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RECORD OF REVISIONS 

REVISION 0 

Original Issue 

REVISION 1 

Revision 1 was prepared to incorporate the following: 
"* Revised cask weights and dimensions 
"* Revised earthquake accelerations 
"* Determine gam 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cask case that are described In Attachment A are superseded by those included in 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 1 I- 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 soll parameters (c = 1,220 psf: * = 
24.90. 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 coheslonless 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 qau
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among the three loading cases (i.e., 2-cask. 4-cask, and 8-cask). The updated section 
shows a calculation of qan based on revised soil parameters (c and ý). Note: this analysis 
will require confirmation and may be updated using revised vertical soil bearing pressures 
and horizontal shear forces, based on the lower ground accelerations associated with the 
2,000-yr return period design basis ground motion (0.528g horizontal, and 0.533g 
vertical).  

Modified/updated conclusions.  

NOTE: SYBoakye prepared/DLAloysius reviewed pp 14 through 14F.  

Remaining pages prepared by DLAloystus and reviewed by SYBoakye.  

REVISION 5 

Major re-wrte of the calculation.  

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

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

3. Added overturning analysis.  

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

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

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

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

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

1. Added "References" section.  
2. Revised shear strength used in the sliding stability analyses of the soil cement/silty 

clay interface to be the strength measured in the direct shear tests performed on 
samples obtained from depths of -5.8 ft in the pad emplacement area. The shear 
strength equaled that measured for stresses corresponding to the vertical stresses at 

the bottom of the fully loaded cask storage pads.  

3. Removed static and dynamic bearing capacity analyses based on total-stress strengths 
and added dynamic bearing capacity analyses based on c. = 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 (aH = 0.71 1g 
& 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 I' 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 "W" 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 

I. 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.  

2. 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.  

3. 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.  

4. 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.  

REVISION 9 

1. 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.  

2. Added clarification of approximations used in calculation of KAz and updated 
calculation of K&z to remove excess conservatism inherent in the previous use of 
approximations "sin (t - 9) - 0" and "cos ( - 0) - 1".  

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

4. 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.  

5. Added Attachment E. plot of Total Stress Mohr's Circles from triaxial tests performed 
on samples from Boring B-i.
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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 0.71 lg).  

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 sois 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.  

"AU Stbuctures, 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 

mountzn 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 a100 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-dlrection 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-O(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).  

GEOTCmarCAL PROPERTIFS 

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

ym•w = 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.

e
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Table 6 of Calc 05996.02-G(B)-05-2 (copy included In Attachment Q 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 00.  

Effective-stress strength parameters are estimated to be c = 0 ksf, even though these soils 
may be somewhat cemented, and 0 = 300. This value of is based on the P1 values for 
these soils, which ranged between 5% and 23% (SWEC, 2000a), and the relationship 
between 0 and P1 presented in Figure 18.1 of Terzaghl & Peck (1967).
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Therefore. static bearing capacity analyses are performed using the following soil 
strengths: 

Case IA Static using undrained strength: =00 & c = 2.2 ksf.  
Case IB Static using effective-stress strength: . = 30° & c = 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-directlon). and horizontal dynamic (in X and Z-directions) loads.  
The following load combinations are analyzed: 

Case I Static 
Case II Static + dynamic horizontal forces due to the earthquake 
Case M Static + dynamic horizontal + vertical uplift forces due to the 
earthquake 
Case IV Static + dynamic horizontal + vertical compression forces due to the 

earthquake 
For Case I1. 100% of the dynamic lateral forces in both X and Z 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) 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 IRA 40% N-S direction, -100% Vertical direction. 40% E-W direction.  
Case 1[lB 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 Ill, but the vertical forces due to the earthquake 
act downward in compression; therefore, the signs on the vertical components are positive.  

OVERTURMING STABILITY OF THE CASK STORAGE PADS 

The factor of safety against overturning is defined as: 

FSo'r = EMlmw ng* EMD 

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

Wp Wc B/2 (I- a) 

EMRef = 1904.5 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 
½ 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 (p = 0.8, as 
shown in SAR Section 8.2.1.2) x the normal force acting between the casks and the pad.  
This force is maximum when the vertical inertial force due to the earthquake acts 
downward. However, when the vertical force from the earthquake acts downward, it acts 
in the same direction as the weight, tending to stabilize the structure. Therefore, the 
minimum factor of safety against overturning will occur when the dynamic vertical force 
acts in the upward direction, tending to unload the pad.  

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

ah Wp EQhc 

-Mrwrg = 1.5 ftx 0.711 x 904.5 K + 3 ft x 696 K = 3,053 ft-K.  

17,186 ft - K SFST r= 3,053 ft -K = 5.63
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SLMNG STABMLITY OF TEE 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 M. below the base of the pad is defined as follows: 

T = Ntan4+cBL 

where, N (normal force) = Z F, = We + Wp + Evc + EQvp 

S= 00 (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 SUDING 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 (LJne 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 JE) that the factor of safety against 

sliding exceeds the minimum required value.  

1l.The pads are being surrounded with soil cement so that PFS can effectively use the 

colian silt found at the site to provide an adequate subbase for support of the cask 

transporter, as well as to provide additional margin against any potential sliding.  

12.The actual unconfined compressive strength and mix requirements for the soil cement 

around the cask storage pads will be based on the results of standard soil-cement 

laboratory tests.  

13.The unconfined compressive strength of the soil cement adjacent to the pads needs to 

be at least 50 psi to provide an adequate subbase for support of the cask transporter.  

in 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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SLEDING STABILITY AT INTERFACE BETWEEN IN SITU CL&TEY SOILS AND BOTTOM OF SOIL CEMENT 
BEnr= TmH 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 fL) is greater than twice the width in the E-W direction 
(30 ft); therefore, the dynamic active earth pressures acting on the length of the pad will be greater than those acting on the width, and the critical direction for sliding will be E-W.  
since passive resistance is ignored.  
The soil cement is assumed to have the following properties in calculation of the dynamic active earth pressure acting on the pad from the soil cement above the base of the pad: 

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

o= 400 Tables 5 & 6 of Nussbaum & Colley (1971) indicate that* 
exceeds 400 for all A-4 soils (CL & ML, similar to the 
eollan silts at the site) treated with cement: therefore, it 
is likely that 0 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 = 5 ft As shown In SAR Figure 4.2-7, the pad is 3 ft thick, and 
it is constructed such that top of the pad is at the final 
ground surface (i.e., pads are embedded 3' below grade).  
Soil cement beneath the pad is 1-ft to 2-ft thick. The 
dynamic forces (active earth pressure + horizontal inertial 
forces) are greater for deeper depth of soil cement.  
Therefore, analyze for 2 ft of soil cement beneath the pad.
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ACTIVE EARTH PPRESSURE 

Pa - 0.5 y H2 .  

K. = (1 - sin t)/(l + sin t) = 0.22 for e = 40' for the soil cement. Ignoring cohesion (very 
conservative).  

PaEzw =10.5 x 0.11 kcfx (5 ft)2 x 0.221 x 67 ft (length)/storage pad = 20.3 K E-W.  
P. N-s =10.5 x 0.11 kcfx (5 ft)2 x 0.221 x 30 ft (width)/storage pad = 9.1 K N-S.  

DyNAmmc 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: 

KE = (I -av). cos 2 (- e - a) 

cos e. cos , • cs+ a+ )- 1 +cos (6 + a + 6. cos (S - all 

whe re 

0 tan-(&H 
= slope of ground behind wall.  

a = slope of back of wall to vertical.  
H= horizontal seismic coefficient, where a positive value corresponds to a horizontal 

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

force directed upward.  
8 = angle of wall friction.  
* = friction angle of the soil, 
g = acceleration due to gravity.  

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

PXE =IlyH2 Km. where: 

y = unit weight of soil.  
H = wall height, and 

KAE is calculated as shown above.

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

A = a=0 

0 =tan" ( 0.711 ' 68 I -0.(l95) =66.8" 

o = 400 

To obtain a real solution to the equation for calculating KA, the sin (0 -B- 6-) must be 
positive: i.e., the sin (0-- 6-13) can vary from 0 to 1. Because it is in the denominator of 
KA, KA will be greatest when it = 0. Therefore, assume sin (0 - 0 -1) = 0.  

Similarly, approximate cos (0 - - ca) = 1. This term is in the numerator of KA, and Kqz will 
be maximum when cos (%- e - a) = 1: therefore, approximating It equals 1Ius conservative.  

With these approximations.  

KAE = 1-av 

C cos e.cos 

1-0.695 
cos 2 66.8 .  

Therefore, the combined static and dynamic active lateral earth pressure force at the base 

of the 3 ft pad is: 

y H2 KAE L 

FE z.=P =P2x 0. 110 kcf X (3 ft)2 xl.97 x 67 ft / storage pad = 65.3 Kin the E - W direction.  
S2 

FAz..s =P• -1 x 0. 110 kcf x (3 ft)2 x 1.97 x30 ft / storage pad = 29.3 K in the N -S dlrection.  
2 

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 IAE L 

FAZ =P = I x 0.110 kcf x (5 ftf x1.97 x67 ft /storage pad 181.5 K in the E - W direction.  
2 

FEN = PA -i x0.110 kcf x (5 ft) x 1.97 x 30 ft /storage pad =81.3 K in the N -S direction.  
S2
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WEIGHTS 

Casks: Wc = 8 x 356.5 K/cask = 2.852 K 

Pad: Wp = 3 ftx 67 ft x 30 ftx 0.15 kips/ft3 = 904.5 K 

Soil Cement Beneath Pad: Wsc = 2 ftx 67 ft x 30 ftx 0.10 kips/ft3 = 402 K 

EARTHQUAKE AccumTloNs - PSHA 2,000-YR RETURN PERIOD 

aH= horizontal earthquake acceleration = 0.71 Ig 

av = vertical earthquake acceleration = 0.695g 

CASK EARTHQUAKE LOADINGS 

Egvc = -0.695 x 2.852 K = -1,982 K (minus sign signifies uplift force) 

EQhcrEw = 2,212 K (acting short direction of pad. E-W) Qd =tin Table D-l(c) in Att B 

EQhcN.s = 2,102 K (acting in long direction of pad, N-S) Qyd in 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 a= 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:

Note: 

Case 111: 0% N-S, -100% Vertical, 100% E-W 

Case IV: 0% N-S. 100% Vertical, 100% E-W

Earthquake Forces Act Upward 

Earthquake Forces Act Downward

FOUNDATION PAD EARTHQUAKE SoIL CEMENT BENEATH PAD EARTHQUAKE 
LOADINGS LOADINGS 

EQvp = -0.695 x 904.5 K = -629 K Egvsc = -0.695 x 402 K = -279.4 K 

EQhp= 0.711 x 904.5 K = 643 K EQhp= 0.711 x 402 K = 285.8 K

I
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CASE m: 0% N-S, -100% VincAL, 100% E-W (EAnTUguz FORCES ACT UpwAm) 
When E•vc and EQvp act in an upward direction (Case Ill). tending to unload the pad.  
sliding resistance is obtained as follows: 

Wc Wp Wsc Egvc Egvp Egvsc 
N = 2.852 K + 904.5 K + 402 K + (-1.982 K) + (-629 KQ) + (-279.4 K) - 1,268.6 K 

N * c B L 
T = 1,268.6 K x tan 0 + 2.1 ksfx 30 ftx 67 ft = 4,221 K 

The driving force, V. is defined as: 

V = FAz + EQhp + Eqhc + Eghsc 
The factor of safety against sliding is calculated as follows: 

T FAZEw 5s. Eghp EQhc Eghsc 
FS = 4.221 K+-# (181.5 K + 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, Eghc. is limited to the upper-bound value of the coefficient of friction. vt = 0.8, x the cask normal load, because if Eghc 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 g 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 (EARTHUAKE FORCES ACT DowNwARD) 

When the earthquake forces act in the downward direction: 

T = Ntan$+IcBLJ 

where. N (normal force) Fv = Wc + Wp + Egvc + Eqvp + EQvsc 
.Wc Wp E9Vc EQvp Eqvsc 

N = 2.852 K + 904.5 K + 1,982 K + 629 K + 279.4 K= 6,647 K 

N 0 c B L 
T = 6,647 K x tan 0* + 2.1 ksfx 30 ftx 67 ft = 4,221 K 

The driving force, V, is defined as: 

V = FAEZ + EQhp + Eqhc + EQhsc
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The factor of safety against sliding is calculated as follows: 

T FAz w r EQhp EQhce-w EQhsc 
FSso ncnezto ciY.Yson = 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 IL 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.  

Mxmm SHEAR STRENGTH REQUIRED AT THE BASE OF THE PADS TO PROVIDE A FACTOR OF 

SAFT 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 FAE .w3" EQbp EQhcrw 
FS =T ÷ (65.3 K + 643 K + 2.212 K) 2 1.1 

(2.920.3 K) 

-- T >1.1 x 2,920.3 K = 3.212.3 K 

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

the base of the pad: 

3.212.3K K f 2 1,0001I.bs 
==30f.x67 0 =X 121in.) x K =11.10psi 

30ftx612tnK
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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 0.71 ig, 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=l.1) -u- 2.1 ksf available) of the undrained shear 
strength must be engaged, or in other words, the adhesion factor between the base of the 
concrete storage pads plus 2 ft of soil cement and the surface of the underlying clayey 
soils must be 0.76. This adhesion factor, c., is higher than would normally be used, 
considering disturbance that may occur to the surface of the subgrade during 
construction. Therefore, an "engineered mechanism" is required to ensure that the full 
strength of the clayey soils is available to resist sliding of these pads on 2 ft of soil cement.  
Ordinarily, a foundation key would be added to extend the shear plane below the 
disturbed zone and to ensure that the full strength of the clayey soils are available to resist 
sliding forces. However, adding a key to the base of the storage pads would increase the 
stiffness of the foundation to such a degree that it would exceed the target hardness 
limitation of the hypothetical cask tipover analysis. Therefore, PFS decided 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 whnle 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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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.  

2. High frequency of watering the lift line decreases the bond.  

3. Moist curing conditions between lift placements Increases the bond.  

4. Removing the smooth compaction plane increases the bond.  

5. Set retardants decreased the bond at 4-hr time delay.  

6. Asphalt and chlorinated rubber curing compounds decreased the bond.  

7. 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 wll clearly be the case for construction of the concrete storage pads 
on top of the soil-cement surface, because it will take some period of time to form the pad, 

build the steel reinforcement, and pour the concrete. He noted that several techniques 
can be used to enhance the bond between lifts to overcome this decrease in bond due to 

time delay. In these cases, more than sufficient bond can be obtained between layers of 
soil cement and between the set soil-cement surface and the underside of the cask storage 
pads by simply using a cement surface treatment.  

DeGroot's direct shear test results demonstrate that the specimens having a cement 

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

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

The soil cement beneath the pads is used as an "engineered mechanism" to ensure that 
the full static undrained shear strength of the underlying clayey soils is engaged to resist 
sliding and, as shown above, the minimum factor of safety against sliding of the pads Is 
very conservatively calculated as 1.27 when the static undrained strength of the clayey 
soils is fully engaged. This value exceeds the minimum value required for the factor of 
safety against sliding (=1.1): therefore, the pads constructed on top of a layer of soil 
cement have an adequate factor of safety against sliding.
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As indicated In Figure 3. the soil cement will extend at least 1 fL 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 su, where su = the undrained shear 
strength. Note, s. is half of q., the unconfined compressive strength.  

