.3 | 1.20} 1.7 | 3.00 | 8.0 | CU |Nov'98 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 5 ;
2
¢TB-N| v-3D | 105 4463.6|52.2|61.1]308]|30.3| CH | 86.3] 56.7|1.98] 1.7 | 273 7.0 | CU |June'99 &g g
r1=
CTB-S | U-1B | 5.8 | 44687 | 73.6|66.2|40.9]|253| MH | 78.0 | 44.9 [ 2.78} 1.7 | 2.05 | 12.0 | CU [Nov'98 r a2
CTB-S| U-2D | 8.4 | 4466.1 | 54.6|57.9]28.9]|29.0| CH | 90.0] 58.2 | 1.92| 1.7 | 2.40 | 5.0 | CU |June'99 Pe 5
Q
B-1 U-2D | 6.5 | 4453.3| 4521 59.8|34.7]25.1 | MH | 76.7 | 52.8 | 2.22| 2.1 | 3.26 | 15.0 | CU |Mar '99 F z
B-3 U-1B | 5.2 | 4463.0 | 33.5|52.4| 252|272} MH | 90.6 | 67.9 | 1.50| 2.1 | 3.55| 8.0 | CU |Mar'99 =1 €
p| @
c-2 U-1D | 6.3 | 44582 | 50.5 | 70.3 | 41.3}29.0| MH | 74.5 | 49.5 | 2.43} 2.1 | 3.03 | 12.0 | CU {Mar ‘99 gl
2 .
>
rr
5
NOTES 1 Attachment 2 of SAR Appendix 2A, @
, 2  Attachment 6 of SAR Appendix 2A. 2
m
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Peak Shear Stress, ksf
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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

DIRECT SHEAR TEST
Boring CTB-S, Sample U-1AA
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Total Stress Mohr’s Circles
Boring B-1, Sample U-2
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¢ Updated bearing capacity analysis using revised seismic loadings (p. 34-1}
» Added additional loading combination: static + 40% seismic uplift + 100% in x (N-S) direction
+ 40% in z {E-W) direction
Added additional references (p. 36-1)

NOTE:
SYBoakye prepared/DLAloysius reviewed pp. 9-8 through 9-12. Remaining pages prepared by
DLAloysius and reviewed by SYBoakye.

REVISION 2

Major re-write of the calculation.

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

2. Changed effective length of mat to 265 ft to make it consistent with Calculation
05996.02-SC-4, Rev 1 (SWEC, 1999a).

3. Added overturning analysis.

4. Corrected calculation of moments for joints 3 and 6 in Table 2.6-11 and incorporated
revised seismic loads in calculations of overturning stability and dynamic bearing
capacity.

5. Revised dynamic bearing capacity analyses to utilize only total 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, 1999b) for additional details.

6. Updated references to current issues of drawings.
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7. Added references to foundation profiles through Canister Transfer Building area
presented in SAR Figures 2.6-21 through 23.

8. Deleted analyses of bearing capacity on layered profile, as adequate factors of safety are
obtained conservatively assuming that the total strengths measured for the clayey soils
in the upper ~25’ to 30’ layer apply for the entire profile under the Canister Transfer
Building and revised all of the detailed bearing capacity analyses.

9. 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 cask storage pads, Calculation 05996.02-G{(B)-
04-5 (SWEC, 2000).

10.Added analysis of sliding on a deep plane at the top of silty sand/sandy silt layer,
incorporating passive resistance acting on the block of clayey soil and the foundation
mat overlying this interface.

11.Revised Conclusions to reflect results of these changes.

REVISION 3

1. Added a 1-ft deep key around the perimeter of the Canister Transfer Building mat to
permit use of the cohesive strength of the in situ silty clay/clayey silt in resisting sliding
due to loads from the design basis ground motion.

2. Revised shear strength used in the sliding stability analyses of the Canister Transfer
Building mat supported on the in situ silty clay to be the strength measured in the
direct shear tests performed on samples obtained from elevations approximately at the
bottom of the 1-ft deep perimeter key. The shear strength used in this analysis equaled
that measured for stresses corresponding to the vertical stresses at the bottom of the
mat following completion of construction.

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

4. The relative strength increase noted for the deeper lying soils in the cone penetration
-testing that was performed within the Canister Transfer Building footprint was used to
determine a weighted average undrained strength of the soils in the entire upper layer
for use in the bearing capacity analyses, since the soils within a depth equal to
approximately the width of the foundation are effective in resisting bearing failures. This
resulted in the average undrained strength for the bearing capacity analyses of the
upper layer equal to 3.18 ksf.

5. Removed dynamic analyses based on increasing strengths of the cohesive soils that were
measured in static tests to reflect well known phenomenon that the strength of cohesive
soils increases as the rate of loading decreases.

6. Revised undrained shear strength of the clay block overlying the cohesionless layer to
2.2 ksf, based on the UU tests that were performed at confining pressures of 1.3 ksf
(reported in Attachment 2 of Appendix 2A of the SAR) in the analysis of sliding of the
Canister Transfer Building on deep plane of cohesionless soils.
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7. Added shearing resistance available on the ends of the block of clay, since this soil must

be sheared along these planes in order for the Canister Transfer Building to slide on a
deep plane of cohesionless soils.

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. OVesic'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 Canister Transfer Building.

Replaced Tables 2, 2.6-9, and 2.6-10 with revised results for the changes in shear
strength of the in situ soils noted above and deleted Table 3.

1.

2.

REVISION 4

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

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

Updated dimensions of foundation mat to 240 ft (E-W) x 279.5 ft (N-S}, and changed the
depth of the perimeter key to 1.5 ft, in accordance with design change identified in
Figure 4.7-1 (3 sheets), "Canister Transfer Building,"” of SAR Revision 21 (based on S&W
Drawings 0599602-EC-404A-B & 404B-B).

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

Updated references to supporting calculations.

6. Updated discussions and conclusions to incorporate revised results.

REVISION 5

1. Shear strength of clayey soils beneath the building for resisting sliding was changed

from 1.8 ksf to 1.7 ksf to reflect lower final effective stresses under the mat after
changing size of mat to 240 ft x 279.5 ft.

2. Added sliding analysis that includes both shear resistance along bottom of the plane of

the clayey soils enclosed within the perimeter key at the base of the mat and the full
passive resistance from the soil cement placed adjacent to the mat. Used residual
strength measured in the direct shear tests that were performed on these clayey soils
for this case.
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REVISION 6

2. Added discussion to clarify use of peak strengths measured in the direct shear tests
along with one-half of passive resistance and residual strengths along with full passive
resistance in sliding stability analysis.

3. Added calculation of horizontal displacement of the building due to elastic theory.
4. Expanded discussion of residual strengths of the clayey soils underlying the building.
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OBJECTIVE

To determine the stability against overturning, sliding, and static and dynamic bearing
capacity failure of the Canister Transfer Building supported on a mat foundation.

ASSUMPTIONS/DATA

The footprint of the Canister Transfer Building foundation mat is shown on SAR Figure
4.7-1, "Canister Transfer Building,” and S&W Drawing 0599602-EC-404A-B & 404B-B,
Canister Transfer Building - Conc Mat Foundation Plan, Sheets 1 & 2. The elevation view
of the structure is shown on Sheets 2 & 3 of SAR Figure 4.7-1. The foundation mat is 240
ft (E-W) x 279.5 ft (N-S) x 5 ft thick, with a 6.5-ft wide x 1.5-ft deep foundation key along
the perimeter of the mat.

Figure 1 presents a schematic view of the foundation and identifies the coordinate system
used in these analyses. Figure 2 presents the stick model used in the structural analysis
of the Canister Transfer Building.

The various static and dynamic loads and load combinations used in these analyses were
obtained from Calculation 05996.02-SC-5-2 {S&W, 2001). All loads are transferred to the
bottom of the mat. Moments, when transferred to the bottom of the mat, result in
eccentricity of the applied load with respect to the center of gravity of the mat. Lateral
loads, when combined with the vertical load, result in inclination of the vertical load,
which decreases the allowable bearing capacity.

The generalized soil profile at the site is shown on Figure 3. The soil profile consists of ~30
ft of silty clay/clayey silt with sandy silt/silty sand layers (Layer 1), overlying ~30 ft of very
dense fine sand (Layer 2), overlying extremely dense silt (N 2100 blows/ft, Layer 3). SAR
Figures 2.6-21 through 23 present foundation profiles showing the relationship of the
Canister Transfer Building with respect to the underlying soils. These profiles, located as
shown in SAR Figure 2.6-18, provide more detailed stratigraphic information, especially
within the upper ~30-ft thick layer at the site.

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

Based on laboratory test results presented in Table 3 of Calculation 05996.02-G(B)-5-2
(SWEC, 2000a)}, Ymest = 80 pcf above the bottom of the mat and 90 pcf below the mat.

Table 6 of Calc 05996.02-G(B)-05-2 (copy included in Attachment A} summarizes the
results of the triaxial tests that were performed within depths of ~10 ft. The undrained
shear strengths (s.) measured in these tests are plotted vs confining pressure in Figure 6.
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 partially saturated, fine-grained soils will not drain
completely during the rapid cycling of loadings associated with the design basis ground
motion. As indicated in Figure 6, 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 6 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 bearing capacity analyses of these structures.

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

In determining the bearing capacity of the foundation, the average shear strength of the
soils along the anticipated bearing capacity failure slip surface should be used. This slip
surface is normally confined to the zone within a depth below the footing equal to the
minimum width of the footing. For the Canister Transfer Building, the effective width of
the footing is decreased because of the large eccentricity of the load on the mat due to the
seismic loading. As indicated in Table 2.6-10, the minimum effective width of the Canister
Transfer Building occurs for Load Case IIIA, where B’ = 119.5 ft. This is greater than the
depth of the upper layer (~30 ft). Therefore, it is conservative to use the average strength
of the soils in the upper layer in the bearing capacity analyses, since all of the soils in the
upper layer will be effective in resisting failure along the anticipated bearing capacity slip
surface.
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The undrained strength used in the bearing capacity analyses presented herein is a
weighted average strength that is applicable for the soils in the upper layer. This value is
determined using the value of undrained shear strength of 2.2 ksf noted above for the soils
tested at depths of ~10 ft and the relative strength increase measured for the soils below
depths of ~12 ft in the cone penetration tests that were performed within the Canister
Transfer Building footprint. As indicated on SAR Figure 2.6-18, these included CPT-37
and CPT-38. Similar increases in undrained strength for the deeper lying soils were also
noted in all of the other CPTs performed in the pad emplacement area.

Attachment B presents copies of the plots of s. vs depth for CPT-37 and CPT-38, which are
included in Appendix D of ConeTec(1999). These plots are annotated to identify the
average undrained strength of the cohesive soils measured with respect to depth. As
shown by the plot of s. for CPT-37, the weakest zone exists between depths of ~5 ft and
~12 ft. The results for CPT-38 are similar, but the bottom of the weakest zone is at a
depth of ~11 ft. The underlying soils are all much stronger. The average value of s, of the
cohesive soils for the depth range from ~18 ft to ~28 ft is ~2.20 tsf, compared to s, ~1.34
tsf for the zone between ~5 ft and ~12 ft. Therefore, the undrained strength of the deeper
soils in the upper layer was ~64% (As, = 100% x [(2.20 tsf - 1.34 tsf) / 1.34 tsf] higher than
the strength measured for the soils within the depth range of ~5 ft to ~12 ft. The relative
strength increase was even greater than this in CPT-38.

Using 2.2 ksf, as measured in the UU triaxial tests performed on specimens obtained from
depths of ~10 ft, as the undrained strength applicable for the weakest soils {i.e., those in
the depth range of ~5 ft to ~12 ft}, the average strength for the soils in the entire upper
layer is calculated as shown in Figure 4. The resulting average value, weighted as a
function of the depth, is sy, ~3.18 ksf. This value would be much higher if the results from
CPT-38 were used; therefore, this is considered tc be a reasonable lower-bound value of
the average strength applicable for the soils in the upper layer that underlie the Canister
Transfer Building.

