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ALLOWABLE BEARING CAPACITY OF THE CASK STORAGE PADS

STATIC BEARING CAPACITY OF THE CASK STORAGE PADS

Analyses of bearing capacity for static loads are 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.

DymrNac 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(P017)-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 IIIA 40% N-S direction, -100% Vertical direction, 40% E-W direction.

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

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

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

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

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

As indicated in Table 2.6-7, the gross allowable bearing pressure for the cask storage pads
to obtain a factor of safety of 1.1 against a shear failure from static loads plus the inertial
loads due to the design basis ground motion exceeds 4.8 ksf for all loading cases identified
above. The minimum allowable value was obtained for Load Case II, wherein 100% of the
earthquake loads act in the N-S and E-W directions and 0% acts in the Vertical direction,
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tending to rotate the cask storage pad about the N-S axis. The actual factor of safety for
this condition was 1.2, which is greater than the criterion for dynamic bearing capacity (FS
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.

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 2

1.1).
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TABLE 1

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

Loading Point A (287) B (293) C (299) D (144) E (150) F (156) G (1) H (7) J (13)

2-Cask Pad DL 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45

Snow LL 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045

Cask LL 1.345 1.352 1.345 0.185 0.199 0.185 0.00 0,00 0.00

Pad E9 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 6.53 7.15

[gcotl\j05996\calc\brng-ap\WintFang.8.xls
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TABLE 2.6-6

SUMMARY - ALLOWABLE BEARING CAPACITY OF CASK STORAGE PADS

Based on Static Loads

Case Fv EQH N-S EQH E-W 1:MON-S M@ EQHE-W EO N-S GROS eB e, B'FECTIVE

| k k k ft-k ft-k deg deg ksf ksf ft ft ft ft ksf

IA - Static
Undrained 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

IB - Static
Effective 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
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80

30

67

3.0
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1.1

Effective stress friction angle (deg), c=O,

Undrained strength (pst), f=0.

Unit weight of soil (pcf)

Footing width (ft)

Footing length (ft)

Depth of footing (ft)

Unit weight of surcharge (pcf)

Factor of safety for static loads.

Fv = Vertical load (Static + EQv)

EQH = Earthquake: Horizontal force. FH = EOH ECW or EOH N-S

Ps = tan1 [(EOH E-W) / Fv ] = Angle of load inclination from vertical (deg) as f(

PL = tan" [(EOH N S) / Fv ] = Angle of load inclination from vertical (deg) as f(l

e3 = FM@N-s/ Fv eL = TM@E-W/ FV

B=B- 2 e L'= L-2eL

qadtual = Fv / (B' x L')

lgeot]\05996\calc\brngcap\Pad\WtnlFang-8.xls Table 2.6-6



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
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Case Fv EQH N-S EQH E-W MO@N-S YMOE-W EB EL GROSS e5  eL EFFECTIVE
EOH E-w EQH N-S quIt q&It ' L qactual FSactual

k k k ft-k ft-k deg deg ksf ksf ft 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

IILA 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

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

nA 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

IVB 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

IVC 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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c = 2,200 Undrained strength (psf) Fv - Vertical load (Fv static + EQv) 0.711 g = a.

4,=
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Df=

Y =

Ysurch =

FS =

0 0

30

67

3.0
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1.1

Friction angle (deg)

Footing width (ft)

Footing length (ft)

Depth of footing (ft)

Unit weight of soil (pcf)

Unit weight of surcharge (pcf)

Factor of safety for dynamic loads.

EQH = Earthquake; Horizontal force. FH = SQRT[EQH 2 E-W + EQH 2 N-S] 0.695 9 = av

131 = tan-' [(EQH E W) / Fv ] = Angle of load inclination from vertical (deg) as f(width).