Based on this relationship, E = 750 q., 

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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SLIING ALONG CONTACT BETWEEN THE CONCRETE PAD AND THE UNDERLYING SOIL CEMENT 

The soil cement will be designed to have an unconfined compressive strength of at least 40 

psi to ensure that it will be stronger than required to provide a factor of safety against 

sliding that exceeds the required minimum value of 1. 1. The shear strength equals half of 

the unconfined compressive strength, 20 psi. which equals 2.88 ksf. Therefore, the 

resistance to sliding between the concrete storage pad and the top of the soil cement layer 

beneath the pad will be greater than: 

N * c B L T 

T = 6,368 K x tan 00 + 2.88 ksfx 30 ft x 67 ft = 5.789 K 

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

The factor of safety against sliding between the pad and the surface of the underlying soil 

cement is calculated as the resisting force + the driving force, as follows: 

T FAEz Ew EQhp EQhcz.w 

FSd t, son c==nt = 5,789 K+ (65.3 K + 6 43 K+ 2, 2 1 2 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 colian silt in the pad emplacement area. Note, f. = 40C where C = percent cement in 

the soil cement. Therefore, to obtain fL >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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So. CE•rNT ABovE TnE 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, a, -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-iC 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 ksfx 30 ft x 67 ft = 4,010 K.  

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

Tlbs (12in.'? 

TscaCtOPd@&s -250--- x12 x ,O00s x 2.33 ft x 30 ft = 2,516 K TS0d~c.t.Pd9&S in.2  ft ) 1,000 lbs 

Clay Soil Cement 
TN-s = 4.010 K + 2,516 K = 6.526 K 

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

TN-s FA p-s EQhp Eqhc w-s 
FS pad to cbuy sonw-sw/pwaws = 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 FAI N-S EQhp Eqhc N-s 
FS pad t cayey sonx4w/o vasa,. = 4,221 K - (29.3 K + 643 K + 2.102 K) = 1.52 

(2,774.3 K) 

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

_250lbs f 12ln.)A 
Tsc~jaemto~d,&0w -- n.x I K - x 2.33 ftx 67 ft = 5,620 K TSCAdacet o PdG&W in .2  ft) 1,000 lbs 

Clay Soil Cement 
Tr-w = 4,010 K + 5,620 K = 9,630 K 

Trw FA.-w EQhp EQhC~w 
FS Pad to Clre~aM S- F= 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 underlyng 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 LoadsN.S = 10 x 2,102 K = 21,020 K 

Inertial forces due to Pads + Soil Cement

Weight of Pads = l0 x 904.5 K = 9.045 K 

Weight of Soil Cement = 9 x 3.33ft x 30 ft x 5/f x 0. 11 klps/ft3 = 495 K 

_ +lOx3Oftx67ftx Iftx0.11 kps/ft3 = 2,211K 

Total Weight = 11,751 K 

Inertial forces due to Pads + Soil Cement = 0.711 x 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 
TN-s= 10padsx30ftx67ftx2.1 ksf +9zonesbetweenthepadsx30ftx5ftx 1.4ksf.  

or TN-s= 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 
FSpaadwayyc sonr = 44,100 K + 2 9,456 = 1.50 

Ignoring Passive Resistance at End ofE-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 ftx 30 ftx 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: 

T ls 12In. 2  K 
TSC~d•a.ntt=t S =250 .- x x 000 bsX 2.33ftx30ft=2,516K 

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

Soil cement 
Tw-s = 10 pads x 30 ft x 67 ftx 2.1 ksf + 9 zones between the pads x 30 ft x 5 ft x 1.4 ksf, or 

TN.s = 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 mdua Sgt = 0.95 X 44,100 K = 41,895 K 

Clay Soil Cement 
TN-s = 41,895 K + 2,516 K = 44,411 K 

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

TNP- Driving Forcew.s 
FS pdtc mm son N-S = 4 4 .411 K + 29,456 K = 1.5.1 

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) xa2,516 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 RESmUAL STRENGTu REguImRD ALONG BASE OF ENTIRE COLUMN OF PADS IN N-S 

DIRECON, ASSUMING L PASSIVE RESISTANCE IS PROVIDED uy 250 Psi Son. CEMENT 

ADJACENT TO LAST PAD IN COLUMN 

To obtain FS = 1. 1. the total resisting force, T, must = 

1.1 x [Cask Earthquake Loads + (Wt of Pads + Wt of Soil Cement) x 0.711 + FAE N-]S 

= 1.1 x121,020 K + (11.751 Kx0.711) + 81.3 K] 

Therefore. Tps.i,. = 32.402 K 

In this case, the resisting forces to sliding in the N-S direction include all of the passive 

resistance at the far end of the column of pads, which acts on the 2'-4" height of soil 

cement along the 30' width of the pad in the E-W direction + the 1' minimum thickness of 

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

lbs (12 in."2  K 
TSC.dJ-,nt"oPdN&S = 250 . x -I x 13.33ftx30ft=3.596K 

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

A= lOx3Oftx67ft + 9x3Oftx5ft 

A= 20,100 ft2 + 1,350ft2 = 21.450ft2 

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

TN.s = T x area (A) 

TN-s =-rpd x 20,100 ft2 + Tson c.=1 X 1,350 ft2 = 32.402 K - 3.596 K =28.806 K 

•pa= 2.1 ksf& Tsa crt = 1.4 ksf; thus, rsw Ce.,t = (1.4 + 2 .1) x rftd = 0.67 x pTa 

T,• = IPad X 20,100 ft2 + 0.67 x irpd x 1,350 ft2 = 'ZPd x 21,000 ft2 

,Pfd X 21,000 ft 2 = 28.806 K 

rpd = 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 ='Cpx20,100 ft2 + rsoace.tX 1,350 ft2= 32,402 K 

, p,d = 2.1 ksf & ?Soa CemCmi = 1.4 ksf; thus, Tsw c=eet = (1.4 + 2.1) X Tpad = 0.67 X 'Pad 

TN-S = ftpd X 20,100 ft2  + 0.67 X cpfd X 1,350 ft2  = P•dX 2l1,000ft2 

Srp.d x 21,000 ft2 = 32,402 K 

-r d = 32,402 K + 21,000 ft2 = 1.54 ksf 

The peak shear strength of the underlying clayey soils is 2.1 ksf. Therefore, the maximum 
reduction in peak strength permitted to obtain a factor of safety of I. 1 is calculated as: 

,&- = 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: 

Tsc *dJatt Pad N&S = 250 - x 2 K x 3.33 ft x 30 ft = 3,596 K 

SCMscctt~adw&Slb fti.f) -1,.000 lbs 

The base area required to provide this shear resistance = 30 ft x LN-s x 1.4 ksf. where 1.4 

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

ksf) at the base of the soil cement layer beyond the end of the column of pads - See p C2.  

LNS = 3,596 K - (30 ftx 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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The design basis for the sliding stability of the cask storage pads relies on: 
I. 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 4. N = 1. 146 K, 
as shown on p. 2 1:
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WC Wp Evc EQvp 

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

N * c B L 

T= 1,146Kx tan 170 + 0 ksfx 30 ftx67 ft= 350.4 K 

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

The factor of safety against sliding is calculated as follows: 

T F N-s EQhp EQhc 

FS = 350.4 K + (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 IA 40% N-S, -100% Vertical, 40% E-W (Earthquake Forces Act Upward) 

wc Wp EQvc EQvp 
N = 2,852 K + 904.5 K + (-1.982 K) + (-629 K = 1,146 K 

N 0 c B L 

T= 1.146Kx tan 170 + 0ksfx30 ftx 67 ft = 350.4 K 

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

T 40% of [FAs EQhp Eqhcl 

FS = 350.4 K ÷ 10.4 x (29.3 K + 643 K) + 696 KJ = 0.36 
(964.9 K) 

In this case. note that EqhcN-s = the minimum of 0.4 x Eqc m. N-s and 0.8 x Ncscs,.  

Eqh. == Ns = 2,101 K. as shown in the table on p. 20; thus, 40% of it = 841K& 

0.8 x Nc.Aas = 696 K, as shown in the table on p. 20; therefore, EqhcN.s equals 696 K. This 
is the maximum horizontal force that can be transmitted from the casks to the top of the 
pad due to friction.
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To ensure the pad does not slide, the factor of safety should be greater than 1.1.  

Therefore, the resistance to sliding must be increased by 1.1 x 965 K - 350 K. or 615 K.  

The soil cement adjacent to the pad is 2-4" deep and 30' wide. The resisting force 

provided by the soil cement adjacent to the pad is calculated as the unconfined 

compressive strength, q,, of the soil cement, multiplied by the area of the end of the pad, 

which equals 2.33' x 30'. Therefore, 

615K ft2 1,000 lbs 61.1 psi 
=2.3 3 ftx 3 0 ft f2 (12In.)2  K 

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

""Te 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 structura! fill, but it likely will be at 

least 250 psi to satisfy the durability requirements associated with environmental 

consklerations (Le., freeze/thaw and wet/dry cycdes) 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, ff 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 ILA. 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 (I - 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 ksfx tan 170 = 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 soilcement block. The maximum horizontal driving force is calculated as the mass of the block x the peak horizontal acceleration, 0.71 1g, which equals 0.71 Ig 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 liA) 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, 

FSso -cncnrt BlockCase IIA = Shear Strength Due to Friction 0.051 ksf 
Shear Stress Due to Horlz Inertia 0. 156 ksf = 0.33 Similar results apply for Loading Case IIIC. where 100% of the earthquake forces are assumed to act In the north-south direction when 40% act in the other two orthogonal 

directions; e.g..  

F~son-_cemtBIomkCase IlIC = (l-0.4x0.695)x5ftx0.11kcfxtanl7" 
0.121 ksf= 0.31 100%x 0.711 x5 ft xO.11 kcf 0.391 ksf 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 thefrictional 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 400. 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..  

Case IlIA (1-0.695)x5 ftx0.ll kcfxtan40" 0.141 ksf FSS1IC..I1k 
-=0.90 

le w/ = 4" 4 0%x0.71lx5ftxo.llkcf 0. 156 ksf 
Therefore, the effects of the frictional resistance acting on the base of the soil-cement block are ignored in the following hypothetical analysis of the factor of safety against sliding of a 
single pad.  
The passive resistance at the edge of the soil cement, where it bears against the existing soil. Is included, however. The soil cement layer is 5-ft deep at the edge away from the end of the pad. The passive resistance of the soils at this edge is calculated as follows. In this case. assume the strength of the soil is based on the triaxial test results presented in

I
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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 ksf and 0 = 21.30.  
Equation 23.7 of Lambe and Whitman (1969) indicates that the passive resisting force. P., 
is calculated as: 

1 x H x N. + 2c x H xN.  

where N, I + sine - 1 + sin 21.3* = 2.14 Eq 23.2 Lambe & Whitman (1969) 1 - sin 4o I - sin 21.3" 

and H=5ft 

PP 0. 080 kcf x{(5ft)2 x2.14 +2x1.4 ksf x5 ft x% = 20.91K/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 IFAE N-s EQhp EqhcJ K> FS = (3 50.4 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 0. N = 1,146 K calculated as follows: 

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

N 0 c B L 
T = 1.146 K x tan 170 + 0 ksfx 30 ftx 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 170. 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' + 351, 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 soll 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 = F~c + EQhp + EQhc. For the entire row of 20 pads.  
the maximum horizontal driving force is calculated as: 

FpNs _EQhp EQhc 

V = 29.3 K + 20 pads x 1643 K + 696 K! = 26,809 K.  

For Case IliA, 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 IIIAN-s is: 

FA'-s EQhp EQhc 

VmAN.s = 0.4 x (29.3 K + 20 pads x 643 K) + 20 pads x 696 K = 19,076 K.  

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

T 40% of FtA ss+ 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 FAz Ns+ 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), 

"VWhere the factor of safety against sliding is less than I due to the design basis 

ground motion, the displacements the structure may experience are calculated using 
the method proposed by Newrmark (1965) for estimating displacements of dams and 
embankments during earthquakes. The magnitude of these displacements are 

evaluated to assess the ompact 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 ý = 170. 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 MA: 40% N-S direction, -100% Vertical direction, 40% F&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] = 75,180 K 

Soil cement adjacent to pads is 30 ft wide and 3 ft deep = 

30 ft width x 3 ft deep x [9 gap x 5 ft length x 2 areas + 90 ft between areas] x 0. 110 kcf 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 --- + 9 gaps x5ft length x 2 areas + 90ft between areas 
P pad area gap 

xO.100kcf -9,120K 

= Fv = 75.130 K + 1,728 K+ 9,120 K =86.032 K 

Earthquake Vertical Force. F, r = av x W/g = 0.695g x 86.032 K/g = 59,792 K 

*= 170 

For Case lilA. 100% of vertical earthquake force is applied upward and, thus, must be 

subtracted to obtain the normal force: thus, Newmark's maximum resistance coefficient Is 

F, Fqk 0 Pp W 

N = 1(86,032 - 59,792) tan 170 + 627.3 K] / 86.032 = 0.101 

Acceleration in N-S direction. A = 0.284g 

Velocity in N-S direction. V = 13.7 in./sec 

SN 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 

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

where g is in units of Inches/sec2.  

r (13.7 in./secf .(1-0.354))=1.55" Iu , 2.386.41n./sec2 .0.101 5
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The above expression for the relative displacement is an upper bound for all the data 
points for N /A less than 0.15 and greater than 0.5, as shown in Figure 5. For N/A values 
between 0.15 and 0.5 the data in Figure 5 is bounded by the expression 

um [V2 I / (2gN) 

= (13.7 in,/sec)2  2.40" 
rn 12. 386.4 in./sec2 .0. 01 ) 

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 IMB: 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 IBIC for estimate of 
displacement in the north-south direction.  

Load Case WC:- 100% N-S direction, -40% Vertical direction, 40% &EW direction.  