Further evidence that this is a conservative value of s, for the soils in the upper layer is
presented in Figure 6. This plot of s, vs confining pressure illustrates that this value is
slightly less than the average value of s, measured in the CU triaxial tests that were
perforned on specimens obtained from depths of ~10 ft at confining stresses of 2.1 ksf. As
indicated in this figure, the confining stress of 2.1 ksf used to test these specimens is
comparable to the vertical stress that will exist ~7 ft [{2.1 ksf - 1.46 ksf} + 0.09 kcf] below
the Canister Transfer Building mat following completion of construction. Since these tests
were performed on specimens of the weakest soils underlying the Canister Transfer
Building mat (the deeper lying soils are stronger based on the SPT and the cone
penetration test data), it is conservative to use the weighted average value of s, of 3.18 ksf
for the soils in the entire upper layer of the profile in the bearing capacity analyses.

Direct shear tests were performed on undisturbed specimens of the silty clay/clayey silt
obtained from Borings CTB-6 and CTB-S, which were drilled in the locations shown in SAR
Figure 2.6-18. These specimens were obtained from Elevation ~4469, approximately the
elevation of the bottom of the perimeter key proposed at the base of Canister Transfer
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Building mat. Note, this key is being constructed around the perimeter of the mat to
ensure that the full shear strength of the clayey scils is available to resist sliding of the
structure due to loads from the design basis ground motion. These direct shear tests were
performed at normal stresses that ranged from 0.25 ksf to 3.0 ksf. This range of normal
stresses bounds the ranges of stresses expected for static and dynamic loadings from the
design basis ground motion.

The results of these tests are presented in Attachments 7 and 8 of the Appendix 2A of the
SAR and they are plotted in Figures 7 and 8. 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, sliding stability analyses included below of the
Canister Transfer Building constructed directly on the silty clay are performed using the
average shear strength measured in these direct shear tests for a normal stress equal to
the vertical stress under the building following completion of construction, but prior to
imposition of the dynamic loading due to the earthquake. As shown in Figures 7 and 8,
this average shear strength is 1.7 ksf and the friction angle is set equal to 0°.

Effective-stress strength parameters are estimated to be ¢ = 30° and c = 0 ksf, even though
these soils may be somewhat cemented. 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).

Therefore, static bearing capacity analyses are performed using the following soil
strengths:

Case IA Static using undrained strength parameters: ¢ = 0° & ¢ = 3.18 ksf.
Case IB Static using effective-stress strength parameters: ¢ = 30° & ¢ = 0.
and dynamic bearing capacity analyses are performed using ¢ = 0° & ¢ = 3.18 ksf.

Soil Cement Properties:

The unit weight of the soil cement is assumed to be 100 pcf in the analyses included
herein and the unconfined compressive strength is 250 psi. (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 Canister Transfer Building foundation.} This
strength is consistent with the soil-cement mix proposed for use within the frost zone
adjacent to the cask storage pads and is based on the assumption that the strength will be
at least this value to obtain a soil cement mix design that will satisfy the durability
requirements of the ASTM wet/dry and freeze/thaw tests.

PFS is developing the soil-cement mix design using standard industry practice, in
accordance with the criteria specified by the Portland Cement Association. This effort
includes performing laboratory testing of soils obtained from the site. This on-going
laboratory testing is being performed in accordance with the requirements of Engineering
Services Scope of Work (ESSOW) for Laboratory Testing of Soil-Cement Mixes, ESSOW
05996.02-G010, Rev. 0. This program includes measuring gradations and Atterberg limits
of samples of the near-surface soils obtained from the site. It includes testing of mixtures
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of these soils with varying amounts of cement and the testing of compacted specimens of
soil-cement to determine moisture-density relationships, freeze/thaw and wet/dry
characteristics, compressive and tensile strengths, and permeability of compacted soil-
cement specimens. The entire laboratory testing program is being conducted in full
compliance with the Quality Assurance (QA) Category I requirements of the ESSOW.

As part of this effort, PFS is performing so-called durability testing. These tests are
performed in accordance with ASTM D559 and D560 to measure the durability of soil
cement specimens exposed to 12 cycles of wet/dry and freeze/thaw conditions. As
indicated on p. 16 of PFS Calculation 05996.02-G(B)-04-8:

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

PFS is performing these tests to determine the amounts of cement and water that must be
added to the site soils and to determine the compaction requirements to ensure that the
soil cement will be durable and will withstand exposure to the elements. As indicated on

p- 8 of PCA!L:

"The freeze-thaw and wet-dry tests were designed to determine whether the soil-cement
would stay hard or whether expansion and contraction on alternate freezing-and-thawing
and moisture changes would cause the soil-cement to soften.”

And on p. 32:

"The principle requirement of a hardened soil-cement mixture is that it withstand exposure to
the elements. Thus the primary basis of comparison of soil-cement mixtures is the cement
content required to produce a mixture that will withstand the stresses induced by the wet-dry
and freeze-thaw tests. The service record of projects in use proves the reliability both of the
results based on these tests and of the criteria given below.

The following criteria are based on considerable laboratory test data, on the performance of

many projects in service, and on information obtained from the outdoor exposure of several

thousand specimens. The use of these criteria will provide the minimum cement content

required to produce hard, durable soil-cement, suitable for base-course construction of the

highest quality.

1. Soil-cement losses during 12 cycles of either the wet-dry test or freeze-thaw test shall
conform to the following limits:

Soil Groups A-1, A-2-4, A-2-5, and A-3, not over 14 percent;
Soil Groups A-2-6, A-2-7, A-4, and A-5, not over 10 percent;
Soil Groups A-6 and A-7, not over 7 percent.

' Portland Cement Association, "Soil-Cement Laboratory Handbook,” Skokie, IL, 1971.
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2. Compressive strengths should increase both with age and with increases in cement
content in the ranges of cement content producing results that meet requirement 1."”

The on-going laboratory testing program will also include additional tests to confirm that
the bond at the interfaces between lifts of soil-cement and soil-cement and the site soils
will exceed the strength of the in situ clayey soils. These tests will include direct shear
tests, performed on specimens prepared from the site soils at various cement and moisture
contents, in a manner similar to that used by DeGroot? in his testing of bond along soil-
cement interfaces. This testing will include direct shear tests to be performed in the-
laboratory in the near-term (pre-construction) during the soil-cement mix development to
demonstrate that the required interface strengths can be achieved (p. 2.6-113 of SAR) and
during construction to demonstrate that the required interface strengths are achieved (p.
2.6-114 of SAR). In addition, PFS has committed to augmenting this field testing program
by performing additional site-specific testing of the strengths achieved at the interface
between the bottom of the soil cement and the underlying soils.

2 DeGroot, G., 1976, “Bonding Study on Layered Soil Cement”, REC-ERC-76-16, U.S.
Bureau of Reclamation, Denver, CO, September 1976.
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METHOD OF ANALYSIS

The following load combinations are analyzed:

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.

Casel  Static
Case II  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 X and Z directions are
combined. For Cases Il and IV, 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 for the Canister Transfer Building, as shown in Figure 1), 100% in the Y direction
(vertical}, and 40% in the Z direction (E-W). Similarly, the suffix "B" is used to
designate 40% in the X direction, 40% in the Y, and 100% in the Z, and the suffix "C"
is used to designate 100% in the X direction and 40% in the other two directions.
Thus,

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

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

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

Combining the effects of the three components of the design basis ground motion in
this manner is in accordance with ASCE-4 (1986).
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ANALYSIS OF OVERTURNING STABILITY
The factor of safety against overturning is defined as:
FSor = ZMResisting + ZMpriving

The overturning stability of the Canister Transfer Building is determined using the
dynamic loads for the building due to the PSHA 2,000-yr return period earthquake. These
loads are listed in Table 2.6-11, and they were developed based on the dynamic analysis
performed in Calculation 05996.02-SC-5 (S&W, 2001) and described in SAR Section
4.7.1.5.3. The masses and accelerations of the joints (see Figure 2 for locations of the
joints) used in the model of the Canister Transfer Building in Calculation 05996.02-SC-5
are listed on the left side of Table 2.6-11, and the resulting inertial forces and associated
moments are listed on the right. Based on building geometry shown schematically in
Figure 1 and the forces and moments shown in Table 2.6-11, overturning is more critical
about the N-S axis (279.5 ft) than about the E-W axis (240 ft}). Page 37 of Calculation
05996.02-SC-5 indicates that the moment due to angular (rotational) acceleration of the
structure is 465,729 ft-K about the N-S axis and 1,004,332 ft-K about the E-W axis.

The vertical force due to the earthquake can act upward or downward. However, when it
acts downward, it acts in the same direction as the weight, tending to stabilize the
structure with respect to overturning stability. The minimum factor of safety against
overturning will occur when the maximum dynamic vertical force acts in the upward
direction, tending to unload the mat and reduce the resisting moment. Therefore,
calculate the factor of safety for Case III

CHECKING OVERTURNING ABOUT THE N-S AXIS

For Case IIIA, where 40% of the horizontal force due to the earthquake act in the N-S and
E-W directions and 100% acts vertically upward, the resisting moment is calculated as the
net effective weight of the building x the distance from one edge of the mat to the center of
the mat. The net effective weight of the building is 97,749 - 79,779 K, (i.e., Weight - Total
Fv pyn), as shown in Table 2.6-11. For overturning about the N-S axis, the moment arm for
the resisting moment equals Y2 of 240 ft, or 120 ft. Therefore,

ZMResisting = (97,749 - 79,779) K x 120 ft = 2,156,400 ft-K.

This ignores the eccentricities of the vertical masses with respect to the center of the mat.
Incorporating these eccentricities, which are included in Attachment A of Calc 05996.02-
SC-5. Rev. 2, the resulting resisting moment is calculated as follows:
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AY z Moment M
JOINT| EL. | MASS /fY; s (ﬁw’ Arm E-W Shhons
0O 94.25 260.1 | 0.783 0 120.00 218.002
1 95 1,908.0 | 0.783 -0.73 119.27 1.589.353
2 130 420.4 | 0.821 -2.02 117.98 285.292
3 170 304.3 | 0.913 -3.14 116.86 99,412
4 190 117.1 | 0.928 0 120.00 32,638
5 190 27.6| 1.840 0 120.00 -89,478
6 170 1.0 0 0 120.00 3.860

Total= 2,139,080

The driving moments include 40% of the £M acting about the N-S axis, ZMex in Table 2.6-
11, which is 0.4 x 2,706,961.4 = 1,082,785 ft-K, and 40% of the moment about the N-S
axis due to angular (rotational) acceleration of the structure, which is 0.4 x 465,729 =
186,292 ft-K.

The square root of the sum of the squares (SRSS) is used to combine the moments to
account for the fact that the maximum responses of earthquake do not act in all three
orthogonal directions and angular rotations at the same time. The moments acting about
the E-W axis do not contribute to overturning about the N-S axis; therefore,

3 My g =V1.082.785% + (186,292° =1098694 ft-K

and FSor = 2,156,400 + 1,098,694 = 1.96
about the N-S axis for Case HIA without including eccentricities of vertical masses.

Including the effect of the eccentricities of the vertical masses, the resulting factor of safety
against overturning is:

FSor = 2,139,080 + 1,098,694 = 1.95 (Minimum)

For Case IIIB, where 100% of the horizontal force due to the earthquake acts in the E-W
direction and 40% acts in the N-S direction and vertically upward, the resisting moment is
calculated as the net effective weight of the building x the distance from one edge of the
mat to the center of the mat. The net effective weight of the building is 97,749 - 40% of
79,779 K, (i.e., Weight - Total Fv pyn), as shown in Table 2.6-11. For overturning about the
N-S axis, the moment arm for the resisting moment equals ¥ of 240 ft, or 120 ft.
Therefore,

ZMResisting = (97,749 - 0.4 x 79,779) K x 120 ft = 7,900,488 f{t-K.
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The driving moments include 100% of the M acting about the N-S axis, ZMex in Table
2.6-11, which is 2,706,961.4 ft-K, and 100% of the moment about the N-S axis due to
angular (rotational) acceleration of the structure, which is 465,729 ft-K.

The square root of the sum of the squares {SRSS} is used to combine the moments to
account for the fact that the maximum responses of earthquake do not act in all three
orthogonal directions and angular rotations at the same time. The moments acting about
the E-W axis do not contribute to overturning about the N-S axis; therefore,

3 Mping =V2:706,.961.47 + 465,729° =2,746,733 ft-K

and FSor = 7,900,488 + 2,746,733 = 2.88 about the N-S axis for Case IIIB.