PL = tan 1(EQH N-S) / Fv ] = Angle of load Inclination from vertical (deg) as f(length).

e8 = 3 M@Ns /FV eL= FMOE-W/ Fv

B'= B-2ea L= L- 2eL

qacal = FY I (B' X L')
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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

Cae V Fv EQN EL * @N M@WGROSS EFFECTIVECase IV FV EQ N-5 EQH [ 1 W MON-S YMOE-W EH es eL - -

EIQE- EHNs ut qll13 L' qactum, FSactual
k k k ft-k ft-k deg deg ksf ksf ft ft ft ft ksf

2 Casks 3,790 429 506 6,443 16,183 7.6 6.5 12.42 11.28 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 6.02 2.0

8 Casks 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
0
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3.0
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Undrained strength (psf) Fv = Vertical load (Static + EQv)

Friction angle (deg) EQH = Earthquake: Horizontal force. FH = EQH E-W or EQH N-S

Footing width (ft) PB = tan-' [(EQH E-W) / Fv ] = Angle of load inclination from vertical (deg) as f(width).

Footing length (ft) 1L = tan-1 [(ECH N.S) / Fv ] = Angle of load inclination from vertical (deg) as f(length).

Depth of footing (ft) WM@N.S = eB x Fv Y-M@E.W = eL x Fv

Unit weight of soil (pcf) B1' = B - 2 e L'= L - 2 eL

Unit weight of surcharge (pcf) qa.'ja, = Fv / (B' x L')

Factor of safety for dynamic loads.

[geotl\05996\calc\bmg-cap\Pad\WlntFang-8.xls Table 2.6-8
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FIGURE 1

FOuNDATION PLAN & PROFILE
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STATIC FOUNDATION LOAD / PRESSURE
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DETAIL OF SOIL CEMENT UNDER &
ADJACENT TO CASK STORAGE PADS
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PASSIVE PREssURE ACTING ON CASK STORAGE PADS
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STANDARDIZED DISPLACEMENT FOR NORMALIZED EARTHqUAKES
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FiGuRE 6

DETERxmIATiON OF MOMENTS ACTING ON PA]) DUE To EARTHQuAKE
LOADS FROM CASKS

P.,
-- l 3/

1' PA << Pp; therefore,
it's conservative to
ignore both in ZM.

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

yM0 1eto find Ab.

Ab x(W~ + EQvc)= 9.83 ft XEQ~,c

XM,0O to find IM 0 N-S

I M ON-S =15 ft XEQHP +3ft X EQHC +Ab x(W +EFQc).

pad cask horiz cask vert

Note: Moment arm of 3 ft is used for determining moment due to cask horizontal force,
because casks are only resting on the pads - No connection exists to transmnit moment to
the pad.
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NOTES OF TELEPHONE CONVERSATION JO No. 05996.01

PRIVATE FUEL STORAGE, LLC Date: 06-19-97
PRIVATE FUEL STORAGE FACILITY Time: 2:45 PM EDT

FROM: Stan M. Macie SWEC-Denver IE Tie Line 321-7305
Wen Tseng (ICEC) Voice (510) 841-7328

(FAX) (510) 841-7438

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

SUBJECT: DYNAMIC BEARING CAPACITY OF PAD

DISCUSSION:

WTseng reported that his pad design analyses are being prepared for three loading cases: 2 casks, 4

casks, and 8 casks. The dynamic loads that he is using are based on the forcing time histories he

received from Holtec. These forcing time histories were developed using a coefficient of friction

between the cask and the pad of 0.2 and 0.8, where 0.2 provides the lower bound and 0.8 provides

the upper bound loads from the cask to the pad. .. i_

He indicated that the bearing pressures at the base of the pad are greatest for the 2-cask dynamic '
loading case for [i = 0.8 between the cask and the pad, because of eccentricity of the loading. For

this case, the vertical pressures at the 30' wide loaded end of the pad are 5.77 ksf at one comer and

3.87 ksf at the other. He reported that it is reasonable to assume this pressure decreases linearly to 0
at a distance of -32 ft; i.e., approximately half of the pad is loaded in this case. He also indicated

that the horizontal pressure at the base of the pad is 1.04 ksf at the 30' wide end of the pad that is

loaded by the 2 casks, and that this pressure decreases linearly over a distance of -40' from the
loaded end. He noted that the vertical pressures include the loadings (DL + dynamic loadings) of the

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

Since the table of allowable bearing pressures as a function of coefficient of friction between the

cask and the pad that is in the design criteria does not include a value for p = 0.8, WTseng asked

PJTrudeau to provide the allowable bearing pressure for this case.