Static Vertical Force, F, = W = 86,032 K 

Earthquake Vertical Force, Fm.m = 59,792 K x 0.40 = 23.917 K 

*= 170 

F, F, Ek 0 Pp W 
N = 1(86.032 - 23,917) tan 170 + 627.3 KI / 86.032 = 0.228 

Acceleration in N-S direction, A = 0.71 lg 

Velocity in N-S direction. V = 34.1 in./sec 

SN/A = 0.228 / 0.711 = 0.321 

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

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

((34.1 irL/sec)2 -(I- 0.321) .448" Ur 2"386.4 in./sec2 " 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 

u = [V2 I/ (2gNJ 

( (34.lln./sec = 6.6, 
2.386.4irL/sec2 .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 or HORZONTAL DiSPLACEMENTS CALCULATED BASED ON NEWMARK'S METHOD 
FOR ASSUMPTION THAT CASK STORAGE PADS ARE FOUNDED DnIECTY ON COHESiONLESS 

SOILS wrITm = 170 AND PASSIVE PRESSURE DUE TO SITE SOILS ACTS ON 5-FT THICK LAYER 
OF SOIL CEMENT AT END OF Row or 20 PADS

LOAD COMBINATION DISPLACEMENT 

Case MA 40% N-S -100% Vert 40% E-W -2 inches 

Case 11IB 40% N-S -40% Vert 100% E-W < Case 10IC 

Case MC 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 
= 170. the estimated relative displacement of the pads due to the design basis ground 
motion based on Newmark's method of estimating displacements of embankments and 
dams due to earthquakes ranges from -2 inches to -6 inches. There are several 
conservative assumptions that were made in determining these values for this hypothetical 
case, and, therefore, the estimated displacements represent upper-bound values. Even if 
the maximum horizontal displacement were to occur from an earthquake, there would be 
no safety consequence to the pads or the casks, since the pads and casks do not rely on 
any external "Important to Safety" connections.
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EVALUATION OF SIDMING ON DEEP SLIP SURFACE BENEFTH PADS 

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

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

The method proposed by Newmark (1965) is used to estimate the displacement of the 
pads, assuming they are founded directly on a layer of cohesionless soils. This 
simplification produces an upper-bound estimate of the displacement that the pads might 
see if a cohesionless layer was continuous beneath the pads. For motion to occur on a slip 
surface along the top of a coheslonless 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 300 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 350, as indicated in the plots of "Phi" interpreted from the cone 
penetration testing, which are presented in Appendix D of ConeTec (1999).  

EsnmTITON OF HORIZONTAL DISPL4ACEMENT USiNG NEWUARK'S METHOD 

N.W t F•,k) 

+ F, 
-- - - 1 -41.,

- I = T-A"ea
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Newnark (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= r-Area 

where T = on tan 

on = Normal Stress 

* = Frictlon angle of coheslonless layer 

a, = Net Vertical Force/Area 

= (F. - F, zqk)/Area 

T= (F,- Fvqk) tan l 
NW= T 

- N = [(F.-F. Eqi)tan ]/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.  

U. = V/(2gN) 

MAximum GRourD MOTONS 

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., aH = 0.71 ig 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 IIA. IIIB. and IMC. in which the pads are 
unloaded due to uplift from the earthquake forces.  

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

Case TUIB 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 

9g in./sec g g In.Isec 
IlIA 0.284g 13.7 0.695g 0.284g 13.7 

IUB 0.284g 13.7 0.278g 0.711 g 34.1 

IIIC 0.711g 34.1 0.278g 0.284g 13.7
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Load Case [I.A& 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. Fv,.qk = av X W/g = 0.695g x 3.757 K/g = 2,611 K 

4= 300 
For Case lILA. 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 FEqk W 

N = 1(3.757 - 2,611) tan 3001 / 3,757 = 0.176 

40% N-S 40% E-W 
Resultant acceleration In horizontal direction, A = 1(0.2842 + 0.2842) = 0.402g 

40% N-S 40% E-W 
Resultant velocity in horizontal direction, V = 4(13.72 +13.7 2 ) = 19.4 in./see 

SN / A = 0.176 / 0.402 = 0.4 3 8 

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

u. = [V 2 (I - N/A)] / (2gN) 
where g is in units of inches/sec2.  

= u=((19.4 In./SecC)Y.(1-0.438)J= 2 Um 2386.4 in./sec2 .0.176 1." 

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) 

um~ = (19.4 trL/sec) 2  = 2.77' 
S- 3 8 6.41n./sec2 . 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 BIM: 40% N-S direction, -40% Vertical direction, 100% E-W direction.  

Static Vertical Force, F, = W = 3.757 K 

Earthquake Vertical Force, Fk) = 2,611 K x 0.40 = 1,044 K 
*= 300 

F, FY rqk 4 W 

N= 1(3.757- 1.044) tan 3 0 *1 / 3,757 = 0.417 

40% N-S 100% E-W 
Resultant acceleration In horizontal direction, A = ý(0.2842 + 0.7112) g = 0.766g 

40% N-S 100% E-W 
Resultant velocity in horizontal direction, V = 4(13.72 + 34.12)= 36.7 in./sec 

SN / A = 0.417 / 0.766 = 0.544 

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

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

U.J(36.7 in./sec2.(I - 0,544) 191 
2 -386.4 in._/sec2. 0.417)= 

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

Load Case IlIC: 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 I1C is the same as those for Case IIIB.  

SUMMARY OF HORIZONTAL DISPLACEMENTS CALcULATED BASED ON NEWMARKs METHOD 
FOR ASSUMPTION THAT CASK STORAGE PADS ARE FOUNDED DIRECTLY ON COHE•IONLESS 

SoLS wrnH = 30° AND NO SOn. CEMENT

LOAD COMBINATION DISPLACEMENT 

Case IA 40% N-S 100% Vert 40% E-W 2.2 inches 
Case III 40% N-S -40% Vert 100% E-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 * 
= 300, the estimated relative displacement of the pads due to the design basis ground 
motion based on Newmark's method of estimating displacements of embankxnents 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 I 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 300. However, the results of the cone penetration testing (ConeTec. 1999) 
indicate that these soils have ý values that generally exceed 35 to 400, 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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ALLOWALE EARMG CAPAMT OF THE CASK STQRAGE PADS 

The bearing capacity for shallow foundations is determined using the general bearing 

capacity equation and associated factors, as referenced in Winterkorn and Fang (1975).  

The general bearing capacity equation is a modification of Terzaghi's bearing capacity 

equation, which was developed for strip footings and indicates that qat = c'Nc + q.Nq + 

½ArB.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,. Nq, 

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= c N0 Sc Cd. k + q Nq s4 dq i + ½ yB Nr sr dy 4 

where 

q.& = ultimate bearing capacity 

c = cohesion or undrained strength 

q = effective surcharge at bottom of foundation. = yDf 

y= unit weight of soil 

B = foundation width 

s,. sq. s 7 = shape factors, which are a function of foundation width to length 

cLd, dq cd = depth factors, which account for embedment effects 

t-, 4, 4 = load inclination factors 

N,, Nq, Ny = 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 q in 
the second term.  

BEARjNG CPAacrm 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. = ea- ctae b45 + = 

Nc=(Nql) cot*.but=5.14fort=O.

N=2 (Nq+1) tan€
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SHAPE FACTORs (FOR L>A) 

BNq 
L Ne 

.• =1 +-Btan* 
L 

S= 1_-o.4-B 
L 

Dr 
DEFM FACTORS (FOR R-5 1) 

d= -dq) for>0 and de=1+0.4 (D for =0.  
Nq.tan & + R) 

dq =1+ 2tano. (1-sin44X Dr 

d=1 

INCLINATION FACTORS 

Fv + EI:cB''ccot ) 

(11-q) form>O and iF=1 MLc. for =0 

•=h NC.aano 

l= I- FH +1* 

I? ( Fv + BL'ccot ) 

Where: Fm and Fv are the total horizontal and vertical forces acting on the footing and 
ms = (2 + B/L) / (I + B/, 

mr = [2 + L/B) / (1 + L/B) 

STATIC BEARING CAPAcrTy 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 =0° & c = 2.2 ksOl.  

Case 1B Static using effective-stress strength parameters (* = 300 & c = 0).
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Allowable Bearing Capacity of Cask Storage Pads 
Static Analysis: Case [A - Static 
Sofi Properties: c = 2,200 Cohesion (psf) 

* = 0.0 Friction Angle (degrees) 
Y = 80 Unit weight of soil (pcf) 

,= = 100 Unit weight of surcharge (pcf) 
Foundation Properties: B' 1 30.0 Footing Width - ft (E-W) 

D0 = 3.0 Depth of Footing (ft)
L! = 67.0 Length. ft (N-S)

0 g9aH 
FS = 3.0 Factor of Safety required for qanobe 0 g =av 

Fv sui=, 3,757 k & EQv = 0 k -, 3,757 k for Fv 
EQHE-W= 0 k & EQH,= 0 k - 0 kforFH 

General Bearing Capacity Equation, 
q~=cN €%s=d= 1 DNq sq dq iq +12 BNI•sxd•~ ibased on Winterkorn & Fang (1975) 

N,= (Nq-1) cot(o),but=5.14for =0 = 5.14 Eq 3.6 &Table 32 
Nq = ea"" tan2(r/4 + V/2) 1.00 Eq 3.6 
Hy = 2 (Nq + 1) tan (€) = 0.00 Eq 3.8

s= = 1 + (B/LXN N) = 
aq= I + (B/L) tan t 
sy = 1 - 0.4 (B/L) 

For D/B< 1: dq = 1 + 2 tan t (1 - sino)D/B = 
d,=1 

For t> 0: d. = dq - (1-dq) I(N tan) 
For 0 = 0: d, = 1 + 0.4 (DvB) 

No inclined loads; therefore, 1, = iq = iy f 1.0.

Gross qlR = 13,085 psf =

Ik term 

12,785

1.09 
1.00 
0.82

1.00 

1.00

N/A 

1.04

N. term 

+ 300

Table 3.2 

Eq 3.26 

Eq 3.27

N. term 

+ 0

q=i v 4,360 psf = q,, I FS 

q=l-ta = 1,869 pS = (Fv s=t.t + EQv)I (B' X L') 

FSactw = 7.00 = q I qI &, > 3 Hence OK

[geot]•05996\cldc~bmg-cap\=>adrWintFang-8 Jds
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Allowable Bearing Capacity of Cask Storage Pads

Static Analysis: 
Soil Properties: 

Effective Stress Strengths 

Foundation Properties:

Case lB - Static 
c = 0 Cohesion (psi) 
0 = 30.0 Friction Angle (degrees) 
Y = 80 Unit weight of soil (pcf) 

¥=u-h = 100 Unit weight of surcharge (pci) 
B' = 30.0 Footing Width - ft (E-W) 
D, = 3.0 Depth of Footing (It)

FS = 
Fv stl.= " 

EQm EMw =

3.0 Factor of Safety required forqj 
3,767 k & EQv= 0 k 

Ok & EQHN-S= Ok

U = 67.0 Length - It (N-S) 

0 g=aH 

lowabr. 0 g=av 
--* 3,767 k for Fv 
- 0 k for FH

quit = C Nc se dc le ÷ Ys,,r D, Nq aq dq iq + 1/2 y B NT T C1 Ik 

NI -(Nq- 1) cot(o),but= 5.14for 0= 
Nq = e" =n tanre(r4 +/2) 
Nc 2 (Nq+ 1) tan (0)

= - I + (B&)(Nqft4,) 
sq = I + (B/I.) tan* = 

1 = I - 0.4 (B/L) = 

ForD/B<i 1: dq,= 1 +2tan* (1 -sin )2 DpB 

For * >0: d = dq - (1-A) i (N. tan 0) = 
For $ =0: d= 1 + 0.4 (D/B) 

No inclined loads; therefore. i1 = i =iy = 10.0.

Gross quit = 29,216 psf =

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

= 30.14 Eq 3.6 & Table 3.2 
= 18.40 Eq 3.6 

= 22.40 Eq 3.8

1.27 
1.26 
0.82 

1.03 

1.00 

1.03 
N/A

N. term Nq term 

0 + 7,148

Table 3.2 

Eq 3.26 

Eq 3.27

N. term 

+ 22,068

qa, = 9,730 psI = quit I FS 

qa.we = 1,869 psf = (F, stft + EQJ) I(B'x L') 

FS=wo = 15.63 = quI q.lc > 3 Hence OK

1 04-9 I

[gWM5996\caftmg-c&pUýladýWinLFang4ads
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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 c = 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 t = 300 and c = 0 results in higher 
allowable bearing pressures. As shown in Table 2.6-6, the gross allowable bearing 
capacities of the cask storage pads for static loads for this soil strength is greater than 9 
ksf.
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DYNAMIC BEARING CAPACITY OF THE CASK STORzAGE 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 ONINERT7AL 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 am 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 (g = 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 IL 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 A• = 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 tn 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 (W = 00 and c = 2.2 kst).  

Case II 100% N-S direction, 0% Vertical direction, 100% E-W direction.  
Case MHA 40% N-S direction, -100% Vertical direction. 40% E-W direction.  
Case MUB 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



STONE & WEBSTER, INC.  

5010.65 CALCULATION SHEET 

CALCULATION IDENTIFICATION NUMBER 

J.O. OR W.O. NO. DIVISION & GROUP CALCULATION NO. OPTIONAL TASK CODE PAGE58 

05996.02 G(B) 04-9 
DvxC BEIG CAPA=OFIE CA STAWPADSBA=D CVER21AL FOCES 

Case 110: 100% N-S, 0% Vertical, Z00% E-W 

Determrzne forces and moments due to earthquake.  

Wc .Wp 
F, = 2,852 K + 904.5 K = 3,757 K and EQV = 0 for this case.  

aH HTpa B L Y

EQH pad = 0.711 x 3 x 30' x 67' x 0.15 kcf = 643 K 

aH Wc A Nc 

EQhc = Minimum of 10.711 x 2,852 K & 0.8 x 2,852 KI = EQhc =2,028 K 

2,028 K 2,282K 

Note, Nc = Wc in this case, since av = 0.  

EQhp EQhc 

EQHN-s = 643 K + 2.028 K = 2,671 K 

The horizontal components are the same for this case; therefore, EQH s.w = EQi N-s 

Combine these horizontal components to calculate FH: 

=* FH =49EQ2nr~w +EQ2 Hnq.5 = 426712 +2,6712 = 3,777 K 

Determine moments acting on pad due to casks.  

See Figure 6 for identification of Ab.  

Ab = 9.83'xEQhc 9.83'x2,028K 6 9 9 ft 
Wc + EQvc 2,852K + 0 

am Wp EQhc Ab Wc EQvc 

ZMep•= 1.5' x 0.711 x 904.5 K +3' x 2,028 K + 6.99' x (2,852K + 0) 

= 965 ft-K + 6,084 ft-K + 19.935 ft-K = 26,984 ft-K 

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

MO@E.W = XMON.S = 26,984 ft-K 

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

Detennrne qwa•ue for FS = 1.1.
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Allowable Bearing Capacity of Cask Storage Pads 

PSHA 2,000-Yr Earthquake: Case II

Based on Inertial Forces Combined: 

100 % N-S, 0 % Vert, 100 % E-WR
c = 2,200 Cohesion (psi) Footing Dir 
0 = 0.0 Friction Angle (degrees) B = 30.0 
Y = 80 Unit weight of soil (pcf) L = 67.0 

= = 100 Unit weight of surcharge (pcf) 
B' = 15.6 Effective Ftg Width - ft (E-W) L' = 52.6 
Di = 3.0 Depth of Footing (ft)

FS-= 

EQN E-w =

1.1 Factor of Safety required for qslkwabl

3,757 k & EQv = 

2,671 k & EON N-S =

qwt = c N=. s. d, I© + ywmjh D, Nj= N de= ie + =/ y B Ny si dy i• 

Ncn(Nq- 1) cot(ý), but= 5.14for =0 
N e= 'mr* tane(x/4 + 0,2) 

N1 = 2 (Nq + 1) tan (€) 

s= I + (B/L)(Nq/Nf) 
= 1 + (B/L) tan 0 

= 1 - 0.4 (B/L) 

For DfB_<1: d4 = 1 +2tan$ (1 -sine)o DXB 
dy=1 

For 0 >0: d, = dq - (1-dq) / (Nq tan 4) 
For 0= 0: d, = 1 + 0.4 (DAB) 

me = (2 + BA.) / (1 + B/L) 

mL.= (2 + L/B) / (1 + L/B) 

If EQO N4 > 0: e0 = tan'l(EQH E.w/ EQO N-S) 

ma. ML cos'6. + me sinoo.  