Case IIIC, where 100% of the horizontal force due to the earthquake acts in the N-S
direction and 40% acts in the E-W direction and vertically upward, is less critical for
overturning about the N-S axis than Case IIB.

CHECKING OVERTURNING ABOUT THE E-W AXIS

For Case IIIA, where 40% of the horizontal force due to the earthquake act in the N-S and
E-W directions and 100% acts vertically upward, the resisting moment is calculated as the
net effective weight of the building x the distance from one edge of the mat to the center of
the mat. The net effective weight of the building is 97,749 - 79,779 K, (i.e., Weight - Total
Fvpyn), as shown in Table 2.6-11. For overturning about the E-W axis, the moment arm for
the resisting moment equals 2 of 279.5 ft, or 139.75 ft. Therefore,

ZMResisting = (97,749 — 79,779) K x 139.75 ft = 2,511,308 ft-K.

This ignores the eccentricities of the vertical masses with respect to the center of the mat.
Incorporating these eccentricities, the resulting resisting moment is calculated as follows:

AY Moment
gomvt| EL. | IS8 arm N-S R
0 | 9425 260.1 | 0.783 | 139.75 253,882
1 95 1.908.0 | 0.783 138.08 | 1,840,009
2 130 420.4 | 0.821 131.46 317,889
3 170 304.3| 0.913 143.18 121,802
4 190 117.1 | 0.928 139.75 38,010
5 190 27.6| 1.840 139.75 -104,205
6 170 10| o© 139.75 4,496

Total= 2,471,883
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The driving moments include 40% of the =M acting about the E-W axis, ZEMez in Table 2.6-
11, which is 0.4 x 2,849,703 = 1,139,881 f{t-K, and 40% of the moment about the E-W axis
due to angular (rotational) acceleration of the structure, which is 0.4 x 1,004,322 =
401,729 ft-K.

The square root of the sum of the squares (SRSS) is used to combine the moments to
account for the fact that the maximum responses of earthquake do not act in all three
orthogonal directions and angular rotations at the same time. The moments acting about
the N-S axis do not contribute to overturning about the E-W axis; therefore,

¥ My g =v1139,8812 +401,729% =1208,601 ft-K

and FSor=2,511,308 + 1,208,601 = 2.07
about the E-W axis for Case IIIA without including eccentricities of vertical masses.

Including the effect of the eccentricities of the vertical masses, the resulting factor of safety
against overturning is:

FSor = 2,471,883 + 1,208,601 = 2.05 (Minimum @ E-W Axis)

For Case IIIC, where 100% of the horizontal force due to the earthquake acts in the N-S
direction and 40% acts in the E-W direction and vertically upward, the resisting moment is
calculated as the net effective weight of the building x the distance from one edge of the
mat to the center of the mat. The net effective weight of the building is 97,749 - 40% of
79,779 K, [(i.e., Weight ~ Total Fv pyn}, as shown in Table 2.6-11. For overturning about the
E-W axis, the moment arm for the resisting moment equals Y2 of 279.5 ft, or 139.75 ft.
Therefore,

ZMResisting = (97,749 - 0.4 x 79,779) K x 139.75 ft = 9,200,777 ft-K.

The driving moments include 100% of the IM acting about the E-W axis, ZMgz in Table
2.6-11, which is 2,849,703.4 ft-K, and 100% of the moment about the E-W axis due to
angular (rotational) acceleration of the structure, which is 1,004,322 ft-K.

The square root of the sum of the squares (SRSS) is used to combine the moments to
account for the fact that the maximum responses of earthquake do not act in all three
orthogonal directions and angular rotations at the same time. The moments acting about
the N-S axis do not contribute to overturning about the E-W axis; therefore,

3 Mpg =v2-849,7032 +1,004,322% =3021501 ft-K

and FSor = 9,200,777 + 3,021,501 = 3.05 about the E-W axis for Case IIIC.

Case IIIB is less critical for overturning about the N-S axis than Case IIIC.
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ANALYSIS OF SLIDING STABILITY
The factor of safety (FS) against sliding is defined as follows:
FS = Resisting Force + Driving Force = T + V

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

T=Ntan¢+cBL
where, N (normal force) = ¥, Fv = Fy static + Fv eqx
¢ = 0° (for Silty Clay/Clayey Silt)
¢ = 1.7 ksf, as discussed above under "Geotechnical Properties.”
B = 240 feet
L = 279.5 feet

The driving force, V, is calculated as follows:
V= VFﬁN—s +F:E-w

SLIDING STABILITY OF THE CANISTER TRANSFER BUILDING ON IN S11U CLAYEY SOILS

Based on Half of the Passive Resistance of the Soil Cement and the Peak Strength
of the Clayey Soils Under the Building

The sliding stability of the CTB was evaluated using the foundation loadings developed in
the soil-structure interaction analyses (Calculation 05996.02-SC-5, S&W, 2001). In this
case, the strength of the clayey soils at the bottom of the 1.5-ft deep key around the CTB
mat was based on the average of the two sets of direct shear tests performed on samples of
soils obtained from beneath the CTB, approximately at the elevation proposed for founding
the structure. The results of these tests are included in Attachments 7 and 8 of Appendix
2A of the SAR, and Figures 7 and 8 present plots of peak shear stress vs normal stress
measured in these tests. As discussed above under Geotechnical Properties, ¢ = 0° and a
shear strength of 1.7 ksf were used for the clayey soils underlying the Canister Transfer
Building in determining resisting forces for the earthquake loading combinations.

The unconfined compressive strength of the soil cement adjacent to the Canister Transfer
Building will be at least 250 psi. These analyses assume that the peak shear strength of
the clayey soils under the Canister Transfer Building are available to resist sliding along
with up to half of the passive resistance of the socil cement.

The backfill to be placed around the Canister Transfer Building mat and 1.5-ft deep key
will be soil cement, constructed from the eolian silt and silty clay that was excavated from
the area. For soil cement constructed using these soils, it is reasonable to assume the
lower bound value of y is 100 pcf, ¢ = 0° & ¢ = 125 psi.
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For the soil cement, P, = 2c x Drx (B or L)

For 5 of soil cement, using a factor of safety of 2 applied to the passive resistance,

# 144-in.? K ft
2x%x125 X X x5ftx1—
_2xcxDyxw _ in.2 ft? 1,000# LF

K

P = =90—

P FS 2 LF
The CTB mat is 240" wide in the E-W direction and 279.5 long in the N-S direction;
therefore, the passive force available to resist sliding is at least 240" x 90 K/LF = 21,600 K
acting in the N-S direction in the analyses that use half of the passive resistance of the soil

cement adjacent to the mat.

The effects of wall movement on wall pressure are defined in DM-73 (p. 7.2-60) as the ratio
of horizontal displacement to the height of the wall. For stiff cohesive soils, the wall
rotation or yield ratio, y/H, required to fully mobilize passive resistance is 0.02, or 2%.
For dense cohesionless soils, even less movement is required to reach full passive, ~0.2%.
Lambe & Whitman (1969, p 166) also indicates that little horizontal compression, ~0.5%,
is required to reach half of full passive resistance for dense sands. The soil cement will be
compacted to a dense state, and once it cures, it is expected to be stiffer than dense sand,
requiring less displacement to reach full passive resistance. Therefore, it is conservative to
assume that half of the total passive resistance is available to resist sliding of the building.

Note, if we assume that the soil cement is comparable in stiffness to stiff cohesive soil, the
figure from DM-7 cited above indicates that yield ratio, y/H, required to fully mobilize
passive resistance is 2%. It is reasonable to use a yield ratio of half of this, or ~1% of the 5
ft height of the mat + 1.5-ft deep key, to reach half of passive resistance for the soil cement
adjacent to the mat. This indicates that a horizontal displacement of the mat = 0.01 x 6.5
ft x 12 in./ft = 0.78 in. would be sufficient to reach half of the passive resistance. Since
there are no safety-related systems that would be severed or otherwise impacted by
movements of this small magnitude, it is reasonable to use this passive thrust to resist
sliding. The following analysis demonstrates that it is also reasonable to use the
resistance provided by the peak shear strength of the clayey soils enclosed within the
perimeter key at the base of the mat to resist sliding in this case, because this amount of
horizontal displacement can be obtained from elastic deformation of the clayey soils
underlying the building.

The horizontal displacement of the Canister Transfer Building is estimated using elastic
theory, as described in Section 4.3, "Rectangles Subjected to Shear Loading,” of Poulos
and Davis?.

xaxl
p=——-q

B Eq. 4.2 Poulos & Davis

3 NAVFAC (1986}, DM 7.2, "Foundations and Earth Structures,” Dept of the Navy, Naval Facilities Eng'g. Command.
Alexandria, VA.

4 Poulos, H. G., and Davis, E. H., Elastic Solutions for Soil and Rock Mechanics, John Wiley & Sons, New York, NY, 1974.
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2
G, =p ><Vs2 = ﬁ_?_ﬁf__z_ x (540 ft/ sec:)2 =724,472 psf x f? = 5,031 psi
39.9 ft./sec 12 in.

E =2x{1+v)xG, =2x{1+0.4)x5,031 psi =14,087 psi

In the E-W direction {See Table 2.6-11 for horizontal shear values):

2
q=— 997K ) 4gperx 2000s f ¥ _10.4psi
240 ft x279.5 ft 12in.
h =.ﬁf_t_=o,023
b 279.5ft
b _279.5ft _, -
a 240 ft
In the N-S direction:
111,108 K 1,000 Ibs ft
= : =1.66 ksf x = =11.5 psi
17220/ <2795 8 = x(lz in.) Pl
h 65ft
2o =0.027
b 240ft 0
b 240ft
220 _0.85
a 2795ft 859

From Figure 4.17 of Poulos & Davis, estimate the horizontal displacement factor for
the corners for horizontal shear of a horizontal rectangle. For the h/b and b/a values
shown above, le.w= 0.62 and In.s = 0.59.

10.4 psi x 240 ft x12 lf‘z— x 0.62

Pew = 12,087 psi =1.32 inches Eq. 4.9 Poulos & Davis

Yield Ratio=P = — 22" _0.017.0r1.7%
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11.5psi x279.5 ft x12 — x 0.59

Py-s = - ft =1.62 inches Eq. 4.9 Poulos & Davis
14,087 psi

Yield Ratio = £ = ;sg_m_lﬁ_ =0.021,0r 2.1%
6.5 ft x12—t?'

Thus, based on the shear modulus estimated from the shear wave velocity of the surficial
silty clay/clayey silt, the horizontal displacement of the CTB subjected to the full
horizontal earthquake load is calculated to be about 1.3 to 1.6 inches using the elastic
solution of a buried horizontal rectangle subjected to shear in an elastic half-space. This
horizontal displacement corresponds to a yield ratio, defined as horizontal displacement +
height of wall, of 2% from translation of the 6.5 ft height of the CTB foundation mat
adjacent to the soil cement. This yield ratio is larger than the yield ratio required to
mobilize one half of full passive resistance for dense sand or stiff cohesive seoils. This
displacement is sufficient to develop full passive resistance in the soil cement adjacent tot
he mat; therefore, it is conservative to use one-half of the passive resistance in these
analyses

The results of the sliding stability analysis of the Canister Transfer Building for this case
are presented in Table 2.6-13. In this table, the components of the driving and resisting
forces are combined using the SRSS rule. All of these factors of safety are greater than
1.1, the minimum required value. These results indicate that the factors of safety are
acceptable for all load combinations examined. The lowest factor of safety is 1.15, which
applies for Cases IIIC and IVC, where 100% of the dynamic earthquake forces act in the N-
S direction and 40% act in the other two directions.

These results are conservative, because they assume that only one-half of the passive
pressures are available to resist sliding and no credit is taken for the fact that the strength
of cohesive soils increases as the rate of loading increases. Note, Newmark and
Rosenblueth (1973) indicate:

"In all cohesive soils reported to date, strength and stiffness increase markedly with
strain rate (Figs. 13.6 and 13.7). An increase of the order of 40 percent is common
for the usual strain rates of earthquakes, above the strength and stiffness of static
tests.”