ACTION ITEMS: 'DPRSe 1:

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

COPY TO: NTGeorges Boston 245/03

SMMacie Denver 1E

[geot]\j05996\:elcon\97061 9.doc 
Page 1 of I
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5.3 Soil Pressures

5.3.1 Static Soil Pressure

Calculations of static soil pressure due to dead load (DI.) and cask live load (LL)

are given in Table S-i and S-2, respectively.

International Civil Engineering Consultants, Inc.
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Table S-i
Maximum Vertical Displacements and Soil Bearing Pressures

Dead Load

Notes:
1. 4~ = maximum vertical d splacement due to dead load (wt- of the pad only) obtained from

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

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

International Civil Engineering Consultants, Inc.
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Table S-2
Maximum Vertical Displacements and Soil Bearing Pressures

Live Load

(ZI)max ( x1 02 ft.)
Node subgrade modulus = 2.75 kcf subgrade modulus = 26.2 kcf

No. 2 Casks 4 Casks 8 Casks 7 Casks + 2 Casks 4 Casks 8 Casks 7 Casks +
__ _ _OLT _ _ __ OLT

1 13.06 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 -4.84 -4.42

1 3 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 -5.78 -7.95
150 -11.93 -26.35 -52.71 -61.05 -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 -11.811
293 -42.59 -62.25 -50.97 -80.88 -5.16 -5.98 -4.834 -8.483
299 -42.5.4 -62.26 -50.97 -61.84 -5.13 -5.98 -4.83 -5.47

Maximum Soil Bearing Pressure q, 1il) ( 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 -1.26.4 -0.917

144 -0.325 -0.725 -1.450 -2.1-51 -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 -1.26.4 -1.434

Notes:
1. q, = k x Zwhere k,=2.75 and 26.2 kcf for lower,-bound and upper-bound subgrade moduli,

respectively, and Z1 are obtained from CECSAP analysis results (AUt. A)
2. Negative dispLacements imply downward movements.
3. The locations of nodes listed are shown in Figure 5.1-1.
4. For snow load, the soil bearing pressures is .045 ksf (Ref. 1 1).

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-1(d) shows calculation of vertical dynamic soil pressures.
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Table D-1 (a)
Averagec Maximum Horizontal Soil Reactions in

Dynamic Load
the X Direction

Maximum Displacement Xd ( x1 0 ft,)

Node LB 13E UB
No. 2 ~ Casks 4 Casks B Casks 2 Casks 4 Casks 8 Casks 2Css 4Css 8Cars

-7 -S57T -27N 17.160 -TT2T- - .177f 9.076 0(-f98 -57T 3.597
7 3.515 2.405 17.180 1.625 1.170 9.085 0.801 0.552 3.625
13 13.512 2.409 17.190 1.624 1.177 9.060 0.799 0.550 3.618

144 4.46 -- 7iT7 _170 -TU2T T -~ WT27= T 2.325 .3.92
150 4.461 9.72G 17.470 2.021 4.242 9.156 0.999 2.294 3.951
156 4.467 9.732. 17.470 2.029 4.244 9.171 0.982 2.272 3.947

17.510O 2~ _E7T 0 3.S4 5305 -75Z
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