LI (1- FH / 1(1v + EQ) +B' L' c cot $])} 

I= (1 - F [(F, + EQ) + I' L' c cot ]}1 

For =0: I= 1 - (m FH/ B' U c Nc) 

N, term

mensions: 
Width - It (E-W) 
Length - ft (N-S) 

Length - It (N-S) 

0.711 g aH 

0.695 g av
0 k - 3,757 k for Fv 

2,671 k -- 3,777 k for FH 

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

5.14 Eq 3.6 & Table 3.2 

1.00 Eq 3.6 

0.00 Eq 3.8

I= 

='

1.06 
1.00 

0.88 

1.00 

1.00 

N/A 
1.08

= 1.69 

= 1.31 

= 0.79 

= 1.50 

= 1.00 

= 0.00 

= 0.39 

N. term

red

Table 32 

Eq 3.26 

Eq 3.27 

Eq 3.1Ba 

Eq 3.18b 

Eq 3.18c 

Eq 3.14a 

Eq 3.17a 

Eq 3.16a 

N, term

5,338 psf = 6,038 + 300 + 0

C1 = 4,850 psf = q,1t / FS 

qwt=s, = 4,565 psf = (Fv,, 6 = + EQV) (B' x L')

FS-, = 1.17 =q,*Iq 8 > 1.1 Hence OK

[geotiS99 Bcalcnmg-cap=PadhWinCFang-8Jds

Soil Properties:

Foundation Properties:
YuNA

Gross cft =
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Case fl&" 40% N-S, -100% VerticaL 40% E-W 

Determine forces and mwments due to earthquake.  
av Wp Wc 

EQv = -100% x 0.695 x (904.5 K + 2,852 K) = -2.611 K 
aH Wc 

EQhp = 0.711 x 904.5 K = 643 K 

Normal force at base of the cask = Cask DL = 2,852 K 
- Cask EQvc =-1. x 0.695 x 2,852 K =- 1,982 K =avxWc 

= Nc = 870 K 

~FzgQ .o.sr= 0.8x870K=696K 
aH Wc It Nc 

EQhc = Minimum of [0.711 x 2,852 K & 0.8 x 870 KI 
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 (= Fig ,o.o); 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: 

EQ -zw +EQ~bCS.S =EQ~bc = 6962 EQ hCE-W = EQhCN's - 492.1K 

40% of EQhp E.hem-s 

SEQHxN = 0.4 x 643 K + 492.1 K= 749.3 K 

Since horizontal components are the same for this case, EQH .w = EQH N-S 

= F. =EO±uI.w + E=. = -1749.3 + 749.32 = 1,060 K 

Detennine moments acting on pad due to casks.  

See Figure 6 for identification of Ab. Note: EQvc = -1. x 0.695 x 2,852 K = -1,982 K 
Ab = 9.83"xEQhc 9.83'x 492.1K = 5.56 ft 

Wc + EQvc 2.852 K- 1,982 K 

40% aH Wp Eqhcz-w Ab Wc EQvc 

XMes= 1.5'x 0.4 x 0.711 x 904.5 K + 3'x 492.1 K + 5.56'x (2,852K- 1,982K) 

= 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, 

ZMOE.w = ZMON.s = 6,699 ft-K 

Deternmne q 0tn for FS = 1.1.
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Allowable Bearing Capacity of Cask Storage Pads 

PSHA 2,000-Yr Earthquake: Case MA 
Soil Properties: C = 2,200 Cohesion (psf)

Foundation Properties:

YS~rch = 

B' = 
Df =

Based on Inertial Forces Combined: 
401% N-S, -100 % Vert, 40 % E-W

Footing Dir
0.0 Friction Angle (degrees) B = 30.0 
80 Unit weight of soil (pcf) L = 67.0 

100 Unit weight of surcharge (pcf) 

18.3 Effective Ftg Width - ft (E-W) L' = 55.3 
3.0 Depth of Footing (It)

mensions: 
Width - ft (E-W) 

Length - ft (N-S) 

Length - ft (N-S)

0.711 g= aH 

FS = 1.1 Factor of Safety required for qw,•,b 0.695 g = av 

Fvstw = 3,757 k & EQv= -2,611 k -- 1,146 kforFv 

EQHE.W=W 749 k & EOQN.s= 749 k -. 1,060 kforFH 

quit cN. sdc le * yuh Dt Nq q q q +12yGeneral Bearing Capacity Equation, 
D+12 B NT•dy !based on Winterkorn & Fang (1975) 

N.= (Nq- 1) cot(c), but = 5.14 for= 0 5.14 Eq 3.6 & Table 32 

N ." 2, ta?(7'4 + ) = 1.00 Eq 3.6 

Nz: 2 (Nq+ 1) tan (0) = 0.00 Eq3.8

s6= I + (B/L)(Nf/Nt) 
Sq= 1 + (B/L) tan 0 

I= - 0.4 (B/L)

I=

1.06 
1.00 
0.87

Table 3.2

For D/B$1: dq= I + 2 tan0 (1 -ssin o) DVB 

For 0 > 0: d. = d, - (1-) / (N. tan €) 

For 4 =0: d.= I + OA (D/B) 

mn0 = (2 + B/L) (1 + /M) 

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

If EQj .s > 0: 0e = tan-'(EQH E.wl EOH N-S) 

m, = ,mL coSee + rmssin=6.  

lI= { I - FH/[(FV + EQJ) + B'U c cot ]m 

I =1 - FnI[(FW + EQV) + B' I c cot 0)] 

For =0:I1= I - (m FHIB'L'cN0 )

Gross q," = 11,344 pSf =

N, term 

11,044

= 1.00 

- 1.00 

= N/A 

= 1.07 

= 1.69 

- 1.31 

= 0.79 

= 1.50 

= 1.00 

= 0.00 

= 0.86 

N term 

+ 300

q=, = 10,310 psf = qut IFS 

qla, = 1,132 psf = (Fr, t + EQ) I (B' x U) 

FSwww= 10.02 = qlt / q=/q8

Eq 3.26 
a 

Eq 3.27 

Eq 3.18a 

Eq 3.18b 

rad 

Eq 3.18c 

Eq 3.14a 

Eq 3.17a 

Eq 3.16a 

Ny term 

+ 0

> 1.1 Hence OK

[geotDM99C=Tftrng--mpPaoNWIrK-FwV4jds
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Case RIB: 40% N-S. -4096 VerticaL 10096 E-W 
Determineforces and moments due to earthquake.  

av Wp Wc 
E~v = -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 = -0.4 x 0.695 x 2,852 K = - 793 K =40% of av x Wc 

=* Nc = 2,059 K 
FM po.s = 0.8 x 2,059 K = 1.647 K 

aH Wc 9 Nc 
EQhc = Mm of 10.711 x 2,852 K & 0.8 x 2,059 KI = 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~hC.-W+EQ2 hcN.S =-EQ = 1,6472 • EQhCE.w = 11,6472 -8112 = 1,433.5 K 

Using 40% of N-S: 40% of EQhp EqhcN4 

* EQH-5s=0.4x643K+811K=1,068K 

Using 100% of E-W: 100% of Eghp Eqhcrw 
SEQK .-w = 1.0 x 643 K + 1.433.5 K = 2,076.5 K 

FH = IEQ2Ha-w + EQ2HNs• = 12,076.52 + L0682 = 2.335 K 

Detennine moments acti on pad due to casks.  

See Figure 6 for identification of Ab. Note: EQvc = -0.4 x 0.695 x 2.852 K = -793 K 

= 9.83'xEQhcw = 9.83' x 1,433.5K = 6.84 ft 
bWc+EQvc =2852K-793K 

100% aH Wp EqhcE-w Ab Wc EQvc 
,MNws = 1.5"x 0.711 x 904.5 K + 3' x 1.433.5 K + 6.84' x (2,852K - 793 K) 

- 965 ft-K + 4,300 ft-K + 14.084 ft-K = 19.349 ft-K 
AbN = 9.83"xEQhcs 9.83' x 811K = 3.87 ft 

Wc+Ebvc 2,852K-793K 

40% aH Wp Eqhcis fb WC EQvc 

lMoE.w = 1.5' x 0.4 x 0.711 x 904.5 K + 3'x 811 K + 3.87'x (2,852K- 793 K) 

= 386 ft-K + 2.434 ft-K + 7,969 ft-K = 10,787 ft-K

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

PSHA 2,000-Yr Earthquake: Case 11M

Based on Inertial Forces Combined: 

40%N-S, -40%Vert, 100%E-WU

Soil Properties: c =

Foundation Properties:

Ysurh : 

B' 
Dt =

FS = 
Fvsm.-= 

EON e.w =

2,200 Cohesion (psI) Footing Dr 

0.0 Friction Angle (degrees) B = 30.0 

80 Unit weight of soil (pcf) L = 67.0 
100 Unit weight of surcharge (pcf) 

15.7 Effective Ftg Width - ft (E-W) U = 59.0 

3.0 Depth of Footing (ft) 

1.1 Factor of Safety required for qt,-mb 

3,757 k & EQv = -1,044 k - Z 

2,077 k & EQHON.S= 1,068 k - 2,

nensions: 
WkIth - It (E-W) 

Length -ft (N-S) 

Length - It (N-S) 

0.711 g=am 
0.695 g = av 

712 k for Fv 
336 k for F"

qujt=cNos=cd=I+y=,:DjNq sqdqki +1/2yBN s•rd 

N,= (Nq - 1) cot($), but = 5.14 for = 0 
S= •n tan(ir/4 + 4,2) 

Ny 2 (Nq,+ 1) tan(4) 

s= 1 + (B/L)(N1/N0) 

$4 1 + (B/L) tan 

s= 1 - 0.4 (B/.) 

For DMB 1: dq = 1 + 2 tan (1 -sin 0)2 DvB 
d4=1 

For 0 > 0: d.= dq. (I-dq) I (Nq tan 1) 
For =0:d,= 1 +0.4 (DVB) 

me= (2 + B/L)/(t + /I) 
ML = (2 + US))/ (1 +IJ/B) 

If EQO N-.s> 0: 6e = tan'(EQH E.w/ EQH N.s) 

mn : mL cos2E + rn6 sin8e.  

Iq (1 - FH / I(Fv + EQ,) + B' L" c cot fl }m 

I1 - FH/IT[(F + EQV) + B' L' c cot •] }m*1 

Fore c 0: I= 1 - (m FN /B' L' C Nj)

Gross q.tt = 8,513 psf =

N, term 

8,213

=:

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

5.14 Eq 3.6 & Table 3.2 

1.00 Eq 3.6 

0.00 Eq 3.8

= 1.05 
= 1.00 

= 0.89 

= 1.00 

- 1.00 

- N/A 
= 1.08 

- 1.69 

- 1.31 

= 1.10 

- 1.61 

- 1.00 

= 0.00 

= 0.64 

Nq term 

+ 300

qa, = 7,730 psf = qut I FS 

q,•,. = 2,922 psf = (F,.•sd + EO) I (B'x L') 

FSw.e = 2.91 = qwt I q 1=am

Table 3.2 

Eq 3.26 

Eq 3.27 

Eq 3.18a 

Eq 3.18b 

rad 

Eq 3.18c 

Eq 3.14a 

Eq 3.17a 

Eq 3.16a 

N, term 

+ 0

> 1.1 Hence OK

(geotJO6998 %A&cKrn..c~pNPad\WifLF~ng-8J)ds
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Case =-,: 100% N-S -40% Vertical 40% E-W 
Detemrfneforces and moments due to earthquake.  

av Wp Wc 
E~v = -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 Evc = -0.4 x 0.695 x 2,852 K = - 793 K 
: Nc = 2.059 K

= 40% of av x Wc

Fs.,,=.o.s0.8x2,059K =1,647 K 
a" Wc P Nc 

EQhc = Min of 10.711 x 2,852 K & 0.8 x 2.059 IQ =* EQhc = 1.647 K; 
2,028 K 1,647K 

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

EQ2 hCN.S +EQ2 cE.-w =EQhc = 1,6472 : EQmN-s = 41,6472 _8112 = 1,433.5K 
Using 100% of N-S: 

100% of Eghp Eqhc"-s 
EQ9HN-s = l.0X 643K + 1,433.5 K- 2,076 K

Using 40% of E-W: 
40% of EQhp Eqhc-w 

= EQaaW=w0.4x643K+811K=1,068K 

FH= IEQ2H -W + ET2 HN.S = 11,0682 + 2.0762 = 2,335 K 

Dete•rnine moenxmts actin on pad due to casks

See Figure 6 for identification of Ab. Note: Egvc = -0.4 x 0.695 x 2.852 K = -793 K

Abr = 9.83!x Eghc EW 9.83!x8llK 
Wc + EQvc 2,852K-793K 

40% a, Wp Eqhcrw Ab Wc Egvc 
= 1.5 x 0.4 x 0.711 x904.5K+ 3'x811 K + 3.87'x(2.852K- 793K) 

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

Ab_= 9 .83xEQhcN._s = 9.83"x 1,433.5K= 6.84 ft Wc + Egvc 2,852K-793K 

100% aH Wp Eqhw-s Ab Wc Egvc 
EM@E.w = 1.5'x0.711 x904.5 K+ 3'x 1,433.5 K + 6.84 x (2,852K- 793 IQ

+ 4,300 ft-K + 14,084 ft-K = 19,349 ft-K

S010.65

= 965 ft-K

Determane qan,.=jbfor FS = 1. 1.
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Allowable Bearing Capacity of Cask Storage Pads 

PSHA 2,000-Yr Earthquake: Case MC 

Soil Properties: C = 2,200 Cohesic 
* = 0.0 Friction 

80 Unit wel 
Ysu¥ = 100 Unitwel 

Foundation Properties: B' = 22.0 Effectivi 
D, = 38.0 Depth o

FS = 
Fvst8-a = 

EON E-W' 

qWt = c Ns= dCl. 1. + Y.Mh D IN Sq dj i + 1 

N. = (Nq - 1) cot(O), but 

Nq = e"=• tan2(id4 + 

N= 2(Nq+1) tan (0)

Sc = I + (B/L)(N^N) 
s=1 + (B/L) tan t 

s, = 1 - 0.4 (BIL) 

For DvS 11: d4 = 1 + 2 tan ý (1 - sin) DI/B 

For > 0: d= = dq - (1-dq) I (N. tan €) 

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

me= (2 + BA.)/ (I + B/L) 

mL.= (2 + IB) 1(1 +L/B) 

If EQj$.s > 0: . = tan'(EQH w / EOH N.s) 

mn = r• cos2e. + me sln2e, 

= {1 - Fm / I(F, + EQJ) + B' L' c cot*] Qm 

I= {1 -FHI[(F, + EQV)+ B' L' c cot 01)}• 

For =0: 1©= 1 - (m FH/B' L'c Nj)

Gross q, = 10,010 psf =

N, term 

9,710

Based on Inertial Forces Combined: 