Schimming et al, (1966), Casagrande and Shannon (1948, and Das (1993) all report
similar increases in strength of cohesive soils due to rapid loading. Therefore, since these
results are based on static shear strengths, they represent conservative lower-bound
values of the factor of safety against sliding of the Canister Transfer Building founded on
in situ silty clay/clayey silt with soil-cement backfill around the mat.
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Based on the Full Passive Resistance of the Soil Cement and the Residual Strength
of the Clayey Soils Under the Building

Before a complete sliding failure can occur, the full passive resistance of the soil cement
must be engaged. Because the horizontal displacements associated with reaching the full
passive state typically are large for soils, in the analyses where the full passive resistance
of the soil cement adjacent to the mat is used, the shear strength of the clayey soils under
the building is reduced to a conservative estimate of the residual shear strength based on
the results of the direct shear tests.

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 (annotated copies are included in
Attachment C of this calculation), illustrate that the residual strength of these soils is
nearly equal to the peak strength for those specimens that were tested at confining
stresses of 2 ksf. For example, for Sample U-1C from Boring C-2, at horizontal
displacements of ~0.025" past the peak strength, there is ~1.5% reduction in the shear
strength indicated. 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%. The specimens that were tested at
confining stresses of 1 ksf all show reductions of ~20% at horizontal displacements of
~0.025" past the peak.

The final effective vertical stresses at the base of the Canister Transfer Building, &'y, are
~1.5 ksf, now that the mat has been changed to 240 ft x 279.5 ft. This value is
approximately half-way between the confining stresses of 1 and 2 ksf used for several of
the direct shear tests. The residual strength of the clayey soils beneath the building are
expected to show reductions from the peak strength of ~10% to ~12.5%:; i.e.,
approximately half-way between the reductions observed for the specimens tested at
confining stresses of 1 ksf and 2 ksf, since the final effective stresses under the building
are ~1.5 ksf; i.e., approximately half-way between confining stresses used in these tests (1
ksf and 2 ksf). Therefore, it is reasonable to assume that the peak strength of the clayey
soils enclosed within the perimeter key at the base of the Canister Transfer Building mat
should be reduced to account for horizontal displacement required to reach full passive
resistance of the soil cement adjacent to the mat. Based of the results of the direct shear
tests performed on samples of the site soils, it would be reasonable to use a reduction of
~10% to ~12.5% to obtain the residual strength applicable for the final vertical stresses at
the base of the Canister Transfer Building. The analyses that follow, however, reduce the
peak strength even more than this, by a total of 20%, to provide additional conservatism.

The following table illustrates further that using a reduction of the peak strength equal to
20% provides a conservative estimation of the residual strength of these soils. This table
presents the peak strengths measured in the direct shear tests at normal stresses of 1 ksf
and 2 ksf. It also lists the final shear strengths measured in these tests, which were
generally obtained at horizontal displacements of 0.25 inches or 0.30 inches. The table
also lists the calculated post-peak strength reduction for these test results, as well as the
average post-peak strength reduction for normal stress of 1.5 ksf, which is applicable for
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the state of stress existing under the Canister Transfer Building mat. Note, that the
average post-peak strength reduction for normal stress of 1.5 ksf for the three direct shear
tests is only 15.6% for these very high shear displacements in the direct shear tests. The
maximum value of the average the post-peak strength reductions for normal stress of 1.5
ksf occurred for Sample U-3B&C in CTB-6, and it equaled 20.8%. If the results of this test
were used to define the residual strength of these soils, the analyses would be performed
at ¢ = 1.5 ksf, the average of the post-peak strengths measured at the maximum shear
displacements in these tests for normal stresses of 1 ksf and 2 ksf. This would result in
higher factors of safety than are calculated and presented in Table 2.6-14, based on ¢ =
1.36 ksf.

CALCULATION OF AVERAGE POST-PEAK STRENGTH REDUCTION FOR NORMAL STRESS
APPLICABLE TO FINAL TRESSES UNDER THE CANISTER TRANSFER BUILDING

Normal Stress = 1 ksf Normal Stress = 2 ksf Average
Post-Peak
Strength at Strength Strength
Maximunm | Post-Peak . Post-Peak | Reduction
Boring | Sample St:ee:kth Shear Strength | o t::'k 2 Masn.thwmm Strength for
g Displace- | Reduction gt Dis Reduction| Normal
place- Stress =
ment t =
men 1.5 ksf
ksf ksf % ksf ksf % %
c-2 U-1C 1.67 1.2 28.1 2.13 2.1 1.4 14.8
CTB-6 U-3B&C 1.57 1.1 29.9 2.15 1.9 11.6 20.8
CTB-S U-1AA 1.42 1.1 22.5 1.58 1.7 ~0.0 11.3
Average = 15.6

The results of the sliding stability analysis of the Canister Transfer Building for this case
are presented in Table 2.6-14. In this table, the components of the driving and resisting
forces are combined using the SRSS rule. All of these factors of safety are greater than
1.1, the minimum required value. These results indicate that the factors of safety are
acceptable for all load combinations examined. The lowest factor of safety is 1.26, which
applies for Cases IIIC and IVC, where 100% of the dynamic earthquake forces act in the N-
S direction and 40% act in the other two directions. These resulis demonstrate that there
is additional margin available to resist sliding of the building due to the earthquake loads,
even when very conservative estimates of the residual shear strength of the clayey soils are
used.
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SLIDING STABILITY OF THE CANISTER TRANSFER BUILDING ON COHESIONLESS SOILS

The Canister Transfer Building will be founded on clayey soils that have an adequate
amount of cohesive strength to resist sliding due to the dynamic forces from the design
basis ground motion. As shown in SAR Figures 2.6-21 through 2.6-23, however, some of
the soils underlying the building are cohesionless within the depth zone of about 10 to 20
ft, especially near the southern portion of the building. Analyses presented on the next six
pages address the possibility that sliding may occur along a deeper slip plane at the clayey
soil /sandy soil interface as a result of the earthquake forces.

The resistance to sliding is greatly reduced for frictional materials when the dynamic
forces due to the earthquake act upward. The normal forces act downward for Case IV
loadings and, hence, the resisting forces will be much greater than those for Case III.
Therefore, these analyses are performed only for Load Cases IIIA, IIIB, and IIIC. As
described above, these load cases are defined as follows:

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

As shown in SAR Figures 2.6-21 through 2.6-23, the top of the cohesionless layer varies
from about 5 ft to about 9 ft below the mat, and it generally is at a depth of about 6 ft
below the mat. These analyses include the passive resistance acting on a plane extending
from grade down to the top of the cohesionless layer, plus the shear strength available at
the ends of the silty clay block under the mat, plus the frictional resistance available along
the top of the cohesionless layer. The weight of the clayey soils existing between the top of
the cohesionless soils and the bottom of the mat is included in the normal force used to
calculate the frictional resistance acting along the top of the cohesionless layer.

A review of the cone penetration test results (ConeTec, 1999) obtained within the top 2 ft
of the layer of nonplastic silt/silty sand/sandy silt underlying the Canister Transfer
Building indicated that ¢ = 38° is a reasonable minimum value for these soils. This review
is presented on the next page.

The next five pages illustrate that the factor of safety against sliding along the top of this
layer is >1.1 for all load cases (i.e., Load Cases IIIA, IIIB, and IIiC). These analyses include
several conservative assumptions. They are based on static strengths of the silty clay
block under the Canister Transfer Building mat, even though, as reported in Das (1993},
experimental results indicate that the strength of cohesive soils increases as the rate of
loading increases. For rates of strain applicable for the cyclic loading due to the design
basis ground motion, Das indicates that for most practical cases, one can assume that c.
gynamic ~ 1.5 X Cu st In addition, the silty sand/sandy silt layer is not continuous under
the Canister Transfer Building mat, and this analysis neglects cementation of these soils
that was observed in the samples obtained in the borings. Therefore, sliding is not
expected to occur along the surface of the cohesionless soils underlying the Canister
Transfer Building.
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ALLOWABLE BEARING CAPACITY

Bearing capacity calculations are performed using the method for determining generat
bearing capacity failure, as presented in Winterkorn and Fang (1975). Local bearing
capacity (punching shear) failure is ruled out due to the large size of the mat, 240" x
279.5.

The general bearing capacity equation is a meodification of Terzaghi's bearing capacity
equation, which was developed for strip footings and which indicates that qu« =
cNA+gNg+1/2 yBN,. For this relationship, the ultimate bearing capacity of soil consists of
three components: 1} cohesion, 2} surcharge, and 3} friction, which are represented by
bearing capacity factors N., N,, 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= € Ne Scde ic+ Q Ny Sqdgig+ 2 Y BN, s, d, i,

where
gui = ultimate bearing capacity
¢ = cohesion or undrained strength
q = effective surcharge at bottom of foundation, = y Dy
¥ = unit weight of soil
B = foundation width
Se, Sq» S, = shape factors, which are a function of foundation width to length
d.. dg, d, = depth factors, which account for embedment effects
i, iy i, = load inclination factors
Nc, Ny, N, = bearing capacity factors, which are a function of ¢.

7 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 q in
the second term.

BEARING CAPACITY FACTORS

Bearing capacity factors computed based on relationships proposed by Vesic (1973), which
are presented in Chapter 3 of Winterkorn and Fang (1975}.
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Ny =e™@n? tan2(45 +%)

Ne={Na—1) cot¢,but=5.14for¢=0.

N,=2 (N.+1) tan¢

SHAPE FACTORS

Sc=1+—B—'—I\I—q'
L Nc

B
sq=1+—tan
q I o
B
=1-0.4-—
St L
DEPTH FACTORS
For 2’-SI:
B

- D
—(L-‘i“-)—for¢>o and dc=1+0.4(?‘] for $=0.

de =dq -
Nq-tancb

dq=1+2tan¢-(1-sino) - (%)
dy=1

INCLINATION FACTORS

F m
lq=f1- =
F,+B'L'ccot¢

(1 - iq) . mFy ‘
ic=1 _——f and ce=] - | ——— f :0
" N¢.tano or¢>0 ' BLcN | ¢

FH m+l
iY: 1— * 13
F,+B'L'ccot¢

Fu and Fy are the total horizontal and vertical forces acting on the footing and
(2+B/L) /{1 +B/L)
(2+L/B)/(1+L/B)

Where:

s

Imy,
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STATIC BEARING CAPACITY OF THE CANISTER TRANSFER BUILDING

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° & ¢ = 3.18 ksf}.
Case IB Static using effective-stress strength parameters {¢ = 30° & ¢ = 0).

Table 2.6-9 presents the results of the bearing capacity analyses for these static load
cases. The minimum factor of safety required for static load cases is 3.

As indicated in this table, the gross allowable bearing pressure for the Canister Transfer
Building to obtain a factor of safety of 3.0 against a shear failure from static loads is
greater than 6.5 ksf. However, loading the foundation to this value may result in
undesirable settlements. This minimum allowable value was obtained in analyses that
conservatively assume ¢ = 0° and ¢ = 3.18 ksf, the average undrained strength for the soils
in the upper layer at the site, 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 2.6-9, the gross allowable bearing capacity of the Canister Transfer
Building for static loads for these soil strengths is 56.6 ksf.
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Gun =6 N S, de Ic 4 Youren DiNg S dgig + 1/2YB N, s, d, i,

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

N, = e"™™ tan’(/4 + 0/2) = 1.00

N, = 2 (Ng + 1) tan (¢} = 0.00

Se= 1+ {B/LYNNy) = 1.17

sq=1+(B/ll)tand = 1.00

s, =1-0.4(BNL) = 0.66

ForD/B <1: d,=1+21an¢ (1-sin o)’ DyB = 100

For ¢ > 0: dc = dq - (1-dg) / (Ng tan ¢) = N/A

For¢=0:d.= 1+ 0.4 (D¢B) = 1.01

No inclined loads; therefore, i, =iy =i, = 1.0.
N term N, term
Gross g, = 19,635 pst= 19,235 + 400 +
Qay = 6,540 psf=qu/FS
Quctumt = 1,457 psf=(F,+ EQ,)/(B'x L)

FSactum = 13.47 = Qut / Qacna > 3

|geot]\05996\calc\brng_cap\can_xfr.xls
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ALLOWABLE BEARING CAPACITY OF CANISTER TRANSFER BUILDING
Static Analysis: Case 1A - Static 0%inN-S, O%inVert 0%inE-W
Soil Properties: Sy = 3,180 Average undrained strength (psf) in upper ~30' layer
o= 0 Friction Angle (degrees)
Y= 90 Unit weight of soil {pcf)
Ysurch = 80 Unit weight of surcharge (pcf)
Foundation Properties: B = 240.0 Footing Width - ft (E-W) L'=279.5 Length - ft (N-S)
D= § Depth of Footing (ft)
B= 0.0 Angle of load inclination from vertical (degrees)
FS = 3 Factor of Safety required for Quewatre-
Fv= 97,749 k EQy = 0k
EQHE-W= 0k + EQHN,5= 0k = OkforFH