Avg = 15T-205 __TM7 _ T278 4. 9.OW3 T727 4.037
R~~11E05 T1.4F0 7Th4ET 2.33F-M ~T3F- 2.33WZS 5.48E55j35SE+0 5.4LUb

1 277 Th198 (tS 1159 Zl~b !~ i 194 121

Notes:
1. Avg = {sum (Xd).JIN: Xd = max. x-displ.;. i = nodes 1, 7, 13, 144, 150, 156, 287. 293, 299; and IN = 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 spr~ing stiff nesses given below:

(Kxd)LB = 9.51E+06 lb/in
1.14E+05 Kips/ft

(Kxd)BE = 1.94E+07 lb/in
2.33E+05 Kips/;,I

(Kxd)UB = 4.57E+07 lb/in
5.48E+05 Kips/ft

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

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

Horizontal Soil Reactions in the Y Direction
Dynamic Load

Max. Displacement Yd ( x`10'~ ft.)
Node LB BE U

No. 2 ak -Ca-Rs -8G-k asks 4 ak 8 Casks 2 Casks 4 Casks 8 Casks

7 3.916 7.318 14.030 2.055 4 313 8.173 1.195 1.962 4.056
1 3 4.303 7.097 14.510 2.567 4.66.4 7.937 1.337 2.161 4.109

144 5sr2T1 -- ZBTF 8.FU 15 2.714 T
150 3.946 7.447 13.960 2.122 4.429 8.132 1.~267 2.133 4.042
156 4.379 7.207 14.450 2.690 4.767 7.834 1.442 2.301 4.121

89T3~ 8.870 27.20 49~ 4.3b/ 8.39 1.65 2.821 3.92
293 4.016 7.584 13.840 2.253 4.556 8.048 1.464 2.380 4.013
299 4.476 7.253 14.370 2.877 4.84 7.795 1.657 2.334 4.097

Avg 4 T.5 7T T 2T3 -T 2 ~ 2.37 35
1.OE+5 T=EU51.08E+05 2- 5~2. 2.21 ET 05 T .37 UE 5 5.21Ef05 5.2ET

_yd-7 ___ 49 84 T- -32r 96W _ _ _ 7__ _13

Notes:
1. Avg -{sumn (Yd)i}IN: YdJ max. y-.displ.;, i = nodes 1, 7,13, 144, 150, 158, 287, 293, 299;, and IN = 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 stiff nesses given below:

(Kyd)LB = 9.04E+06 lbin
I.0BE~-o5 Kips/ft

(Kyd)BE = 1.84E+07 lb/in
2.21E±05 Kips/ft

(Kyd)UB = 4.34E4-07 lb/in
5.21E40)5 Kips/ft

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

International Civil Engineering Consultants, Inc.
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Table D-1 (c)
Summary of Total Maximum Horizontal Soil Reactions

Dynamic Load

Max. Soil Reaction_( Kips ) _____________

LB -I_____ BE IUB
2 Casks 4 Casks 8 Casks 2 Casks 4 Casks 8 Casks 2 Caslks 8 Casks4 Casks

Qxd=j 78 1277 1982 764 1159 2105 93 1494 2212
Oyd = 491 845 1680 528 986 1794 749 1237 2102

E-W

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

international Civil Engineering Consultants, Inc.
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Table D-1 (d)
Maximum Vertical Soil Bearing Pressures

Dynamic Load

Maximum Displacement Zd ( xl 0-3 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 3.64 -21.18 0.439 1.0D24 -1i3.36
1 3 4.788 11.470 -31.22 2.115 4.636 -1 7.85 0.528 1.560 -15.31
144 -9.195 -22.56 -34.05 -5.939 -16.84 -22.66 -1.861 -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 -16.971 -19.21 -9.019 -12.42 -12.22 -12.08 -10.68 -6.446
299 -21.85 -26.09 -28.04 -12.87 -16.35 -17.02 -9.835 -11.63 -13.12

Maximum Soil Bearing Pressure qm ( Kipslft2)

1 0 0 -2.22 0 D -3.35 0 0 -5.14
7 0 0 -1.74 0 0 -3.00 0 D -4.32
1 3 0 0 -2.24 0 0 -2.53 0 0 -4.94

144 -0.66 -1.62 -2.44 -0.514 -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. %q$ = maximum soil bearing pressure (Kzd X Zd)/A, where A = 67 x 30' = 201 0 ft2.