100 % N-S, -40 % Vert, 40 % E-WI

rn (psi) Footing Dir 
Angle (degrees) B = 30.0 
[ght of soil (pci) L = 67.0 
ight of surcharge (pci) 

eFtg Width -ft (E-W) U = 52.7 
f Footing (It)

nensions: 
Width - It (E-W) 
Length - It (N-S) 

Length - It (N-S)

0.711 g = aH 

1.1 Factor of Safety required for qauwe 0.695 g =av 

3,757 k & EQ~v= -1,044k 2,712 kforFv 

1,068 k & EONN.8= 2,077 k . 2,336 kforFw 

General Bearing Capacity Equation, 
I/2 ¥ B NT sT dl1 ivbased on Winterkorn & Fang (1975) 

= 6.14 for 0 = 0 = 5.14 Eq 3.6 & Table 3.2 

2) = 1.00 Eq 3.6 

= 0.00 Eq 3.8

= 1.08 
= 1.00 

= 0.83 

= 1.00 

= 1.00 

- N/A 
= 1.05 

= 1.69 

= 1.31 

= 0.48 

= 1.39 

= 1.00 

= 0.00 

= 0.75 

Nq term 

+ 300

qa,1 = 9,100 psf = qft I FS 

quw.l? = 2,334 pSf = (Fv swu=+ EQ) I (B' X L') 

FSajuwr 1 4.29 =qft I qft

Table 3.2 

Eq 3.26

Eq 3.27 

Eq 3.18a 

Eq 3.18b 

rad 

Eq 3.18c 

Eq 3.14a 

Eq 3.17a 

Eq 3.16a 

N1 term 

+ 0

> 1.1 Hence OK

EpotpsggftaleNbrng-cWPanNWint-Fwv-g.xls
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Case iVA.- 40% N-S. 100% Vertical, 40% E&W 

Determineforces and moments due to earthquake.  

av Wp Wc 

S= 100% x 0.695 x (904.5 K + 2,852 K) = 2,611 K 

alm Wc 

EQhp = 0.711 x 904.5 K = 643 K 

Normal force at base of the cask = Cask DL = 2,852 K 

+ Cask Egvc = 1. x 0.695 x 2,852 K = + 1,982 K =av x Wc 

* Nc = 4,834 K 

SFig ,o.s = 0.8 x 4.834 K = 3,867 K 

aH Wc A Nc 

EQhc = Min of 10.711 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 (= FEg po.e); therefore, Eghc = 811 K In both the N-S and E-W 
directions for this case.  

40% of EQhp EqhcNs 

SEQHN- =0.4x643K+811K=1,068K 

Since horizontal components are the same for this case. EQH r-w = EQH N-s 

= FH = JE&HTE-W+EWaN4 = 41.0685 +1,068 = 1,510K 

Detennine moments acting on pad due to casks.  

See Figure 6 for Identification of Ab. Note: Egvc = 1.0 x 0.695 x 2.852 K = 1,982 K 
Ab,_w 9.83'xEQhctw 9.83"xK81K 1.65 ft 

Wc + EQvc 2852K+1,982K 

40% am Wp Eqhcerw Ab Wc Egvc 

ZMON-S = 1.5'x 0.4 x 0.711 x 904.5K +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 
The horizontal forces are the same N-S and E-W for this case: therefore.  

SMoerw = XGaIi-s = 10,795 ft-K

Determine qzn.we for FS = 1.1.
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CALCULATION IDENTIFICATION NUMBER 
J.O. OR W.O. NO. DIVISION & GROUP CALCULATION NOO. OPTIONAL TASK CODE PAGE 67 

05996.02 G(B) 04-9 I
DvNAWuc BEA.rIo CAPAWCf OF OFE CASK MUMA PAWDS BASM oNMRMtJ u.  

Allowable Bearing Capacity of Cask Storage Pads Based on Inertial For 
PSHA 2,000-Yr Earthquake: Case IVA 40 % N-S, 100 % Vi 
Soil Properties: c = 2,200 Cohesion (psf) Footing Dir 

0 = 0.0 Friction Angle (degrees) B = 30.0 
Y = 80 Unit weight of soB (pcf) L = 67.0 

Ya,- = 100 Unit weight of surcharge (pcf) 
Foundation Properties: B' = 26.6 Effective Ftg Width - ft (E-W) U = 63.6 

DI = 3.0 Depth of Footing (ft)

,ces Combined: 

ert, 40 % E-W
nensions: 

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

Length - ft (N-S)

0.711 g=an 
FS = 1.1 Factor of Safety required for qa•,,=b= 0.695 9 = av 

Fvs :tat 3,767 k & EQv= 2,611 k -- 6,368 k for Fv 
EQH E.W 1,068 k & EOHN-"= 1,068 k -- 1,511 kforFH 

General Bearing Capacity Equation, 
quit - c Nc sc de ic + y-,,h Dr Nq =,l dq +÷ 112 y B Iy y dr based on Winterkorn & Fang (1975) 

N.= (N4- 1) cot(o), but= 6.14for €z0 = 5.14 Eq 3.6 &Table3.2 
Nq - e" tan(7d4 + 4) = 1.00 Eq 3.6 
N, = 2 (Nq + 1) tan (0) = 0.00 Eq3.8

6, = 1 + (B/L)(Nq/Nj) 
8 q = 1 + (B/L) tan 0 

sj = 1 - 0.4 (B/L) 

For D/B<1: dq= 1+2tanf (1 -sine)2 D1VB 

For0€> 0:d,= d- (1-•c/(N, tan $) 
For t = 0: d= 1 + 0.4 (Di/B) 

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

ML = (2 + I.B) 1 (1 + L/B) 
If EN N.s > 0: 6. = tan1 (EQH E.w I EQH N.S) 

i, = rk cosn + me sin2
e.  

iq= (1 -FN/[(F,+ EQJ)+ B' V ccot ]Q} 

i = (1 - FHI[(F, + EQ) + B' U c cot$]}"" 

Fore0 = 0: 1, a- (m FjIB'L'c Nj)

Gross q,, = 11,567 psf =

N, term 

11,267

=

1.08 
1.00 
0.83

= 1.00 

- 1.00 

- N/A 
- 1.05 

= 1.69 

= 1.31 

= 0.79 

= 1.50 

= 1.00 

= 0.00 

= 0.88 

Nq term 

+ 300

qfi = 10,510 psf = q~t IFS 

q6,t" = 3,762 psf = (F, ftw EOB) I (B' x L') 

FSII, = 3.07 = quit I ica

Table 3.2

Eq 3.26 

Eq 3.27 

Eq 3.18a 

Eq 3.18b 

rad 

Eq 3.18c 

Eq 3.14a 

Eq 3.17a 

Eq 3.16a 

N, term 

+ 0

> 1.1 Hence OK

tgeotOO96-aictrng-.cap~PgaWinLFangoads

.1
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J.O. OR W.O. NO. DIVISION & GROUP CALCULATION NO. OPTIONAL TASK CODE PAGE 68 

05996.02 G(B) 04_9 

DIvMc BEAwm CAPAcmy o•w T CA=s SrTomwc PA•S BASE• aN/•1m'MZ, FORcEs 

Case ZVB: 40% N-S, 40% VerticaL 100% ,-W 

Determine forces and moments due to earthquake.  

av wp Wc 
Egv = 0.4 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 = +0.4 x 0.695 x 2,852 K = + 793 K =40% of av x Wc 
* Nc = 3.645 K 

SFso p.o.s = 0.8 x 3,645 K - 2,916 K 

as Wc I Nc 

EQhc = Min of 10.711 x 2,852 K & 0.8 x 3,645 K) =.EQhc = 2,028 K, since it is < FE• ro.s 

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, EqhcNs = 0.4 x 2,028 K =811 K 
and 100% in the E-W direction, Eqhcm-w = 2,028 K for this case.  
Using 40% of N-S: 

40% of Eghp Eqhcf-s 
SEQHN-s=0.4x643K+811K=1.068K 

Using 100% of E-W: 

100% of EQhp Eqhc.-w 
EQm r.w = 1.0 x 643 K + 2,028 K = 2,671 K 

SFH = 4EQZHE.w +EQ2HN.-S = J2,6712 +1,0682 = 2,877K 

Detenine moments acting onppad due to casks 

See Figure 6 for identification of Ab. Note: EQvc = 0.4 x 0.695 x 2.852 K = 793 K 
Ab 9.83'xEQhcZw 9.83'x 2.028K = 5.47 ft 

•-w = Wc+EQvc 2,852K+793K 

100% aR Wp EqhcrEw Ab Wc EQvc 

ZMOWN = 1.5' x 0.711 x 904.5 K + 3' x 2.028 K + 5.47'x (2,852K + 793 KI 

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

= 9.83'x EQhc.s - 9.83'x811K =2.19/f 
Wc+EQgvc 2,852K+793K 

40% as Wp EqhcN.s Ab Wc E.vc 

ZMorew = 1.5x 0.4x0.711 x 904.5 K + 3" x 811 K + 2.19'x (2,852K + 793 K) 

= 386 ft-K + 2,433 ft-K + 7,982 ft-K = 10,801 ft-K 

Determine qarvb.• for FS = 1.1.
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CALCULATION IDENTIFICATION NUMBER

J.O. OR W.O. NO.  

05996.02
DIVISION & GROUP 

G(B)
CALCULATION NO.  

04-9

DWvmaMcBEA~wGC tPAcuyor~TE CA=SK SoarPA DSBA SE CkIJZXLF 

Allowable Bearing Capacity of Cask Storage Pads 

PSHA 2,000-Yr Earthquake: Case IVB 

Soil Properties: c = 2,200 Cohesion 
4 = 0.0 Friction Al 
y = 80 Unit weigt 

Y'.'M = 100 Unitweigl 
Foundation Properties: B' = 18.8 Effective F 

Dt= 3.0 Depth of F

Based on Inertial Forces Combined: 

40 % N-S, 40 % Vert, 100 % E-Wf

(psf) Footing Dir 
ngle (degrees) B = 30.0 
it of soil (pcf) L = 67.0 
it of surcharge (pcf) 
Ftg Width - ft (E-W) L' = 62.5 
Footing (ft)

nensions: 
Width - ft (E-W) 

Length - ft (N-S) 

Length - ft (N-S)

0.711 g=aH 

FS= 1.1 Factor of Safety required for qa,c,ý 0.695 g = av 

Fvstwc 3,757 k & EQv= 1,044 k -. 4,801 kforFv 

EQHE.W= 2,671 k & EQHN-S= 1,068k -- 2,877 kforF" 
General Bearing Capacity Equation, 

q.•=€ N=s d= Ic + wh DftNq q dq Iq ÷ 12 B N• based on Winterkorn & Fang (1975) 

N1% (Nq- 1) cot(o), but = 5.14 for =0 = 5.14 Eq 3.6 &Table 3.2 

e= et* tan2 (iT4 + f2) = 1.00 Eq 3.6 
Ny=2 (Nq+'l) tan (€) 0 0.00 Eq 3.8

6, = 1 + (B/L)(Nq/Nj) 

1 + (B/L) tan t 

= 1 - 0.4 (1/L) 

For D/B<1: d4=1 +2tan* (1 -sin e) D/B 

dy=1 

For4> 0:4= d- (1-dq)/(Nqtanfl) 

For € = 0: d= I + 0.4 (DMB) 

me= (2 + B/L) I1 + B/L) 

ML (2 + L/B) (1 + L/B) 

If EQ..-s > 0: 6. = tan'(EQO E-w/ EQH 1-s) 

m, = im cos0e + me sin'oe 

Iq= 1 - F,/[(F, + EQJ)+ B' 1' co ot] om 

i = { 1 - FI [(F, + EQ) + B' Lc coto] }l.1 

For = 0: i1= 1 -i(m F,/B' V cV ) 

I• term

Gross qdt = 

qall = 

qactmi = 

F~actwui =:

8,508 psf = 8,208 

7,730 psf = q= I FS 

4,095 psf = (1V s$,ttk + EQ.) 1 (B' 

2.08 = qu I qaIt,

=

1.06 
1.00 
0.88

= 1.00 
= 1.00 

= N/A 

= 1.06 

= 1.69 

= 1.31 

= 1.19 

= 1.64 

= 1.00 

- 0.00 

- 0.64 

Nq term 

+ 300 

x L')

Table 3.2 
0

Eq 3.26 

Eq 3.27 

Eq 3.18a 

Eq 3.18b 

rad 

Eq 3.18c 

Eq 3.14a 

Eq 3.17a 

Eq 3.16a 

N term 

+ 0

> 1.1 Hence OK

igeotIO59alc'tmgscap~Pao\WintFang-.8.Z!



STONE & WEBSTER. INC.  

5010.65 CALCULATION SHEET 

CALCULATION IDENTIFICATION NUMBER

J.O. OR W.O. NO. DIVISION & GROUP I CALCULATION NO. OPTIONAL TASK CODEJ 

05996.02 G(B) 04-9

Th2 AWBL..WG CAPAcWY OF m. CASK •SRACZ PAWS BASD kr"EIL4L F.  

Case ZVC 100% N-S, 40% Vertical 40% E-W 

Determine forces and moments due to earthquake.  

av Wp Wc 
EQv = 0.4 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 = 0.4 x 0.695 x 2,852 K = + 793 K =40% of av x Wc 

* Nc= 3.645 K 

SFEo ,-o.s = 0.8 x 3.645 K = 2.916 K 

aH Wc P Nc 

EQhc = Min of [0.711 x 2,852 K & 0.8 x 3.645 K] = EQhc = 2.028 K, since it is < Fig ,jos 
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, EqhcN.s = 2.028 K and 40% in 
the E-W direction, EqhcE.w = 0.4 x 2,028 K = 811 K for this case.  

Using 100% of N-S: 

100% of EQhp EqhcNs 
SEQxH gs1.0 x 643 K + 2.028 K = 2.671 K 

Using 40% of E-W: 

40% of EQhp Eqhc,-w 

S. EQHEww=0.4X643K+811K=1,068K 

= F. = EQ2HE.w+EQHns = F1,0682 +2,6712 = 2.877 K 

Detenrine moments act&W on pad due to casks 

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

9.83"x EQhcE.W = 9.83x8l1K = 2.19 ft 

Wc + EQvc 2,852K+793K 

40% aH Wp EQhc Ab Wc EQvc 
ZMoN.s = 1.5'x0.4x0.711 x904.5K+3'x811K +2.19'x (2.852K+ 793 KI 

- 386 ft-K + 2,433 ft-K + 7,982 ft-K = 10,801 ft-K 

9.83"xEQhcNs - 9.83' x2,028K = 5.47 ft 

Wc•+ EQvc 2,852K+793K 

100% aH Wp EQhc Ab Wc EQvc 
-M{E.w = 1.5'x0.711x904.5K+3"x2,028K + 5.4Tx(2,852K+793K) 

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

Determine qu..z for FS = 1.1.
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5010.65 CALCULATION SHEET

CALCULATION IDENTIFICATION NUMBER

J.O. OR W.O. NO.  