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

N, term
0

Hence OK
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ALLOWABLE BEARING CAPACITY OF CANISTER TRANSFER BUILDING
Static Analysis: Case IB - Static 0%inN-S, O0%inVert 0 %inE-W
Soil Properties: Sy = 0 Average undrained strength (pst) in upper ~30' layer
o= 30 Friction Angle {degrees)
Y= 90 Unit weight of soil (pci)
Ysurch = 80 Unit weight of surcharge {pcf)
Foundation Properties: B' = 240.0 Footing Width - ft (E-W) L'=279.5 Length - ft (N-S)
Dy = 5 Depth of Focting (ft)
B= 0.0 Angle of load inclination from vertical (degrees)
FS= 3 Factor of Safety required for Qajowable-
Fyv= 97,749 k EQy = 0k
EQuew= 0K + EQuns= 0k = 0 kfor Fy

General Bearing Capacity Equation,

Qur = € Ne Sc de fo + Youen DN Sq da g + /27BN, 5, d,}y based on Winterkorn & Fang (1975)

Ne = (Ng- 1) cot{o), but=5.14for$=0 = 30.14 Eq 3.6 & Table 3.2
N, = "™ tan*(n/4 + ¢/2) =  18.40 £Eq 3.6
N, =2 (Ng+1) tan (¢) = 2240 Eq3.8
Sc= 1+ (B/L)NS/NS) = 1.52 Table 3.2
sy=1+(BL)tan¢ = 1.50 "
s, = 1-0.4 (B/L) = 0866 .
ForD/B<1: dy=1+2tan¢ (1-sin¢)°DyB = 101 Eq3.26
d =1 = 1.00 *
For¢ > 0: d. = dg - (1-dg) / (Ny tan ¢) = 1.01
For$=0:d.= 1+ 0.4 (D/B) = N/A Eq3.27
No inclined loads; therefore, i. = iy =1i,=1.0.
N: term Nq term N, term
Gross = 169,921 psf= 0 + 11,076 + 158,845

Qai= 56,640 psf=q,,/FS

Qaetwar = 1,457  pst=(F,+EQ)/(B'x L)

FSactual = 116.61 = Qun / Qactum > 3 Hence OK

[geot]\05996\calc\bmg_cap\can_xfr.xls
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DyYNAMIC BEARING CAPACITY OF THE CANISTER TRANSFER BUILDING

The following pages present the details of the bearing capacity analyses for the dynamic
load cases. These analyses use the dynamic loads for the building that were developed in
Calculation 05996.02-SC-5, (S&W, 2001). The development of these dynamic loads is
described in Section 4.7.1.5.3 of the SAR. As in the structural analyses discussed in SAR
Section 4.7.1.5.3., the seismic loads used in these analyses were combined using 100% of
the enveloped zero period accelerations (ZPA) in one direction with 40% of the enveloped
ZPA in each of the other two directions. The resulting dynamic loading cases are identified
as follows:

Casell 100%N-S direction, 0% Vertical direction,100% E-W direction.
Case IIIA 40% N-S direction, -100% Vertical direction, 40% E-W direction.
Case IIIB 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.
Case IVB 40% N-S direction, 40% Vertical direction,100% E-W direction.
Case IVC 100%N-S direction, 40% Vertical direction, 40% E-W direction.

Table 2.6-10 presents the results of the bearing capacity analyses for these cases, which
include static loads plus dynamic loads 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 average undrained strength applicable for
the soils within the upper layer (¢ = 0° and ¢ = 3.18 ksf). As indicated above, for these
cases including dynamic loads from the design basis ground motion, the minimum
acceptable factor of safety is 1.1.

Table 2.6-10 indicates the minimum factor of safety against a dynamic bearing capacity
failure was obtained for Load Case II, the load combination of full static, 100% of the
seismic forces acting in the N-S direction and the E-W direction and 0% in the upward
direction. This load case resulted in an actual soil bearing pressure of 2.4 ksf, compared
with an ultimate bearing capacity of 13.2 ksf. The resulting factor of safety against a
bearing capacity failure for this load case is ~5.5, which is much greater than 1.1, the
minimum allowable factor of safety for seismic loading cases. In these analyses, no credit
was taken for the fact that strength of cohesive soil increases as the rate of loading
increases. Therefore, the Canister Transfer Building has an adequate factor of safety
against a dynamic bearing capacity failure.
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ALLOWABLE BEARING CAPACITY OF CANISTER TRANSFER BUILDING

PSHA 2,000-Yr Earthquake: Case 1I 100 % in N-S, 0 % In Vert 100 % in E-W
Soil Properties: Sy= 3,180 Average undrained strength {psf) in upper ~30' iayer
o= 0 Friction Angle (degrees)
= 90 Unit weight of soil (pcf)
Ysurch = 80 Unit weight of surcharge {pcf)
Foundation Properties: B'= 184.6 Footing Width - ft (E-W) L'=221.2 Length - ft (N-S)
D= 5 Depth of Footing (it)
B= 45.7 Angle of load inclination from vertical (degrees)
FS= 1.1 Factor of Safety required 10r Qamowavte-
Fy= 97,749k EQy= 0k

EQH EwW= 98,997 K + EQH NS = 111,108 k = 149,480k for Fy
General Bearing Capacity Equation,

Gur = © Ne Sc G e + Youren Dy Ng Sqdgfg + 1/2YB N, s, I, based on Winterkorn & Fang (1975)
N.= (N, - 1) cot(d), but=5.14for$ =0 = 514 Eq 3.6 & Table 3.2
N, = "™ tan’(n/4 + ¢/2) = 100 Eq36
N, = 2 (Ng+ 1) tan () = 0.00 Eq3.8
S, = 1+ (B/L)(Ng/No) = 1.16 Table 3.2
sg=1+(BlL)tan¢ = 1.00 -
s,=1-0.4 (B/l) = 0.67 *
ForD/B<1: dg=1+2tan¢ (1-sin ¢’ Dy/B = 1.00 Eq3.26
d, =1 = 1.00 "
For ¢ > 0: d. = dq - (1-dg) / (N, tan ¢) = NA
For$=0:d.=1+0.4(D/B} = 1.01 Eq3.27
me = (2+BL)/ (1 +BN) = 154 Eq3.18a
m, = (2+UB)/(1+LB) = 148 Eq 3.18b
If EQ,ns > 0: 6, = tan (EQy e.w/ EQuns) = 073 rad
m, = M, c0s°6, + mg sin’g, = 150 Eq 3.18¢c
For¢=0:i.=1-(mFy/B' L' cN) = 0.66 Eq3.16a
io={1-Fu/[(F,+EQ)+B'L'ccotd]}” = 1.00 Eq3.14a
i,={1-F4/[(F,+EQ,)) +B'L' ccot¢] ™ = 0.00 Eq 3.17a
N term N, term N, term
Gross q,p= 13,171  psf= 12,771 + 400 + 0
Q= 11,970 psf=qu/FS
Qucws = 2,394  pst=(F, + EQ,)/(B'x L)

FS,ctual = 5.50 = Qur/ Qacnial > 1.1 Hence OK

|geot]\05996\calc\bmg_cap\can_xir.xls
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ALLOWABLE BEARING CAPACITY OF CANISTER TRANSFER BUILDING

PSHA 2,000-Yr Earthquake: Case IIIA 40 % in N-S, -100 % in Vert 40 % in E-W
Soil Properties: Sy = 3,180 Average undrained sirength (psf) in upper ~30' layer
o= 0 Friction Angle (degrees)
y= 80 Unit weight of soil {pcf)
Ysurch = 80 Unit weight of surcharge (pcf)
Foundation Properties: B'= 119.5 Footing Width - ft (E-W) L'= 152.6 Length - ft (N-S)
D= 5 Depth of Footing (ft)
B= 65.8 Angle of load inclination from vertical (degrees)
FS = 1.1 Factor of Safety required for Gaowatie:
Fy= 97,749 K EQy = ~79,778 kK
EQqew= 39,999k + EQuns= 43,443 k = 59,792 k for Fy ]
_ . General Bearing Capacity Equation,
Gun =€ No Se defe + Youren DiNa Sq da lg + /27BN, s,y based on Winterkorn & Fang (1975)
N, = (Ng- 1) cot(¢), but=5.14for¢ =0 = 5.14 Eq 3.6 & Table 3.2
N, = " tan®(/4 + ¢/2) = 1.00 Eq 3.6
N, = 2 (Nq+ 1) tan (9) = 0.0 Eq 3.8
Sc = 1+ (BAYN/NC) = 115 Table 3.2
sq=1+(B/ljtan¢ = 1.00 "
sy=1-0.4 (BL) = 0.69 :
ForD/B<1: dy=1+2tan¢ (1-sin¢)’ DyB = 100 Eq3.26
dy=1 = 1.00 .
For ¢ > 0: d. = d - (1-dg) / {Ng tan ¢) = N/A
For¢=0:d.=1+0.4(D/B) = 1.02 Eq3.27
mg = (2+B/L)/(1+B/L) = 1.54 Eq 3.18a
m = (2+L/B)/(1+L/B) = 1.46 Eq 3.18b
If EQH NS> 0:0,= tan-1(EQH ew/ EQuns) = 0.73 rad
m, = My cos’6, + mg sin’e, = 150 Eq 3.18c
Forp=0:i.=1-(mFu/B' L'cNy) = 0.70 Eq 3.16a
iq={1-Fu/[(F.+EQ)+B'L'ccote] )" = 1.00 Eq 3.14a
L={1-Fu/[(F,+EQ)+BL'ccote)}™ = 0.0 Eq3.17a
N, term Ng term N, term
Gross quu = 13,804 psf= 13,304 + 400 + ]
Q= 12,540 pst=q,/FS
Qactun = 985 pst=(F,+ EQ,)/(B'x L)

FS,cto=  14.01  =8un/ Quctuar > 1.1 Hence OK

[geoth\05996\calc\bmg_cap\can_x{r.xls
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J.0. OR W.O. NO.
05996.02

DiIVISION & GROUP CALCULATION NO.
G(B) 13-6

OPTIONAL TASK CODE
N/A

ALLOWABLE BEARING CAPACITY OF CANISTER TRANSFER BUILDING

PSHA 2,000-Yr Earthquake: Case IIIB

40 % in N-S,

<40 % in Vert 100 % in E-W

Qurn = € Ni: Sc de Ic + Yauren D1 Ng Sq dgig + 1/27B N, s d, i

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

Ng = "™ tan®(n/4 + ¢/2) =

N,=2(Ny+ 1) tan (%) =

s. = 1+ (BILYNg/N,) =

sq=1+(B/L)tano =

s, = 1-0.4 (BLL) =

For D/B<1: dg=1+2tan¢ (1-sin¢)®DyB =

=1 =

For¢ > 0: d. = d, - (1-dg) / {(Nq tan ¢) =
Foro=0:d.= 1+ 0.4 (DyB) =

mg = (2+B/L)/ (1 +BL) =

my = (2+L/B)/(1+L/B) =

if EQyyns > 0: 0, = tan™(EQy e.w/ EQn n.s) =
m, = m_cos’0, + mg sin’8, =
For¢=0:i.=1-(mFy/B'L'cNg) =
iq={1-FH/[(F\,+EO,)+B'L’ccot¢]}’" =

k= {1-Fu/[(F, + EQ) + B’ L ccot ¢} ™ -

N, term
Gross q.n= 14,103 psf= 13,703 +
Qa= 12,820 psf=qu/FS
Qectwr = 1,708 pst=(F,+ EQ)/(B'x L)
FSactyat = 8.28 = Qun { GQactual

[geotj\05986\ calc\brng_cap\can X(r.xis

L=

244.9

Soil Properties: Sy= 3,180 Average undrained strength (psf) in upper ~30' layer
= 0 Friction Angle (degrees)
Y= 90 Unit weight of soil (pcf)
Ysuren = 80 Unit weight of surcharge (pcf)
Foundation Properties: B'= 157.8 Footing Width - ft (E-W)
D= 5 Depth of Footing (ft)
= 56.6 Angle of load inclination from vertical {degrees)
FS= 1.1 Factor of Safety required for Qaiowavle-
Fy= 97,749k EQy,=  -31,912k
EQuew= 99,997k + EQuns= 44,443 k