2. Kzd for LB, BE, and UB soils are vertical-z dynamic soil spring stiffnesses given below:

(Kzd)LB =1.20E+07 lb/in
1.44.E+05 Kips/ft

(Kzd)BE 2.37 E±07 lb/in
2.84.E+o5 Kips/ft

(Kzd)UB = 5.41E+07 lb/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 Att. 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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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-1(a) and (b), and the total horizontal soil

reactions (shear forces) in both the short (x) and long (y) directions of the pad are summarized in

Table D-1I(c).

International Civil Engineering Consultants, Inc.
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Table 4
Summary of Vertical Soil Bearing Pressures ( ksf )

_C- D F- G k J

Loading Point 287 293 299 144 150 156 1 7 1 3

2 - Cask Pad DL 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45

Snow LL 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045 0.045

Cask LL 1.345 1 .352 1.345 0.185 0.199 0.185 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

1 00% Ver 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 3.45 3.76 2.69 2.16 1.86 0 0 0

100% yer 5.27 5.97 6.28 4.25 3.73 3.42 0.81 0.81 0.81

8-Cask Pad DIL 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 49

100% Vert 4.92 4.29 6.45 673 4.91 701~ 735 63 71

Notes.-
1. Values for Pad DL are obtained from Table S-1.
2. Values for snow LL are obtained from Table S-2-
3. Values for Cask LL are obtained from Table S-2.
4. Pad EQ pressure = (pad wt.)xa,, where pad wt-=9D4.5 kips, and a,=-695g.

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

International Civil Engineering Consultants, Inc.
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RECORD OF ISSUES__ _____

NO. DESCRIPTION BYI DATE CHKD DATE APPRD DATE

/\Initial Issue WL1_______M *-0tor/e"

Ai Revision I (see notes below) DHi 112/6/7 0 M

A2 Revision 2 (see notes below) t: a /+*/Do -X a/. el

__Revision 3 (see notes on Sheet ii) 4'//l p___

El] Nuclear Quality Assurance Category 11 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 INITIAL SIGNATURE

Anwar Mirza (Plreparer/Checker) ~ ~ ~

Donald Harnasaki (Preparer/Checker)

Ming S. Yang (PreparertChecker) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Kiat Lilhanand (Preparer/Checker)__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Wen S. Tseng (Independent Reviewer) *j i1.

International Civil Engineering Consultants, Inc.
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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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SUMMARY OF TRIAXIAL TEST RESULTS FO)R SOILS WITHIN -10 FT
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Boring Sample Depth Elev W ATTEP.BPRG LIMITS USC '. id Type Date
ft ft % LL PL I PI Code pcf I pcf ksf ksf %

B-i U-2C 5.9 4453.9 47.1 66.1 33.4 32.7 MH 79.3 53.9 2.15 0.0 2.03 1.7 CU Nov'99

B-1 U-2B 5.3 4454.5 52.9 80.6 40.9 39.7 MH 70.8 46.3 2.67 1.0 2.21 6.0 CU Nov'99

B-4 U-3D 10.4 4462.1 27.4 42.5 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 & EI CL 78.5 57.9 1.93 1.3 2.39 11.0 UU Jan '97