05996.02
DIVISION & GROUP 

G(B)
JDYNAWxc&V=wq CSACZ2YFWE CMS7SURAW PADS4W Et"M 0INERWML = 

Allowable Bearing Capacity of Cask Storage Pads 

PSHA 2,000-Yr Earthquake: Case 1VC 1 
Soil Properties: c = 2,200 Cohesion (psf) 

' = 0.0 Friction Angle (( 
80 Unit weight of s 

YSh= 100 Unit weight of s 
Foundation Properties: B= 25.5 Effective Ftg Wi 

D= 3.0 Depth of Footin,

Based on Inertial Forces Combined: 

00 %N-S, 40 % Vert, 40 % E-W

degrees) 
oil (pcf) 
surcharge (pci 
idth - ft (E-W) 
g (ft)

Footing Dimensions: 
B = 30.0 Width - It (E-W) 
L = 67.0 Length -ft (N-S) 

V = 55.8 Length -ft (N-S)

FS = 
Fv 8wti. = 

EON E- =

1.1 
3,767 
1,068

qlgt = c N. s$ dc It + Ysumh D, Nqs q dq iq + 12 y BI 

NK = (N, - 1) cot(4), but = 5.14 
N,1= •"Q tan2(v4 + /2) 

Ny 2(NK+ 1) tan ()

s= = 1 + (B/L)(N./N.) 
6 q = 1 + (B/L) tan 0 

sý = 1 - 0.4 (BA.) 

For DX/B1: dq= 1+2tant (1-ssn¢)2 DjB 
d4=1 

For o > 0: d,= dq - (1-4)I (Nq tan €) 

For $ = 0: d, a 1 + 0.4 (D/B) 

M= a (2 + BA.) / (1 + B&L) 

mL = (2 + IJB) 1(1 + L/B) 

If EQN -s > 0: On = tan7'(EQN.,w / EON f.s) 

mn,, = fl oos2e0, + mB sln%,, 

= (1 - FH/ [(F, + EQV) + B' L' c cot 0} 

17 {1 - FN/[(F, + EQ) + B' L' ccot$ ]0)m 

For 1 =0: I0 = 1 - (m FH/B' L'c Nj)

Gross qwt = 10,052 psf =

N, term 

9,752

0.711 g = SH 
Factor of Safety required for qj,,atg 0.695 g =av 
k & EQv = 1,044 k . 4,801 k for Fv 

k & EQN-.s = 2,671 k -- 2,877 k for F" 

Genera! Bearing Capacity Equation, 
based on Winterkom & Fang (1975) 

for i=0 = 5.14 Eq 3.6 & Table 3.2 

- 1.00 Eq 3.6 

- 0.00 Eq 3.8

=" 

=:

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 

Nqterm 

+ 300

Table 3.2 
S 

Eq 3.26 
a

Eq 3.27 

Eq 3.18a 

Eq 3.18b 

rad 

Eq 3.18c 

Eq 3.14a 

Eq 3.17a 

Eq 3.16a 

NY term 

+ 0

qln = 9,130 psf=q, /FS 

S= 3,376 psf = (F, ftuc + EQ) I (B'X L') 

FStg = 2.98 = q, I qtw > 1.1 Hence OK

(geotO59atngsmp',Pap~fMYnLFanqg-Bds
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CALCULATION IDENTIFICATION NUMBER 

J.O. OR W.O. NO. DIVISION & GROUP CALCULATION NO. OPTIONAL TASK CODE 

05996.02 G(B) 04-9 

Dm7/c BfaRDG CAPAC12YOr 1a CAw S'TeRAGE PADS BASw ON/NsRFbc s

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 n. wherein 100% of the 
earthquake loads act in the N-S and E-W directions and 0% acts in the vertical direction.  
The actual factor of safety for this very conservative load case was 1.2. which is greater 
than the criterion for dynamic bearing capacity (FS 2 1. 1). In Load Cases 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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CALCULATION IDENTIFICATION NUMBER 

J.O. OR W.O. NO. DIVISION & GROUP CALCULATION NO. OPTIONAL TASK CODE PAGE 73 
05996.02 G(B) 04

BASED ON A4Xim CASK DYNAiC FORCES FROM THE SSI ANALYSes 

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 
occunring 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 Bl. 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 (11 = 
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. I
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STONE & WEBSTER. INC.  

5010.65 CALCULATION SHEET 

CALCULATION IDENTIFICATION NUMBER 

J.0. OR W.O. NO. DIVISION & GROUP CALCULATION NO. OPTIONAL TASK CODE PAGE 80 
05996.02 G(B 0, -9 

,DYMNABEAFm.M C.PACRIOYTNE CASK STORAGE PADs BAsED ONVMW C" DY NAS FORCES FrO1ME SS•1•+ALSZS 

ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS WITH 2 CASKS 

PSHA 2,000-Yr Earthquake: Case MA jF40 % N-S. 100 %Vert, 40 % E-Wm 

Soil Properties: C = 2,200 Cohesion (psf) Footing Dimensions: 
* 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) 

¥, = 100 Unit weight of surcharge (pcf) 
Foundation Properties: B' = 25.0 Effective Ftg Width - ft (E-W) V = 26.6 Length- ft (N-S) 

D, = 3.0 Depth of Footing (ft)

FS = 
Fv = 

EQH E-w =

1.1 Factor of Safety required for qw,•k•
3,790 k (Includes EQv)

506k & EQ WS =

qu,=ck Ndcic+yr•DNqsqdqki +1/2yBNysjdyk 

N.= -(Nq - 1) cot(Q), but = 5.14 for = 0 
= ©e•"n tan2(,r4 + V2) 

2 (Nq + 1) tan () 

= 1 + (B/.)(NqIN.) 
= I + (B/L) tan 0 

sy= 1 - 0.4 (BA.) 

For D/B1: d4= 1 +2tanO (1 -sin .)2 DVB 

For O > 0: 4c= 4 - (1-dq) / (Nq tan 40) 
For io = 0: cd = I + 0.4 (D/B) 

M = (2+ BAL) /(1 + B/L) 

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

If EQ "- > 0: % = tan" (EQHE.w/ EQ% -) 

Mr = mL coste. + me sinreo 

iq= (1 - FH/[(Fv + EQ) + B'L' c cot] M 

1 = 1I - FH/ [(FV + EQV) + B' L' c cot j)}m1 

For$=0: ic= 1 - (m FH/ B'U c Nj

12,419 psf =

N, term 

12,119

=-

429 k - 664 k for FH 

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

5.14 Eq 3.6 & Table 3.2 

1.00 Eq 3.6 

0.00 Eq 3.8

1.18 
1.00 
0.62 

1.00 

1.00 

N/A 

1.05

= 1.69 

= 1.31 

= 0.87 

- 1.53 

= 1.00 

= 0.00 

= 0.86 

Nq term 

+ 300

Table 3.2 

Eq 3.26 

Eq 3.27 

Eq 3.18a 

Eq 3.18b 

rad 

Eq 3.18c 

Eq 3.14a 

Eq 3.17a 

Eq 3.16a 

NH term 

+ 0

q.=1 11,280 psf = quf /I FS 

qactu,= 5,708 psI = (F. + E0) I (B'x L')

FS.ecum v- 2.18 = qdt I qaCtm > 1.1 Hence OK

[goolOS96\ctc~bg-cp\P&~inFaVA~sSheat 2-cask
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,010.65 CALCULATION SHEET

CALCULATION IDENTIFICATION NUMBER

J.O. OR W.O. NO.  

0599,6.02
DIVISION & GROUP 

G(B)
CALCULATION NO.  

04-9

DYNAWC BEAMG CAPACrIy OF 1E CA SK WCA PADS BAED ON MAxMMIt CASK DM4uaC F=CJ• •FROMMESSIANAL 

ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS WITH 4 CASKS 

PSHA 2,000-Yr Earthquake: Case IVA IF40 % N-S, 100 %Vert, 4( 
Soil Properties: c = 2,200 Cohesion (psf) Footing Dimensions: 

0 = 0.0 Friction Angle (degrees) B = 30.0 Width 
V = 80 Unit weight of soil (pci) L = 67.0 Lengl 

= 100 Unit weight of surcharge (pci) 
Foundation Properties: B' = 26.7 Effective Ftg Width - ft (E-W) L' = 39.7 Lengt 

Dj= 3.0 Depth of Footing (ft)

FS = 
Fv= 

EMN E.w =

0% E-Wj 

f-t (E-W) 
th - ft (N-S) 

th ft (N-S)

1.1 Factor of Safety required for qa,,w.  
6,380 k (Includes EQv)

791 k & EQHN.S=

quft=- N. so d. c +,YgDh 1 Nq sq dq k +142yB N sd4i1

N, (Nq- 1) cot(#),but =5.14 for =0 
Nq = e"" tan2 (r/4 + 412) 

N 1 2(Nq+ 1) tan (0) 

s= 1 + (B/L)(NW/NJ 
= 1 + (B/L) tanO 

I= 1 - OA (B!L)

For D/B <1: dq1 + 2tan 0 (1 -sin O)2 D/B 
d4=1 

For 0 > 0: d, = dq - (I-dq) I (N. tan 0) 
ForO =0: d0 = I + 0.4 (D/B) 

me = (2 + B)L) / (1 + B/A) 

mi.= (2 + I./B) /(1 + IUB) 

If EQNm-S > 0: e. = tan'(EQH E.w/ EN -s) 

In = mL COS 2n + me siln% 

I= (1 FI [(Fv + EQj + B' L' ccot t] 

i,= (1 - F1I[(F, + EQJ + B' L' ccotO}) 

For0 =0: i= 1 - (m FH/B' Uc NJ)

Gross qft = 11,879 psf =

N, term 

11,579

= 

= 

=

688 k -. 1,048 kfor F.  

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

5.14 Eq 3.6 & Table 3.2 
1.00 Eq 3.6 
0.00 Eq 3.8

1.13 
1.00 

0.73

= 1.00 

= 1.00 

= N/A 
- 1.04 

= 1.69 

= 1.31 

= 0.85 
= 1.53 

= 1.00 

= 0.00 

= 0.87 

Nq term 

+ 300

Table 3.2

Eq 3.26 

Eq 3.27 

Eq 3.18a 

Eq 3.18b 

rad 

Eq 3.18c 

Eq 3.14a 

Eq 3.17a 

Eq 3.16a 

Nv term 

+ 0

qj, = 10,790 psf= qlaIFS 

q"U'd = 6,017 psf = (F, + EO) I (B' x L')

FS.=.l = 1.97 = qu I q,/q ,,, > 1.1 Hence OK

(geotfO5996\calcbmg-.capNPachWk1LFarng-.5s Sheet 4-Cask
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DAMWACB E BEARINCAAT OF CASK ST PADS BASED o8CWW D WCFbR PROMSSANALYSKS 

ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS WITH 8 CASKS

PSHA 2,000-Yr Earthquake: C 

Soil Properties:

Ysui

Foundation Properties:

e6 I-A SS,1o OO,4% E-W
c = 2,200 Cohesion (psi) Footing Dir 
* = 0.0 Friction Angle (degrees) B = 30.0 

80 Unit weight of soil (pcf) L = 67.0 
100 Unit weight of surcharge (pcf) 

B' = 27.9 Effective Ftg Width - ft (E-W) L: = 60.9 
D= 3.0 Depth of Footing (ft)

nensions: 
Width - ft (E-W) 

Length -ft (N-S) 

Length - ft (N-S)

FS = 1.1 Factor of Safety required for , 

Fv 11,888 k (Includes EQv)

EQi E.w=- 1,142 k & EQHO NS

q. = c N, 9, d. 1i + Ysch Dr Nq Sq dq•iq + 1/2y B NT TS dy 

N,= (Nq -1) cot($), but =5.14fore=0 

Nq = e `4 tan2 (rd4 + 4/2) 

N= 2(Nq+ 1) tan ($) 

= 1 + (B/L)(NclN0) 
sq = 1 + (B/L) tan € 

ii = 1 - 0.4 (BA.) 

For D/BS1: dq= 1 +2tan$ (1 -sin )' D1 /B 

For $ > 0: d. = d4 - (1-d) / (Nq tan $) 

For * = 0: d. = I + 0.4 (DX/B) 

mo = (2 + B/L) / (1 + BIL) 

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

If EQH1 .s > 0: 0, = tan"l(EQH E.W / EQH N-s) 

mn = mL coseC + me sinOe% 

iq = 11 - F, / [(F, + ES,) + B' U c cot c] )r 

4 = ( 1 - FHi/(F, + EQ,) + L' c cot*] )"''

For 0 =0: i = 1 - (m FHI/ ' U c N¢)

Gross qptt = 11,546 psf =

1,098 k -- 1,5s4 kforFH 

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

= 5.14 Eq 3.6 & Table 3.2 

= 1.00 Eq 3.6 

= 0.00 Eq 3.8

= 1.09 
= 1.00 

= 0.82 

= 1.00 

= 1.00 

- N/A 
- 1.04 

= 1.69 

= 1.31 

= 0.81 

= 1.51 

- 1.00 

- 0.00

= 0.88 

N, term Nq term 

11,246 + 300

Table 3.2 

Eq 3.26 

Eq 3.27 

Eq 3.18a 

Eq 3.18b 

rad 

Eq 3.18c 

Eq 3.14a 

Eq 3.17a 

Eq 3.16a 

N. term 

+ 0

q211 = 10,490 psf = qt I/FS 

qscw, = 7,004 psf = (F. + EQ) / (B' x L') 

FSt=w = 1.65 = qf I qw., > 1.1 Hence OK

(geot]O5996\calctbmg.cap\Pad•WinLFang-8iIs Sheet B-Cask

5010.15
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DIrAmIcBEARINGC4F~c1yoFmiE C.4=cS7QRAGEPADsJ BAEDoNMAx1P4IwCAs DmWAsY RcFDz FROM THESI 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 ft) is less in the E-W direction than the length N-S (67 ft); therefore, the E-W 
direction is the critical direction with respect to a bearing capacity failure.  

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

Analyses presented herein demonstrate that the cask storage pads have adequate factors 

of safety against overturning, sliding, and bearing capacity failure for static and dynamic 

loadings due to the design basis ground motion. The following load cases are considered: 

Case I Static 

Case II Static + dynamic horizontal forces due to the earthquake 

Case M 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.  

OVERTUmRNG STAMMTY OF TEM CASK STORMAE 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 STABLITY 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 soil-cement layer and the base of the concrete pad will be stronger 

than the static, undrained strength of the in situ clayey soils. The factor of safety against 

sliding between the concrete at the base of the pad and the surface of the underlying soil 

cement is greater than 1.98, which exceeds the factor of safety between the bottom of the 

soil cement and the underlying clayey soils. Therefore, the minimum factor of safety 

against sliding of the overall cask storage pad design is at least 1.27.  

Since the resistance to sliding of the cask storage pads is provided by the strength of the 

bond at the interface between the concrete pad and the underlying soil cement and by the
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bond between the soil cement under the pad and the in situ clayey soils, the sliding 
stability of the pads at the end of each column or row of pads are no different than that of 
the other pads. Therefore, the pads along the perimeter of the pad emplacement area also 

have an adequate factor of safety against sliding. Further, the soil-cement layer is 
continuous throughout the pad emplacement area; therefore, the area available to resist 
sliding of an entire column of pads greatly exceeds the sum of the areas of only the pads in 
the column. The factor of safety against sliding of an entire column of pads will, therefore.  
exceed that of an individual pad.  