109,429 k for Fy,

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

5.14
1.00
0.00

.13
1.00
0.74

1.00

1.00
N/A

1.01
1.54
1.46
1.16
1.53
0.74
1.00
0.00

Ng term
400

rad

1.1

Eq 3.6 & Table 3.2
Eq 3.6
Eq38

Table 3.2

Eq 3.27
Egq 3.18a
Eq 3.18b

Eq 3.18¢c
Eq 3.16a
Eq3.14a
Eq 3.17a

N, term
0

Hence OK
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Length - ft (N-S})
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G(B)

ALLOWABLE BEARING CAPACITY OF CANISTER TRANSFER BUILDING

PSHA 2,000-Yr Earthquake: Case IIIC 100 % inN-S, -40 % inVert 40 % in E-W
Soil Properties: Sy = 3,180 Average undrained strength (psf) in upper ~30' layer
o= 0 Friction Angle (degrees)
Y= 90 Unit weight of soil (pcf}
Ysurch = 80 Unit weight of surcharge (pcf)
Foundation Properties: B'= 207.1 Footing Width - ft (E-W) L'= 1929 Length - ft (N-S)
D= § Depth of Footing (ft)
B= 31.3 Angle of load inclination from vertical (degrees)
FS= 1.1 Factor of Safety required for Qaiowaie-
Fy= 97,749 K EQy = -31,912 k
EQiew= 39,988k + EQuns= 111,108 k = 118,088 kforFy

- General Bearing Capacity Equation,

Qun = © No 8¢ de e + Youren Be Ny Sqdg iy + 12y BN, s, d, i, based on Winterkorn & Fang (1975)

N.= (Ng- 1) cot(¢), but=5.14for ¢ =0 = 5.14 Eq 3.6 & Table 3.2
Ng = €' 2™ tan’ (4 + ¢/2) = 1.00 Eq36
N, =2 (Ng+ 1) tan (¢) =  0.00 Eq3.8
sc= 1+ (B/LYNYN,) = 121 Table 3.2
Sq=1+(B/L)tan¢ =  1.00 .
s, = 1-0.4 (B/L) = 057 "
ForD/B <1: dq=1+21an ¢ (1 -sin ¢)° DyB = 1.00 Eq3.26
d,' =1 = 1.00 "
For¢ > 0: d. = dy - (1-dg) / (Ng tan ¢) = N/A
For¢=0:d.= 1+ 0.4 (D/B) = 1.01 Eq3.27
mp = (2 + B/L)/{1 + B/L) = 154 Eq3.18a
m.=(2+ L/B)/ (1 +L/B) = 148 Eq 3.18b
It EQy s > 0: 8, = tan™ (EQy e.w/ EQrn.s) = 035 rad
m, = m,_ c0s°0, + mg sin’8, = 147 Eq 3.18c
For¢=0:ic=1-(mFu/B'L'¢ Ny = 0.73 Eqg 3.16a
ig={1-Fu/[(F,+EQ)+B'L'ccot¢]}” =  1.00 Eq3.14a
L={1-Fu/[(F,+EQ)+B'L'ccoto]}™ =  0.00 Eq3.17a
N, term Ng term N, term
Grossq,= 15,045 psi= 14,645 + 400 + )
Qu= 13,670 pst=q,/FS
Qaca = 1,648  psf=(F,+EQ)}/(B'xL)
FS,cruat = 9.13 = Qut/ Gacual > 14

Hence OK

[geot]\05996\calc\brng_cap\can_xfr.xls
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ALLOWABLE BEARING CAPACITY OF CANISTER TRANSFER BUILDING

PSHA 2,000-Yr Earthquake: Case IVA

40 % in N-S, 100 % in Vert 40 % in E-W

Qui = Ng Sc e e + Yauren Dy Ng Sq dgig +1/2yB N, s, o |
Nc= (Ng - 1) cot(e), but=514foro =0
Ny = 0" tan’(/4 + ¢/2)
N, = 2 {N; + 1) tan (¢)

Se = 1+ (B/LYN/N.)
Sq=1+(Bll)tan¢

s,=1-0.4 (BL)
ForDyB<1: dg=1+21tan¢ (1-sino)f DyB

d, =1
For¢ > 0:d. = dg- (1-dg) / (N; tan ¢)

For¢=0:d. =1+ 0.4 (D¢/B)
mg = (2+BL)/(1+B/L)
m_=(2+L/B)/(1+LB)
If EQyns > 0: 6, = tan (EQu ew/ EQun-g)
m, = m, cos’6, + mg sin’6,
For$=0:i.=1-(mFy/B'L'cNy)
ig={1-Fu/[(F,+EQ)+B L ccote] )"
i, = {1-Fu/[(F, + EQ,) +B'L'ccot o] )™’

N, term
Gross gy = 17,897 psf= 17,497
Qo = 16,260 psf=qu/FS
Qe = 2,923  psf=(F,+EQ,)/(B'xL")
FSactua = 6.12 = Gt / Gactual

[geot]\05996\calc\bmg_cap\can_xIr.xls

+

5.14
1.00
0.00

1.17
1.00
0.66

1.00
1.00
N/A

1.01
154
1.46
0.73
1.50
0.91
1.00
0.00

N, term
400

L=

rad

+

266.7 Length - ft (N-S)

Soil Properties: Sy = 3,180 Average undrained strength (psf) in upper ~30’ layer
6= 0 Friction Angle (degrees)
Y= 90 Unit weight of soil (pcf)
Ysurch = 80 Unit weight of surcharge {pcf}
Foundation Properties: B'= 227.8 Footing Width - ft (E-W)
Df= 5 Depth of Footing (ft)
B= 12.7 Angle of load inclination from vertical (degrees)
FS= 1.1 Factor of Safety required for Gasewabie-
Fy= 97,749 k EQ, = 79,779 k
EQuew= 39,999k + EQuus= 44,443 k

59,792 k for Fy

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

Eq 3.6 & Table 3.2
Eq36
Eq3.8

Table 3.2

Eq3.27
Eq 3.18a
Eq 3.18b

Eq 3.18¢c
Eg 3.16a
Eq3.14a
Eq3.17a

N, term
0

> 1.1 Hence OK
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Soil Properties:

Foundation Properties:

ALLOWABLE BEARING CAPACITY OF CANISTER TRANSFER BUILDING
PSHA 2,000-Yr Earthquake: Case IVB

40 % InN-S, 40 % in Vert 100 % in E-W

3,180 Average undrained strength (psf) in upper ~30' layer
0 Friction Angle {degrees)
90 Unit weight of soii (pcf)
80 Unit weight of surcharge {pcf)
198.2 Footing Width - ft (E-W)
5 Depth of Footing (ft} ‘
37.6 Angle of load inclination from vertical {degrees)

L'=261.9 Length - ft (N-S})

Gur = C N. Sc e ic + Yourcn Dt NgSq g g + 1/2YB N, s, d, iy

[geot]\05996\calc\brng_cap\can_xfr.xls

FS = 1.1 Factor of Safety required for Qpewane-
Fv= 97,749k EQy = 31,912k
EQuew= 99997k + EQuns= 44,443k = 109,429 k for Fy

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

N, = (Ng - 1} cot(d), but=514for¢ =0 = 514 Eq 3.6 & Table 3.2
Ng = €™ tan*(4 + ¢/2) = 100 Eq3.6
N, =2 (Ng+1) tan (¢) = 0.0 Eq3.8
so= 1 + (B/L)(Ng/N.) = 1.15 Table 3.2
Sq=1+(B/L)tano = 1.00 "
s,=1-0.4(B/L) = 070 "
ForD/B<1: dy=1+2tan¢ (1-sin¢)’ DyB = 1.00 Eq3.26
d=1 = 1.00 '
For ¢ > 0: do = dg - (1-dg) / (Ng tan ¢) = N/A
Ford=0:d.= 1+ 0.4 (Dy/B) = 1.01 Eq 3.27
mg = (2 + B/L) /(1 +B/L) = 154 Eq3.18a
m_= (2 + LB}/ (1 +L/B) = 146 Eq 3.18b
If EQyp.s > 0: 8, = tan (EQy e w/ EQun.s) = 115 rad
m, = m, cos’8, + mg sin’e, = 153 Eq 3.18¢c
For¢=0:i.=1-(mFLy/B'L'¢cNy = 0.80 Eq 3.16a
iq= {1-Fu/[(F,+ EQ)) +B'L'ccot¢j}" = 1.00 Eg 3.14a
i={1-F/[(F,+EQ)+B'L'ccot¢] ™ = 000 Eq3.17a
N term N, term N, term
Gross qun = 15,616 pst= 15,216 + 400 + o
Qu= 14,190 psf=q,/FS
Geeunt= 2,497  pst=(F,+EQ,)/(B'xL)
FSactua = 6.25 = Qur / Gactual > 1.1

Hence OK
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ALLOWABLE BEARING CAPACITY OF CANISTER TRANSFER BUILDING

PSHA 2,000-Yr Earthquake: Case IVC 100 % InN-S, 40 % in Vert 40 % in E-W
Soil Properties: Sy = 3,180 Average undrained strength (psf) in upper ~30’ layer
o= 0 Friction Angle (degrees)
Y= 90 Unit weight of soil {pcf)
Ysurcn = 80 Unit weight of surcharge (pcf)
Foundation Properties: B'= 223.3 Footing Width - ft {E-W) L'= 235.5 Length - ft (N-S)
D, = 5 Depth of Footing (ft)
B= 17.1 Angle of load inclination from vertical (degrees)
FS = 1.1 Factor of Safety required for Qaiwatie.
Fy= 97,749 k EQy = 31,912 k

EQuew= 39,999k + EQuus= 111,108k = 118,088 k for Fy
General Bearing Capacity Equation,

Qure = © Ne Sc dc e + Yaureh Dy Ng 8¢ dglg +1/2YB Ny s, d, |y based on Winterkorn & Fang (1975)
N¢ = (Ng- 1) cot(d), but=5.14forp=0 = 5.14 Eq 3.6 & Table 3.2
Ng = e"™" tan’(w/4 + /2) = 1.00 Eq3.6
Ny = 2(Ng+ 1) tan (¢) = 0.00 Eq 38
Sc = 1+ (B/LYN/N.) = 1.18 Table 3.2
sq=14+(BlL)tan¢ = 1.00 *
s, = 1-04(BL) = 082 "
ForDyB<1: d,= 1+2tan¢ (1 -sin¢)° D¢B = 100 Eq3.26
d=1 = 1.00 "
For ¢ > 0: d. = dq - (1-dg) / (N, tan o) = NA
For¢=0:d.= 1+ 0.4 (D/B) = 101 Eq3.27
ma = (2+B/LY/(1+B/L) = 154 Eq3.18a
m, = (2+1UB)/ (1 +L/B) = 146 Eq3.18b
If EQypne > 0: 6, = tan™ (EQu ew/ EQy p.s) = 035 rad
m, = my cos’8, + mg sine, = 147 Eq3.18¢c
For¢=0:i.=1-(mFy/B'L'cN) = 080 Eqg 3.16a
iq={1-Fu/{(F,.+EQ)+B'L'ccotd]}™ =  1.00 Eq3.14a
L={1-Fu/[(F,+EQ)+B'L'ccot¢]}™ = 0.0 Eq3.17a
N, term N term N, term
Gross g, = 15,987 psf= 15,587 + 400 + L
Q= 14,530 psf=q,/FS
Qe = 2,465  psf=(F, + EQ,)/(B'x L") |

FSactwal = 6.49 = Gy / Qactuas > 1.1 Hence OK

{geot]\05996\calc\brmg_cap\can_xfr.xls
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CONCLUSIONS

OVERTURNING STABILITY OF THE CANISTER TRANSFER BUILDING

The overturning stability of the Canister Transfer Building is analyzed on Pages 14 to 17
using the dynamic loads for the building due to the PSHA 2,000-yr return period
earthquake. These loads, listed in Table 2.6-11, were developed based on the dynamic
analysis performed in Calculation 05996.02-SC-5 (S&W. 2001) and are described in SAR
Section 4.7.1.5.3. This calculation demonstrates that the factor of safety against
overturning of the Canister transfer Building is >1.1; therefore, the Canister Transfer
Building has an adequate factor of safety against overturning due to dynamic loadings
from the design basis ground motion. The minimum factor of safety against overturning is
1.95, and it applies to overturning about the north-south axis.