Additional analyses presented above demonstrate that even if the cohesion of the 
underlying soils Is ignored along the interface between the soil cement and those soils, the 
resulting displacement of the pads would be minimal. This hypothetical case assumes 
resistance to sliding is comprised of only frictional resistance along base of pads and soil 
cement + passive resistance, using obviously conservative values of the friction angle for 
the underlying soils. Assuming the cask storage pads are founded directly on a layer of 
cohesionless soils with ý = 170. 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 
Newmar'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 coheslonless soils extend above the 10 ft depth 
and, thus, the pads are founded directly on coheslonless materials. Because of the 
magnitude of the peak ground accelerations (0.71g) due to the design basis ground motion 
at this site, the frictional resistance available for cohesionless soils when the normal stress 
is reduced due to the uplift from the inertial forces applicable for the vertical component of 

the design basis ground motion is not sufficient to resist sliding. However, analyses were 
performed to estimate the amount of displacement that might occur due to the design 

basis ground motion for this case. These analyses. based on the method of estimating 

displacements of dams and embankments during earthquakes developed by Newmark 
(1965), indicate that even If these soils are cohesionless and even if they are conservatively 

located directly at the base of the pads, the estimated displacements would be -2.2 inches.  

Whereas there are no connections between the ground and these pads or between the 

pads and other structures, this minor amount of displacement would not adversely affect 
the performance of these structures if it did occur.
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ALLOWABLE BEARING CAPACIT OF THE CASK STORAGE PADS 

STATIC BEARING CAPACITY OF THE CASK STORAGE PADS 

Analyses of bearing capacity for static loads are summarized in Table 2.6-6. As indicated 
for Case IA. the factor of safety of the cask storage pad foundation is 7.0 using the 
undrained strength for the cohesive soils that was measured In the UU tests (s, > 2.2 ksf) 
that were performed at depths of approximately 10 to 12 feet. The results for Case IB 
illustrates that the factor of safety against a bearing capacity failure increases to greater 
than 15 when the effective-stress strength of $ = 300 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.  

DyxANac BEARING CAPACITY OF THE CASK STORAGE PADS 

Analyses of bearing capacity for dynamic loads are summarized in Tables 2.6-7 and 2.6-8.  
Table 2.6-7 presents the results of the bearing capacity analyses based on the inertial 
forces applicable for the peak ground accelerations from the design basis ground motion.  
Table 2.6-8 presents the results of the analyses based on the maximum dynamic cask 
driving forces developed for use in the design of the pads in Calculation 05996.02
G(PO17)-2 (CEC, 2001) for the pad supporting 2 casks, 4 casks, and 8 casks. These latter 
dynamic forces represent the maximum forces occurring at any time during the 
earthquake at each node in the model used to represent the cask storage pads. It is 
expected that these maximum forces will not occur at the same time for every node. These 
forces, therefore, represent an upper bound of the dynamic forces that could act at the 
base of the pad.  

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

Case 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 1IB 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 11, 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 

a 1.1). In Load Cases MI and IV, the effects of the three components of the earthquake in 

accordance with procedures described in ASCE (1986) to account for the fact that the 

maximum response of the three orthogonal components of the earthquake do not occur at 

the same time. For these cases, 100% of the dynamic loading in one direction is assumed 

to act at the same time that 40% of the dynamic loading acts in the other two directions.  

For these load cases, the gross allowable bearing capacity of the cask storage pads to 

obtain a factor of safety of 1.1 against a shear failure from static loads plus the inertial 

loads due to the design basis ground motion exceeds 6.7 and the factor of safety exceeds 

2.1.  

Table 2.6-8 presents a summary of the bearing capacity analyses that were performed 

using the maximum dynamic cask driving forces developed for use in the design of the 

pads in Calculation 05996.02-G(PO17)-2 (CEC. 2001) for the pad supporting 2 casks. 4 

casks, and 8 casks. These analyses are performed for Load Case IVA. where 40% of the 

horizontal forces due to the earthquake are applied in both the N-S and the E-W directions 

and 100% of the vertical force is applied to obtain the maximum vertical load on the cask 

storage pad. The width (30 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 z 

1.1).
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TABEIZ I 

Summary of Vertical Soil Bearing Pressures (kof) from Cale 05996.02-G(PO17)-2, Rev. 3 

Loading Point A (287) B (293) C (299) D (144) E (150) F (156) G (il) H (7) J (13) 
- - - - - - - -
2-Oask Pad DL 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 

LSnow IL 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 

Cask LL 1.345 1.352 1.345 0.185 0.199 0.185 0.00 0.00 0.00 

Pad Eg 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 1.55 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 

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 0.313 0.313 0.313 0.313 0.313 0.313 

Cask EQ 2.71 2.08 4.24 4.41 2.59 4.69 5.14 4.32 4.94 

100% Vert 4.92 4.29 6.45 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

Effective stress friction angle (deg), c=-0.  

Undralned strength (psI). #=0.  

Unit weight of soil (pcQ) 

Footing width (It) 

Footing length (ft) 

Depth of footing (ft) 

Unit weight of surcharge (pcf) 

Factor of safety for static loads.

Fv = Vertical load (Static + EOv) 

EON = Earthquake: Horizontal force. F" = EON r.w or EON N.S 

08 = ton"* [(EON L.w) I Fv J = Angle of load Inclination from vertical (deg) as f( 

PL = tan"' [(EON N.S) I FV I = Angle of load inclinalion from vertical (deg) as f(I 

e= EMON-sl F eOL = -M.E.w/ Fv 

B'= B- 2e, a= L-2e 

q~ms= Fv I (B' x L')

Igeo)\0996cal~bm-capPadWin-Flng-idsTable 2.6-6

(

St 0 
0 
St 
St

n 01• E 13 L GROSS e EFFECTIVE 
Case F EON *a. EON E.W ,Me".5 EM H.w EOHNs q 1,• e5  

0  B' L' qt,, FS,, 

k k k ft-k ft-k deg deg kaf ksf ft ft fI t ft kef 

IA - Statie 

Usndrained 3.757 0 0 0 0 0.0 0.0 13.08 4.36 0.0 0.0 30.0 67.0 1.87 7.0 
Strength 

IM - Static 
Effectie" 3,757 0 0 0 0 0.0 0.0 29.22 9.73 0.0 0.0 30.0 67.0 1.87 15.6 
Strength I... ,,, I IIII

30 

2,200 
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30 
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100 

1.1
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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

2,200 Undrained strength (psf) 

0.0 Friction angle (deg) 

30 Footing width (fl) 

67 Footing length (fl) 

3.0 Depth of footing (it) 

80 Unit weight of soil (pcf) 

100 Unit weight of surcharge (pcf) 

1.1 Factor of safety for dynamic loads.

Fv = Vertical load (Fv sm. + EQv) 0.711 g =a" 

EOH = Earthquake: Horizontal force. FH = SQRT[EOHW e.w + EQ,. m.s] 0.695 g = av 

Pit= - tan" (EOH ELW) I Fv ] = Angle of load Inclination from vertical (deg) as f(wldth).  

PL= -an*' (EQH N.s) I Fv ],I Angle of load InclinatIon from vertical (deg) as f(length).  

e8= - EM.SI Fv eL = MM /uw/ Fv 

B'=B-2e8  2= L-2eL 

q -,,- Fv / (B' x 12)

tgeotl\05996\calc\bmg.cap\Pad\WVnLFang-8A.s Table 2.6-7

C C

Case Fir E~tu..s ENQ,.w EMO.84 ZMGM (38 1 L GROSS a 19EFFECTIVE 
EOH &W EONN.8 q. q- e8  e1  B' L' q,€t FSft, 

k k k k ft-k ft-k . dog kof k'sf It ft ft ft ksf 

II 3,757 2,671 2,671 "26,982 26,982 35.4 35.4 5.34 4.85 7.2 7.2 15.6 52.6 4.56 1.2 

MlA 1,146 749 749 6,699 6,699 33.2 33.2 11.34 10.31 5.8 5.8 18.3 55.3 1.13 10.0 

HIM 2,712 1,068 2,077 19,361 10,793 37.4 21.5 8.51 7.73 7.1 4.0 15.7 59.0 2.92 2.9 

mc 2,712 2,077 1,068 10,793 19,361 21.5 37.4 10.01 9.10 4.0 7.1 22.0 52.7 2.33 4.3 

IVA 6,368 1,068 1,068 10,793 10,793 9.5 9.5 11.57 10.51 1.7 1.7 26.6 63.6 3.76 3.1 

1VB 4,801 1,068 2,671 26,982 10,793 29.1 12.5 8.51 7.73 5.6 2.2 18.8 62.5 4.09 2.1 

1C 4,801 2,671 1,068 10,793 26,982 12.5 29.1 10.05 9.13 2.2 5.6 25.5 55.8 3.38 3.0 
- = = -- - - -- - - -
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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 

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

CaseIV F EO. EQ EM EMW ol L GROSS e eL EFFECTE Casel FI E N-S EH!-w ONe-S e. EQHE.W EQHx. q• e8, B' L' q. IFSx•,,, 

k k k ft-k ft-k deg dog ksf I ksf It ft ft ft ksf 

- - - - - - - - - -

2 Casks 3,790 429 505 6,443 16,183 7.6 6.5 12.42 11.25 1.70 4.27 25.0 26.6 5.71 2.2 

4 Casks 6,380 688 791 10.526 33,620 7.1 6.2 11.88 10.79 1.65 5.27 26.7 39.7 0.02 2.0 

8 Caslk 11,888 1,098 1.142 12,720 36,140 5.5 5.3 11.55 10.49 1.07 3.04 27.9 60.9 7.00 1.6

c = 2,200 Undrained strength (psf) Fv = Vertical load (Static + EOv) 

I = 0.0 Friction angle (dog) EON = Earthquake: Horizontal force. FH = EOQ E-w or EQH WS 

B = 30 Footing width (ft) Do = tan-' [(EO1 e.w) I Fv ]= Angle of load inclination from vertical (deg) as f(width).  

L = Varies Footing length (ft) O. = tan"1 [(EON ms) / Fv] = Angle of load inclination from vertical (deg) as f(length).  

D, = 3.0 Depth of footing (ft) EMON-S = es X Fv EMOE.w = el. X Fv 

y= 80 Unit weight of soil (pcf) WB'=B-2e 8e L'=L-2eL 

Tsh = 100 Unit weight of surcharge (pci) q.v = Fv / (B' x U) 

FS = 1.1 Factor of safety for dynamic loads.

igoll\O5996\ca1c\brflR-cap\Pad\WInLnl-ng-8.xls Table 2.6-8
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FIGuRE 2 
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FIGURE 6 

DEEu•mzATIoN OF MoMENTs ACTING ON PAD DUE TO EARTHgUAxE 
LOADS FROM CASKS

.3, 

*�'� T PA << Pp; therefore, 
It's conservative to 
ignore both in 1M.

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

aMommtneto find Ab.  

Abx(WK + EQ,)= 9.83 ft x-QHc 

XM, 0 to find l ME N-S 

I GS= 1 .5 ft xEQ., + 3ft x EQc + Ab x([WC +EQvj)

pad cask horlz 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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NOTS 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: Stan M. Macie SWEC-Denver 1E Tie Line 321-7305 
Wen Tseng (ICEC) Voice (510) 841-7328 

(FAX) (510) 841-7438 

To: Paul J. Trudeau SWEC-Boston 245/03 (617) 589-8473 

SuBJEcT: DYNAMIC BEAPJNG 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. .--- .- . .......... ......  

r He indicated that the bearing pressures at the base of the pad are greatest for the 2-cask dynamic 

"loading case for IL = 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 

Sloaded end. He noted that the vertical pressures include the loadings (DL + dynamic loadings) of the 

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

the whole pad must be added to the horizontal loads calculated based on the horizontal pressure 
ýdistr~ibutionr deescribed 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 pA = 0.8, WTseng asked 

PiTrudeau to provide the allowable bearing pressure for this case.  

ACTION ITEMS: (A 

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

Copy To: NTGeorges Boston 245/03 

SMMacie Denver 1E

[gcotNO5996\t~lonW970619.doc Page I of I
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Storz�c Pad Analysis and De

CALC. NO. G(PO17)-2 REV. NO.  
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JOB NO.  

.i.-AI S H E E T

Table S-1 
Maximum Vertical Displacements and Soil Bearing Pressures 

Dead Load

k = 2.75 kcf k = 26.2 kcf

2,,(ft) 0.164 0.017 

C=,(k0) 0.45 0.45

Notes: 
1. z. = maximum vertical d splacement due to dead load (wt. of the pad only) obtained from 

CECSAP analysis results.  
2. qw = vertical soil bearing pressure = , 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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ORIGINATOR 
PROJECT 
SUBJECT
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JOB NO. 1101-OoW 
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Table S-2 
Maximum Vertical Displacements and Soil Bearing Pressures 

Live Load 

(Z,)max (xl0"2 ft.)
A I C m rI '3 t'*

Node 
No. 4 Casks

V __.8

1 13.06 11.29 -50.97 -57.81 0.61 1.16 -4.83 -5.30 

7 13.02 11.28 -50.97 -41.84 0.59 1.14 -4.64 -4.42 

13 13.06 11.29 -50.97 -25.83 0.61 1.16 -4.83 -3.50 

144 -11.82 -26.36 -52.73 -78.21 -0.70 -2.89 -5.76 -7.95 

150 -11.93 -26.35 -52.71 -61.06 -0.76 -2.89 -5.79 -6.31 

156 -11.82 -26.36 -52.71 -43.87 -0.70 -2.89 -5.78 -4.65 

287 -42.54 -62.26 -50.97 -100.20 -5.13 -5.98 -4.83 -11.61 

293 -42.59 -62.25 -50.97 -60.88 -5.16 -5.98 -4.84 -8.48 

299 -42.54 42-62.26 -50.97 -61.84 -5.13 -5.98 -4.83 -5.47 

Maximum Soil Bearing Pressure qz"" ( ksf) 

1 0 0 -1.402 -1.590 0 0 -1.264 -1.390 

7 0 0 -1.402 -1.151 0 0 -1.267 -1.159 

13 0 0 -1.402 -0.710 0 0 -1.264 -0.917 

144 -0.325 -0.725 -1.450 -2.151 -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 -1.567 -1.264 -3.094 

293 -1.171 -1.712 -1.402 -2.224 -1.352 -1.565 -1.267 .2.222 

299 -1.170 -1.712 -1.402 -1.701 -1.345 -1.567 .1.264 -1.434

Notes: 
1. CO a k, x ZLwhere k,= 2.75 and 26.2 kcf for lower-bound and upper-bound subgrade moduli, 

respectively, and Z7 are obtained from CECSAP analysis results (Att. A) 

2. Negative displacements imply downward movements.  

3. The locations of nodes listed are shown in Figure 6.1-1.  

4. For snow load, the soil bearing pressures Is .045 ksf (Ref. 11).  

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

Calculations of lateral and vertical soil pressures due to dynamic cask loadings 

resulting from 2000-year event earthquake are given in the following tables: 

Table D-l(a) shows calculation of horizontal dynamic soil pressures in the X

direction (short direction of pad).  

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

direction (long direction of pad).  

Table D-l(c) shows a summary of averaged horizontal dynamic soil reactions.  

Table D-l(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 ._ a _ _U_ 

No. Y i •;iks *as iia 2 CasKs 4 Casks 5 CsasKs ' 7 sIs 4 as=sks bt Gass 
1- 3.b172 2.409 17.100 1.6704 1.17 (1 .0715 0. 7 598T -.-•3-697

7 3.515 2.405 17.180 1.625 1.170 9.085 0.801 0.552 3.625 

13 3.512 2.409 17.190 1.624 1.177 9.060 0.799 0.550 3.618 

144 4.461 9.712 17U.4W 2.021 7.24T 9.127 1 1.17 .32_5 3.tUb2 

150 4.461 9.72S 17.470 2.021 4.242 9.156 0.999 2.294 3.951 

156 4.467 9.733 17.470 2.029 4.244 9.171 0.982 2.272 3.947 

2AT 1f2.MU 21.49 17.b10- .201 9.504 8.850 .34W 5.306 4.b14 

293 12.800 21.490 17.530 6.186 9.512 8.886 3.360 5.341 4.566 

299 12.800 21.470 17.530 6.173 9.516 8.886 3.381 5.349 4.565 

A v g = 6 .9 2 5 - 1 1 .2 0 5 1f 7 .3P - .TZ 9 4.l9 / - . 03 4 - 1 .7 2 5 ' 2 .7 H 4 .0 6fS 

x M = 719 127T 12 104 1159 2105 3 1 2212 

Notes: 
1. Avg = (sum (Xd)J/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 loading.  

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

(Kxd)LB - 9.51E+06 Ib/in 
1.14E.05 Kips/lt

(Kxd)BE = 1.94E+07 Wb/in 
2.33E+05 Kips/ft

(Kxd)UB - 4.57E+07 lb/in 
5.48E+05 Kipsift

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

5. Xd are obtained from CECSAP analysis results given in Alt. A.

International Civil Engineering Consultants, Inc.
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Table D-1 (b) 

Averaged Maximum Horizontal Soil Reactions in the Y Direction 
Dynamic Load

Node 
No.  

7 
13 

150 
156 

-287

293 
299 
vg 

yv =1

Max. Dispaomfl1 (X10-3 ft.

3.916 

4.303 

3.946 
4.379 

-61W
4.016 

4.476 
4.bZ

4 Casks I

7.318 
7.097 

7.447 
7.207 
8B.Tr 
7.584 
7.253 

E40b

13.850 

14.030 

14.510 
-13AWU 
13.960 
14.450 
-27.261) 
13.840 

14.370 

lb41

'Tr�e�v� I h im�� I �I L�U5N5 g -, we.'- I

~21 -4 W/

2.055 
2.567 
2-.332 
2.122 
2.690 

2.253 
2-877__ 

F2-.393• 
ý2.21 h,+0b

4.313 
4.664

8.173 
7.937

1.4111I 1.195 
1.337

•. ,•il:r,• "& .~-• I

1.962 
2.161

4.056 
4.109

4.181 2.14 W 
4.429 8.132 1.267 2.133 4.042 
4.767 7.634 1.442 2.301 4.121 

4.664"~ 

1 1 1 1 ---

-7.3,57 
4.556 
4.846 

4.454 
F2.21E.+Ob

-8.396 6.048 
7.795

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

5. Yd are obtained from CECSAP analysis results given in Att. A.  

International Civil Engineering Consultants, Inc.

1.464 
1.657

2.828 
2.380 
2.334 

I2=+.5/

4.013 

4.097 
4.0V3F

Notes: 
1. Avg = (sum (Yd)i)IN; Yd = max. y-displ.: i = nodes 1. 7. 13. 144. 150, 156. 287. 293.299; and N = 9.  

2. Qyd = Kyd x Avg = averaged maximum horizontal-y soil reaction in Kips due to dynamic loading.  

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

(Kyd)LB = 9.04E+06 lb/in 
1.0BE-05 Kipsift

(Kyd)BE = 1.84E+07 lb/in 
2.21E÷05 Kips/tt

(Kyd)UB = 4.34E+07 IbWin 
5.21E+05 Kips/Ift

8(0
leffMMIN.

I

LU

Max. Displacement Ycl ( xl0"• ft.',

2.2E+O5 
1794



ATTACHMENT B TO CALC 0599s.o2-G(B).)44J PAGE 6] 

CALCULATION SHEET

ORIGINATOR 
PROJECT 

SUBJECT

DATE 3.r/OI
CALC. NO. G(POI7)..2 
CHECKED

Private Fuel Storage Facility
Storage Pad Analysis and Design

REV. NO. 3 

DATE .4e- -s- o 
JOB NO. I t01-000 

SHEET "3

Table D-1 (c) 
Summary of Total Maximum Horizontal Soil Reactions 

Dynamic Load

Max. Soil Reaction (IKips) 

LB BE UB

2 Casks 4 Casks 8 Casks 2 Casks 4 Casks 1 8 Casks 2 Casks 4 Casks 8 Casks

Qxd = 789 1277 1982 764 1159 2105 943 1494 2212 

Qyd - 491 845 1680 528 986 1794 749 1237 2102

Notes: 
1. Qxd. and Qyd shown are obtained from Tables D-1(a), and (b), respectively.  
2. LB = lower-bound sofl. BE = best-estimate soil, UB = upper-bound soil.

International Civil Engineering Consultants, Inc.
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ORIGINATOR 
PROJECT 
SUBJECT

Private Fuel Storage Far 

Storage Pad Analysis and

CALCULATION SHEET 

CALC. NO. G(PO17)-2 REV. NO. 3 

DATE 3/dr/eo CHECKED .. - DATE jr- -- / 

ilt) JOB NO. 1101-000 

d Deign SHEET S -71!

Table D-1 (d) 

Maximum Vertical Soil Bearing Pressures 
Dynamic Load 

Maximum Displacement Zd ( x1 0C ft.) 

Node LB BE UB 

No. 2 Casks 4 Casks 8 Casks 2 Casks 4 Casks 8 Casks 2 Casks 4 Casks 8 Casks 

1 4.051 9.396 -31.02 1.806 4.158 -23.66 0.406 1.654 -15.92 

7 3.900 7.973 -24.23 1.964 3.648 -21.18 0.439 1.024 -13.36 

13 4.788 11.470 -31.22 2.115 4.636 -17.88 0.528 1.560 -15.31 

144 -9.195 -22.56 -34.05 -5.939 -15.84 -22.66 -1.661 -8.34 -13.66 

150 -5.063 -15.2 -12.71 -3.683 -11.13 -12.39 -1.332 -6.698 -8.016 

156 -6.565 -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 -15.67 -18.88 -12.72 -8.52 -8.38 

293 -15.57 -16.97 -19.21 -9.019 -12.42 -12.22 -12.08 -10.66 -6.446 

299 -21.65 -26.09 -28.04 -12.87 -16.35 -17.02 -9.835 -11.63 -13.12 

Maximum Soil Bearing Pressure q= ( Kips/ft ) 

1 0 0 -2.22 0 0 -3.35 0 0 -5.14 

7 0 0 -1.74 0 0 -3.00 0 0 -4.32 

13 0 0 -2.24 0 0 -2.53 0 0 -4.94 

144 -0.66 -1.62 -2.44 -0.84 -2.38 -3.21 -0.60 -2.69 -4.41 

150 -0.36 -1.09 -0.91 -0.52 -1.57 -1.75 -0.43 -2.16 -2.59 

156 -0.47 -1.14 -2.31 -0.42 -1.34 -2.61 -0.56 -1.86 -4.69 

287 -2.09 -1.75 -1.25 -2.06 -2.22 -2.67 -4.11 -2.75 -2.71 

293 -1.12 -1.22 -1.38 -1.28 -1.76 -1.73 -3.90 -3.45 -2.08 

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

Notes: 
1. o.l = maximum soil bearing pressure = (Kzd x Z.)/A, where A = 67' x 30 = 2010 t.  

2. Kzd for LB, BE. and UB soils are vertical-z dynamic soil spring stiffnesses given below:

(Kzd)LB = 1.20E+07 lbWin 
1.44.E+05 Kipslft

(Kzd)BE = 2.37E+07 Wb/in 
2.84.E+05 Kips/It

(Kzd)UB = 5.41 E+07 Ib/in 
6.49.E+05 Kips/ft

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

4. Zd are obtained from CECSAP analysis results given in Aft. A.  

5. Negative displacements imply downward movements.  

6. The maximum values of Zd shown may not be concurrent. However, they are assumed to be concurrent 

values and concurrent signs are assigned to them.  

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

International Civil Engineering Consultants, Inc.
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CALCULATION SHEET

ORIGINATOR 
PROJECT 

SUBJECT

Private Fuel Storage Fadlity
Storage Pad Amalysis and De

CALC. NO. G(PO17)-2 REV. NO. 3 

DATE 3/ A741 CHECKED • DATE 4 -. " o/ 
JOB NO. 1101-000 

sign SHEET

6.2 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-l(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.



AIrTACHMENT B TO CALC 05996.02-G(B)"-4 PAGE 111iC>

ORIGINATOR 
PROJECT 
SUBJECT

Private Fuel Storage Fac 

Storage Pad Anilysis an

CALCULATION SHEET 

CALC. NO. G(PO7)-2 REV. NO. 3 

DATE /7/0j CHECKED DATE 

ility JOB NO. 1101-O00 
d Design SHEET

Table 4 
Summary of Vertical Soil Bearing Pressures ( ksf)

r�. D E. V C; -1 V"

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 

Cask LL 1.345 1.352 1.345 0.165 0.199 0.185 0 0 0 

Pad EQ 0.313 0.313 0.313 0.313 0.313 0.313 0.313 0.313 0.313 

Cask EQ 4.11 3.9 3.18 0.84 0.52 0.56 0 0 0 

100% Ved 6.26 6.06 5.33 1.83 1.53 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 

Snow LL 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 

Cask LL 1.712 1.712 1.712 0.757 0.758 0.757 0 0 0 

Pad EQ 0.313 0.313 0.313 0.313 0.313 0.313 0.313 0.313 0.313 

Cask EQ 2.75 345 3.76 2.69 2.16 1.86 0 0 0 

100% Vert 52.7 5.97 6.28 4.25 3.73 3.42 0.81 0.81 0.81 

8-Cask Pad DL 0.45 0.45 0.45 045 0.45 .AS 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 0.313 0.313 0.313 0.313 0:13 0.313 

Cask EQ 2.71 2.08 4.24 4.41 2.59 4.69 5.14 4.32 4.94 - - - - - 4- -

1100%Ver 4.92 4.29 64 6.73 14.91 7.01 17.35 6.53 17.15J

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 wL)xaý, where pad wt=904.5 kips, and av=.695g.  

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

6. EQ pressures listed are the envelopes of results for at soil conditions.  

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

International Civil Engineering Consultants, Inc.
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Figure 5. 1 -1 CECSAP Finite-Element Model with Node Numbers
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CALC NO. G(POi7)-2 REV. NO. 3 

DR ____- ___DATE A g/ei CHECKED Af4EWt DATE /1O/20 
Private Fuel Storage Facility . JOB NO. 11014-00 

Storage Pad Analysis and Design SHEET NO. ,.- j

i I

i
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Figure 5.1-2 CECSAP Finite-Element Model with Element Numbers
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ATTACHMENT B TO CALC 05996.02-G(B)-04% PAGE ZJ 

CALCULATION COVER SHEET

PROJECT Private Fuel Stomap Facility (PFSF) 

SUBJECT Storage Pad Analysis =nd Design

OF ISSUES

EM Nuclear Quality Assurance Category D Non-Nuclear Quality Assurance Category

This set of calculations documents the engineering analyses and detailed calculations required 

for structural design of the reinforced-concrete spent-fuel cask storage pads to be constructed 

at the Private Fuel Storage Facility (PFSF) project site.

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

" procedure for nuclear projects.

Revision I was made to correct (1) typographical errors on Pages 5, 29, and A-3 and (2) insert 

computer output file names and explanation notes on Pages 43 and 51.

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

Pages 17, 21, 28,236, 298, and 312.  

NAME IN-A, SIGNATURE

Intemational Civil Engineering Consultants, Inc.

JOB NO. 1101-O00 
FILE NO.  

CALC NO. G(PO17)-2 

NO. OF SHEETS 2_ g 9



ATTACHMENT B TO CALC 05996.W2-G(B-04-c, PAGE • 14 

CALCULATION COVER SHEET

PROJECT Private FudeI Storage Fafility (PFSI=) 

SUBJECT Storage Pad A=lysis a•d Design

JOB NO.  FILE NO.  
CALC NO.  

SHEET

1101-000 

G(POIT)-2 

ii

Revision 3 was made to incorporate the following: (1) PGA of 0.71 Ig 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.  

International Civil Engineering Consultants, Inc.
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C (7
* A 6 4b -. ^ % wj t v : w v z t : : NM ". : " : N " t t 

"5 & " 0 as .4 &~ W to #A 'd ; w a -~SU~UN-~ 0~ 4 Pb 0

(
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SUMMARY OF TRIAXIAL TEST RESULTS FOR SOILS wITHIN -10 FT 
OF Co~vot-b SvR1C.E-i .\'r -n! SItTE 

Bering Sample Depth Eley Vw ATTrE1R LIMTTS-- USC -e, ti so - Type D-te 

ft ft % LL PL PI Code _pf pc f kef kif % 

B-I U-2C 5.9 4453.9 47.1 66.1 33.4 32.7 MIH 79.3 53.9 2.15 0.0 2.03 1.7 CU Nov'99 

B-I U-2D 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 85.5 67.1 1.53 1.3 2.18 4.0 UU Jan'97 

C-2 U-2D 11.1 4453.4 35.6 See U-2C & El CL 78.5 57.9 1.93 1.3 2.39 11.0 UU Jan '97 

CTII-i U-3D 8.7 4463.7 47.9 See U-3Ce CH 91.9 62.1 1.73 1.7 2.84 5.0 CU June 99 

CT13-4 U-2D 9.5 4465.5 45.2 Sce U-2EW CH 87.7 60.4 1.81 1.7 3.11 6.0 CU June 99 

CTM-6 U-3D 8.3 4467.9 52.7 CH 85.7 56.2 2.02 1.7 2.70 7.0 CU June '9 

CTB-N U-lB 5.7 4468.4 30.1 . 2.5 18.8 CL 100.6 77.3 1.20 1.7 3.00 8.0 CU Nov'98 

CTB.N J-2fB 7.7 4466.4 65.4 See U-2A2  MH 74.6 45.1 2.76 1.7 2.41 13.0 CU June '9 

CTD.-N U-3D 10.5 4463.6 52.2 61.1 30.8 30.3 CH 86.3 56.7 1.98 1.7 2.73 7.0 CU June '99 

CTM-S U-LB 5.8 4468.7 73.6 66.2 40.9 25.3 MH 78.0 44.9 2.78 1.7 2.05 12.0 CU Nov '98 

CM12-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 

fl-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 Mnr'99 

11-3 U-LB 5.2 4463.0 33.5 52.4 25.2 27.2 MH 90.6 67.9 1.50 2.1 3.55 8.0 CU Mar '99 

C-2 U-iD 6.3 4458.2 50.5 70.3 41.3 29.0 MH 74.5 49.5 2.431 2.1 3.03 12.0 CU Mar'99

NOTES I Attachment 2 of SAR Appendix 2A.  

2 Attachment 6 of SAR Appendix 2A.
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