SLIDING STABILITY OF THE CANISTER TRANSFER BUILDING

The Canister Transfer Building (CTB) will be founded on clayey soils. The sliding stability
of the CTB was evaluated using the loads developed in Calculation 05996.02-SC-5 (S&W,
2001). The static strength of the clayey soils at the bottom of the CTB mat was based on
the average of two sets of direct shear tests performed on samples of soils obtained from
beneath the Canister Transfer Building at the elevation proposed for founding the mat.

The results of the sliding stability analysis are presented in Table 2.6-13 of this
calculation, and they indicate that for all load combinations examined, the factors of safety
were acceptable. The lowest factor of safety was 1.15, which applies for Case IIIC, where
100% of the dynamic earthquake forces act in the N-S direction and 40% act in the other
two directions. These results assume that only one-half of the passive pressures are
available resist sliding and no credit is taken for the fact that the strength of cohesive soils
increases as the rate of loading increases (Newmark and Rosenblueth, 1971, Schimming et
al, 1966, Casagrande and Shannon, 1948, and Das, 1993); therefore, they represent a
conservative lower-bound value of the sliding stability of the Canister Transfer Building
founded on in situ silty clay/clayey silt with 5 ft of soil-cement backfill around the
foundation.

Additional sliding stability analyses are included that demonstrate that there is additional
margin available to resist sliding of the building due to the earthquake loads. In these
analyses, it is recognized that the ultimate sliding failure of the building cannot occur
until after the full passive resistance of the soil cement adjacent to the mat is exceeded.
These analyses use a very conservative estimate of the residual shear strength of the
clayey soils under the building, based on the results of the direct shear tests that were
performed on specimens of the soils obtained from approximately the elevation of the
potential sliding plane under the building. The results of these analyses are presented in
Table 2.6-14, and they demonstrate that the factor of safety against sliding is at least 1.26.

The Canister Transfer Building, founded on clayey soils and with the soil-cement backiill,
has an adequate factor of safety against sliding due to the dynamic forces from the design
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basis ground motion. As shown in SAR Figures 2.6-21 through 2.6-23, however, some of
the soils underlying the building are cohesionless within the depth zone of about 10 to 20
ft, especially near the southern portion of the building. Simplified analyses were
performed to address the possibility that sliding may occur along a deeper slip plane at the
clayey soil/sandy soil interface as a result of the earthquake forces.

These analyses included the passive resistance acting on a plane extending from grade
down to the top of the cohesionless layer, plus the frictional resistance available along the
top of the cohesionless layer. The weight of the clayey soils existing between the top of the
cohesionless soils and the bottom of the mat was included in the normal force used to
calculate the frictional resistance acting along the top of the cohesionless layer. The factor
of safety against sliding along the top of this layer was found to be >1.1 for all of the
dynamic load cases; therefore, there is an adequate factor of safety against sliding along
the surface of the cohesionless soils underlying the Canister Transfer Building.

BEARING CAPACITY

STATIC BEARING CAPACITY OF THE CANISTER TRANSFER BUILDING

Table 2.6-9 presents the results of the bearing capacity analyses for the following static
load cases. The minimum factor of safety required for static load cases is 3.

Case IA Static using undrained strength parameters (¢ = 0° & ¢ = 3.18 ksf).
Case IB Static using effective-stress strength parameters (¢ = 30° & ¢ = 0).

As indicated in this table, the gross allowable bearing pressure for the Canister Transfer
Building to obtain a factor of safety of 3.0 against a shear failure from static loads is
greater than 6.5 ksf. However, loading the foundation to this value may result in
undesirable settlements. This minimum allowable value was obtained in analyses that
conservatively assume ¢ = 0° and ¢ = 3.18 ksf, the average undrained strength for the soils
in the upper layer at the site, to model the end of construction. Using the estimated
effective-stress strength of ¢ = 30° and ¢ = O results in higher allowable bearing pressures.
As shown in Table 2.6-9, the gross allowable bearing capacity of the Canister Transfer
Building for static loads for these soil strengths is 56.6 ksf.

DYNAMIC BEARING CAPACITY OF THE CANISTER TRANSFER BUILDING

The dynamic bearing capacity was analyzed using the dynamic loads for the building that
were developed in Calculation 05996.02-SC-5, (S&W, 2001). The development of these
dynamic loads is described in SAR Section 4.7.1.5.3. As in the structural analyses
discussed in Section 4.7.1.5.3, the seismic loads used in these analyses were combined
using 100% of the enveloped zero period accelerations (ZPA) in one direction with 40% of
the enveloped ZPA in each of the other two directions.

Table 2.6-10 presents the results of the bearing capacity analyses for the following cases,
which include static loads plus dynamic loads due to the earthquake. The minimum
factor of safety required for dynamic load cases is 1.1.




STONE & WEBSTER, INC.

s010.65 CALCULATION SHEET
CALCULATION IDENTIFICATION NUMBER
J.0. OR W.0. NO. DIVISION & GROUP CALCULATION NO. QOPTIONAL TASK CODE PAGE 45
05996.02 G(B) 13-6 N/A

Case I 100%N-S direction, 0% Vertical direction.100% E-W direction.
Case II1A 40% N-S direction, -100% Vertical direction, 40% E-W direction.
Case IIIB 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 [VA 40% N-S direction, 100% Vertical direction, 40% E-W direction.
Case IVB 40% N-S direction, 40% Vertical direction,100% E-W direction.
Case IVC 100%N-S direction, 40% Vertical direction, 40% E-W direction.

Table 2.6-10 indicates the minimum factor of safety against a dynamic bearing capacity
failure was obtained for Load Case II, the load combination of full static, 100% of the
seismic forces acting in the N-S direction and the E-W direction and 0% in the upward
direction. This load case resulted in an actual soil bearing pressure of 2.4 ksf, compared
with an ultimate bearing capacity of 13.2 ksf. The resulting factor of safety against a
bearing capacity failure for this load case is ~5.5, which is much greater than 1.1, the
minimum allowable factor of safety for seismic loading cases. In these analyses, no credit
was taken for the fact that strength of cohesive soil increases as the rate of loading
increases. Therefore, the Canister Transfer Building has an adequate factor of safety
against a dynamic bearing capacity failure
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TABLE 2.6-9

SUMMARY - ALLOWABLE BEARING CAPACITY OF CANISTER TRANSFER BUILDING
Based on Static Loads

¢0'96650
‘ON 'O'M HO ‘O°f

Ba B GROSS EFFECTIVE
Case F EQun.s | EQuew | ZMeons | ZMee. e e 0 ;
v HN-S HEW ans EW IEQuew|EQuns| Qun Qan ° - B’ L' | Gactuai | FSactua
k [ k ft-k ft-k deg deg ksf ksf ft ft ft ft ksf
IA - Static '
Undrained| 97,749 0 0 0 0 0.0 0.0 19.63 | 6.54 0.0 0.0 1240.01279.5} 1.46 | 13.47
Strength
IB - Static .
Effective | 97,749 0 0 0 0 0.0 0.0 1169.92| 5664 | 0.0 0.0 |240.01279.5] 1.46 | 116.61
Strength

{g)o
dNOHD B NOISIAIQ

c= 3,180 Undrained strength (psf) & ¢=0.

¢ =
= 2400 Footing width (ft)
L = 2795 Footing length (ft)
Di= 5.0 Depth of footing (ft) ep = IMgn.s/ Fy

y= 90  Unit weight of soil (pcf) B=B-2¢z

Ysurch = 80 Unit weight of surcharge (pcf) Qactuar = Fv/ (B' X

FS = 3 Factor of safety for static loads.

[geoti\05996\cale\brng_cap\can_x[r.xis Table 2.6-9

Fy = Vertical load (Static + EQy)

L'=L-2¢,

L)

e = ZM@E.w/ Fv

30.0 Effective stress friction angle (deg),c = EQy = Earthquake: Horizontal force. Fy = EQuew O EQuns

Bg = tan” [(EQuew)/ Fyv] = Angle of load inclination from vertical as f{width).

BL= tan™ [(EQun.s) / Fv ] = Angle of load inclination from vertical as f(length),
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TABLE 2.6-10

SUMMARY - ALLOWABLE BEARING CAPACITY OF CANISTER TRANSFER BUILDING
Based on Dynamic Loads Due to Design Basis Ground Motion: PSHA 2,000-yr Return Period

20°'966S0
‘ON ‘O°'M HO ‘O'T

(g)o
dNOHD ¥ NOISIAIQ

GROSS EFFECTIVE
Case F EQuns | EQuew| EMons | ZMoe: Be B e e
v HNS HEw on-s oEW EQH EW EQH N-S Qur Qan ® - B’ L Qactuat Fsaclunl
k k k ft-k fi-k deg deg kst ksf ft ft ft ft ksf
n 97,749 | 111,108 99,997 | 2,706,961 2,849,703| 45.7 | 48.7 | 13.17 | 11.97 | 27.7 | 29.2 | 1846 221.2| 2.39 | 5.50
1A 17,970 | 44,443 | 39,999 ] 1,082,784 1,139,881 658 | 68.0 | 13.80 | 1254 | 60.3 | 63.4 | 119.5] 152.6] 0.99 | 14.01
nis 65,837 | 44,443 | 99,997 }2,706,961(1,139,881] 56.6 | 34.0 | 1410 | 12.82 | 41.1 | 17.3 | 157.8{2449| 1.70 | 8.28
11 (of 65,837 | 111,108 | 39,999 | 1,082,784 | 2,849,703} 31.3 504 | 15.04 | 1367 | 16.4 | 43.3 | 207.1] 192.9| 1.65 | 9.13
IVA 177,528 44,443 | 39,999 | 1,082,784 1,139,881 127 | 141 | 1790 | 16.26 } 6.1 64 | 227.8|266.7| 292 | 6.12
IVB 129,661 | 44,443 | 99,997 | 2,706,961] 1,139,881} 376 189 | 1562 | 1419} 209 | 8.8 | 1982} 2619| 250 | 6.25
e 129,661 | 111,108 | 39,999 | 1,082,784 | 2,849,703} 17.1 406 | 1599 | 1453 | 84 | 220 1223.3]2355| 247 | 6.49
c= 3,180 Undrained strength (psf) Fy = Vertical load (Static + EQy)
¢= 0.0 Firiction angle (deg) EQ, = Earthquake; Horizontal force. Fy = EQuew Of EQuns
B = 240.0 Footing width (ft) B = tan™ {(EQue.w) / Fyv ] = Angle of load inclination from vertical as f(width).
L = 279.5 Footing length {ft) B = tan” [(EQ, n.s) / Fv ] = Angle of load inclination from vertical as f(length).
D;= 5.0 Depth of footing (ft) eg = IMgns/ Fy e.= IMgew/ Fy
y= 90 Unitweight of soil (pcf) B=B-2eg L'=L-2¢
ys;.,c., = 80  Unit weight of surcharge (pcf) Qactua = Fy / (B' x L)
FS= 1.1 Factor of safety for dynamic loads.
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Foundation Loadings for the Canister Transfer Building

Table 2.6-11

c0°96650
"ON ‘O'M HO ‘O°f

(g)o
SNOHO T NOISIAIQ

g-€l
“ON NOILVIND1YD

SHEAR | SHEAR | SHEAR
ZMane @ Ei93.5
X Y
JOINT ELEV MASS X MASS Y MASS Z Ax Ay Az FH NS Fv Dyn MQX=M @N-S]MQZ=MQE-VW
ft k-sec’/ft | k-sec’/ft | k-sec’/ft| g 9 g9 k k ft-k ft-k

0 94.25 260.1 260.1 260.1 1.047| 0.78 | 0.92 ] 8,761 6,551 5,774 6,571
1 95 1,9808.0 1,908.0 1,908.0 ]11.047( 0.78 | 0.92 | 64,265 | 48,055 | 56,470 | 367,055 | 417,724
2 130 420.4 420.4 4204 11111 0.82 | 0.99 ] 15,023 | 11,106 | 13,446 | 490,773 | 548,331
3 170 304.3 304.3 170.3 1778} 0.91 | 1.19 ] 17,402 | 8,939 496,728 | 1,331,291
4 190 144.7 1171 1447 112151 093 | 1.41 | 5,656 3,495 632,439 | 545,787
5 190 1.0 27.6 1.0 0 1.84 | 0.00 0 1,634 0 0
6 170 1.0 1.0 134.0 0 0 217 0 0 714,193 0

B= 2400 ft TOTALS | 111,108 79,779 | 99,997 | 2,706,961 | 2,849,703

L= 279.5 ft WElGHT 97,749 k FsUpUFT = 1.23

Depth = 5.0 ft + 1.5 ft deep key with base at Elev 935 ft

Note: Elevations are referenced to assumed final grade of Elev 100.

Joint 0 equals clayey soils enclosed by perimeter key withy =

90 pcf and width of key = 6.5 ft.

Based on masses and accelerations from p 37 of Calc 05996.02-SC-5, Rev. 2, which are applicable for
"High" Moduli received from Geomatrix Calc 05996.02-G(PO18)-2, Rev. 1.
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Table 2.6-13 5
Sliding Stability of Canister Transfer Building Using Shear Strength Along Bottom of Plane Formed by 1.5- é o
ft Deep Perimeter Key and Half of Resistance from Soil Cement Using Peak Strength of Clay © z
N-S Vert E-W Static .~ Earthquake g°
Joint| MASSX | MASSY | MASSZ |  a, a, a, F, |Shearys! F, Sheargw| &
k-sec?/ft | ksec’/ft | k-sec’/ft g g g k k k ; k
.0 | 201 | 2601 | 2601 | 1047 | 0783 ;| 0.920 8368 | 8761 | 6551 7,699 o
1 1,908.0 1,908.0 1.908.0 1.047 0.783 0.920 61.380 64,265 48,055 56,470 é g
2 420.4 420.4 4204 1.111 0.821 0.994 13,524 15,023 11,106 13,446 o g g
3 304.3 304.3 170.3 1.778 0.913 1.185 9,789 17,402 8,939 6,493 e ; g‘
N I I '~ MO L I BRI D IO o o
4 144.7 117.1 144.7 1.215 0.928 1.408 3,767 5.656 3,495 6,554 8 ;
5 1.0 27.6 1.0 0.000 1.840 0.000 888 0 1,634 0 ° g
6 10 | 10 1340 | 0000 | 0000 @ 2.166 32 0 0 , 9336 of 2
bad IS
CTB Mat Dimensions: B= 2400 ft(E'W) Totals =| 97,749 | 111,108 | 79,779 | 99,997 ol 2
Depth = 8 ft L= 2795 ft(N-§) Resisting Driving g
Foro= 0.0 degrees c= 1.70 N (k) Tk) | vy | Fs |V 3l
Fustatiel 40% Fypg | 100% Fygqg| 40% Fyew 5 i
. 97.749 44,443 -79,779 39,999 17,970 135,999 59,792 2.27
Earthquake |™ Fustatid 40% Fys) 4'0-"/0.}7“4;:.‘,;1. | 100% Fugw| | ‘ ‘ 2
Vertical Forces HIB o
Acting Up 97,749 44,443 -31,912 99,997 65,837 ‘ 135,999 109,429 1.24 g
— Fustatiey 100% Fyyng) | 40% Fygeyg | 40% Fiygew = z
97,749 | 111,108 | -31.912 | 39,999 | 65.837 | 135999 | 118088 | 115 |3> 32
Fustatic) 40% Fyg | 100% Fypqo! 40% Fugw | ’ ?,
IVA i
97,749 44,443 79,779 39,999 177,529 135,999 59,792 2.27 §
Er:t:lq“ake Fustatc) 40% Fupg | 40% Fugqg | 100% Fiyew :
Vertical Forces IVB :
Acting Down 97,749 ' 44.443 31 912 ‘_99.99?“ v129.6‘61 1??),.999 ' 109,429 : 1.24 %
Ve Fustatic) 100% Fyyns) | 40% Fygqq | 40% Frew m
97.749 111,108 31,912 39,999 129,661 | 135,999 ; 118,088 l 1.15 (of‘
Soil Cement AFy, for q, (psi) = 250 21,600 N/A | 25155 | for FSgc = 2.0
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Table 2.6-14

[o]
Sliding Stability of Canister Transfer Building Using Shear Strength Along Bottom of Plane Formed by 1.5- é g
ft Deep Perimeter Key and Resistance from Soil Cement .Using Residual Strength = 80% of Peak Strength of Q5
N-$ Vert | EW ~Static ' Earthquake S 2
Joint| MASS X | MASSY ; MASS 2 a, a, a, F, Sheary.s F, | Shearpy 0
Iesec?/ft | ksec?/ft | k-sec®/ft g g g k k k k
0 | 2601 | 2601 | 260.1 | 1.047 | 0783 | 0920 | 8368 | 8761 | 6551 | 7.699 o
_1 1.908_0 ]._908.0 1 1..908.0 " 1.04? ] 0.783 ) 0920 61.380 6‘11:”265. 48.055 : 56,470 ;5; g
2 420.4 420.4 420.4 1111 0.821 0.994 | 135524 | 15023 | 11,106 | 13.446 of 2
3 304.3 304.3 170.3 1.778 0.913 1.185 9,789 17,402 8,939 6,493 ; g
T |Twar | Tuza| oawar | aais | oms | naos | a7e7 | mess | osdes | st |82
5 1.0 27.6 1.0 0.000 1.840 0.000 888 0 | 1,634 0 N 2
6 1.0 1.0 134.0 0.000 0.000 2.166 32 0 0 [ 9.336 0 S
CTB Mat Dimensions: B= 240.0 ft (E-W) Totals =} 97,749 111,108 % 79,779 99,997 é g
Depth= 5 ft L= 2795 ft(N-S) Resisting _ Driving S 57
Foro= 0.0 degrees c= 138 N(k) | Tk Vik) | FS @9 g
A Fusaug | 40% Fyng | 100% Fyeqa| 40% Fygw) ' é gt
97,749 44,443 -79,779 39,999 17,970 148,586 59,792 © 2.49
Earthquake Fustang | 40% Fys) | 40% Fyeqq | 100% Figew, ' o
Vertical Forces Jesi) ; | 4
Acting Up 97.749 | 44.443 | -31.912 | 90,907 | 65837 | 148586 | 109429 , 1.36 o
e Fusaug | 100% Fyypgy | 40% Fygqg | 40% Fiyew) ' z E
97,749 : 111,108 -31,912 ; 39,999 65,837 148,586 118,088 - 1.26 > >
Fustatio) 40% Fypns) 100% Fygq| 40% Few ' g
VA 07,749 | 44,443 | 79,779 | 39,999 | 177,529 | 148586 | 59,792 2.49 §
Earthquake  Fyswwa | 40% Fiyng | 40% Fyggy 100% Fyew | N
Vle\::tti;::gl IF):r‘::s VB 97,749 44,443 31,912 99,997 129,661 148,586 , 109.429 . 1.36 g
Fusmta | 100% Fyns | 40% Fyggq | 40% Fuew ‘ M
we 97,749 | 111,108 | 31,912 | 39,999 | 120.661 | 148586 | 118,088 @ 1.26 o
Soil Cement AFy, for g, (psi) = 250 43.200 | N/A 50.310 | forFSsc=1.0
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FOUNDATION SCHEMATIC & COORDINATE SYSTEM
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Note: The coordinate system is consistent with that used in Calculation 05996.02-SC-5.
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CALCULATION IDENTIFICATION NUMBER

CANISTER TRANSFER BUILDING STICK MODEL

ElL 190’

EL 170’

ElL 130

®
®__7.

El. 95°

Note: From Calculation 05996.02-SC-5, Rev. 2, Page 8.
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CALCULATION SHEET

CALCULATION IDENTIFICATION NUMBER
7.0. OR W.0. NO. DIVISION & GROUP CALCULATION NO. | OPTIONAL TASK CODE PAGE 55
05996.02 G(B) 13-6 N/A
FIGURE 4
DETERMINATION OF WEIGHTED AVERAGE VALUE OF Sy BASED ON RELATIVE
STRENGTH DIFFERENCE OF DEEPER LYING SOILS MEASURED IN CONE
PENETRATION TESTS
Py 4
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,’; Y
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CALCULATION IDENTIFICATION NUMBER
J.0. OR W.0O. NO. DIVISION & GROUP CALCULATION NO. OPTIONAL TASK CODE PAGE 56
05996.02 G(B) 13-6 N/A
FIGURE 5

ESTIMATE STRESSES UNDER THE CANISTER TRANSFER BUILDING AT

COMPLETION OF CONSTRUCTION

Fv = Total dead weight = 97,749 K from Table 2.6-11
A = Area of mat = 240ft x 279.5 ft = 67,080 ft2

o 240" ——]

214.5'
A
PLAN
F.
=2y OTT9K ) sekst
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TABLE 6

SUMMARY OF TRIAXIAL TEST RESULTS FOR SOILS WITHIN ~10 FT
OF GROUND SURFACE AT THE SITE

soneg | suapi [P v | [ ST T T T B TR T 5 e owe
B-1 ' U-2C 5.9 | 44539 | 47.1 | 66.1 | 33.4132.7| MH | 79.3 | 53.9 { 2.i5] 0.0 | 2.03 | 1.7 | CU |Nov'99
B-1 U-2B 5.3 | 4454.5 | 52.9 | 80.6 | 40.9{ 39.7 | MH | 70.8 | 46.3 | 2.67]| 1.0 | 2.21 | 6.0 | CU |Nov'99
B-4 U-3D 10.4 | 4462.1 | 27.4 | 42.5124.7| 178 CL | 855 67.1 [ 1.563] 1.3 | 2.18| 4.0 | UU Jan 97
C-2 U-2D 11.1 | 4453.4 | 35.6 See U-2C & E' CL | 785 | 57.9 193] 1.3 {239 | 11.0] UU jJan ‘97
CTB-1 U-3D 8.7 | 4463.7 | 47.9 See U-3C? CH { 91.9| 62.1 | 1.73] 1.7 | 2.84 | 5.0 | CU {June 99
CTB-4 U-2D 9.5 | 4465.5 | 45.2 See U-2E? CH | 877 604|181} 1.7 | 3.11 | 6.0 | CU |June'99
CTB-6 U-3D 8.3 | 4467.9 | 52.7 CH | 85.7 ] 586.2 {2,021 1.7 | 270 7.0 | CU |Junc 99
CTB-N U-1B 5.7 | 4468.4 | 30.1 | 41.3| 22.5| 188 CL |[100.6f 77.3 | 1.20| 1.7 | 3.00| 8.0 | CU [Nov '98
CTB-N U-2B 7.7 | 4466.4 | 65.4 See U-2a2 MH | 74.6 | 45.1 | 2.76| 1.7 | 2.41 | 13.0 | CU [June '99
CTB-N | U-3D 10.5 | 4463.6 | 52.2 | 61.1 | 30.8{303| CH | 86.3 | 56.7 | 1.98] 1.7 | 2.73| 7.0 } CU |June'99
CTB-S U-1B 5.8 | 4468.7 | 73.6 | 66.2 | 40.9 | 25.3 | MH 78.0 44,9 12,781 1.7 | 2.05] 12.0 } CU {Nov '98
CTB-S U-2D 8.4 | 4466.1 | 54.6 | 57.9 | 28.9|29.0{ CH | 90.0 | 582 [ 1.92} 1.7 | 240 | 5.0 | CU jJunc’'99
B-1 U-2D 6.5 | 4453.3 | 45.2 | 59.8 | 34.7 | 25.1 | MH | 76.7 | 52.8 | 2.22| 2.1 | 3.26 | 15.0 | CU [Mar '99
B-3 U-1B 5.2 | 4463.0 [ 33.5|52.4 | 25.2 272 MH | 90.6 | 679 | 1.50} 2.1 | 3.55| 8.0 { CU [Mar '99
C-2 U-1D 6.3 | 4458.2 | 50.5| 70.3 | 41.3 [ 29.0 | MH | 74.5| 49.5 | 2.43| 2.1 | 3.03 | 12.0 ] CU |Mar '99
NOTES 1 Altachment 2 of SAR Appendix 2A.
2  Allachment 6 of SAR Appendix 2A.
A aoriwenst A p A4 / 1
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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

DIRECT SHEAR TEST
Boring CTB-S, Sample U-1AA
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