CTB-1 U-3D 8.7 4463.7 47.9 See U-3C2  CH 91.9 62.1 1.73 1.7 2.84 5.0 CU June'99

CTB-4 U-2D 9.5 4465.5 45.2 Sce U-2E2  CH 87.7 60.4 1.81 1.7 3.11 6.0 CU June'99

CTB-6 U-3D 8.3 4467.9 52.7 _ CH 85.7 56.2 2.02 1.7 2.70 7.0 CU June '99

CTB-N U-1B 5.7 4468.4 30.1 41.3 [22.5J 18.8 CL 100.6 77.3 1.20 1.7 3.00 8.0 CU Nov'98

CTB-N U-2B 7.7 4466.4 65.4 See U-2A2  MH 74.6 45.] 2.76 1.7 2.41 13.0 CU June '99

CTB-N U-3D 10.5 4463.6 52.2 61.1 30.8 30.3 CF 86.3 56.7 1.98 1.7 2.73 7.0 CU June '99

CTB-S U-1B 5.8 4468.7 73.6 66.2 40.9 25.3 MH 78.0 44.9 2.78 1.7 2.05 12.0 CU Nov '98

CTB-S U-2D 8.4 4466.1 54.6 57.9 28.9 29.0 CH 90.0 58.2 1.92 1.7 2.40 5.0 CU June '99

B-i U-2D 6.5 4453.3 45.2 59.8 34.7 25.1 MH 76.7 52.8 2.22 2.1 3.26 15.0 CU Mar'99

B-3 U-1B 5.2 4463.0 33.5 52.4 25.2 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 2.43 2.] 3.03 12.0 CU Mar '99
… -_
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Attachment 2 of SAR Appendix 2A.

Attachment 6 of SAR Appendix 2P.

C...tc.C cio 9/3
CAL,<; t-(5 -o4- q1geotl \05996\1ab\trlax- I .xs on 6/13/2000



F lG LR6 -7
DIRECT SHEAR TEST

Boring C-2, Sample U-1C
?&ib te>&(; A RS;A

3

2.5

I

- -1 62
+- -

VNOCR, PAD1
101- �1 . I-

w
x

.le

U,

C,

(I)

0)

(1)

2

1.5

1

I .

!Q-

tEw It pAD #A.c~ .'L

Pr,3 -L22') -415 -4=2.q 0

1 I.v~~ - Zq, A
toc* jW 2MAN\

50gC,@ ftlC-,

I

to7 c4D04-Sk4-2 fi >gi -le7 Y'SI = -- s454 %5
cr 4 2 O, v
. I ' ,Ol'

n

,1

r:
.A

. a
:

* I

.

0.5

0 I --O

.5 r-0 0.5 1 1.5 2 2.5 3 3

- . o.tJ t
Normal Stress, ksf

A^X TCOg-s& cZ p CZ.
C~~tC c>P<Z 'uz 2t45-q

I ' OrNCiz 90 k P, AIPP 'a A, k-vv -I



S
TO

N
E

 a. W
E

B
S

T
E

R
 

E
N

G
IN

E
E

R
IN

G
 

C
O

R
P

O
R

A
TIO

N

C
A

LC
U

LA
T

IO
N

 
S

H
E

E
T

A
 
5
0
1
0
.6

5
. 

,

CALCULATION 
IDENTIFICATION NUMBER

J. O
. ORW

 
O

 
DIVISION &

 G3ROUP 
ICAL-CULATIO

N 
NO

.IO
PIO

NAL-TASK CODE 
PAGE 3(z*

3 
.C

4

I 
B

 
< 

0
<

 
5 1U

4
9
4
2
 

1 
2 

O
1gtP

|et

21 
-5

 
, 

i 
p 

i 
t

29 
o 

z 
C

s,@
X

 
\

4 2
 

C
S

 
O

4 6



)

DIRECT SHEAR TEST
Boring C-2, Sample U-1C
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DIRECT SHEAR TEST
Boring CTB-6, Sample U-3B&C
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DIRECT SHEAR TEST
Boring CTB-S, Sample U-1AA
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Total Stress Mohr's Circles
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RECORD OF REVISIONS

REVISION 0

Original Issue

REVISION 1

Page count increased from 37 to 63.

* Revised seismic loadings to correspond to the PSHA 2,000-yr return period earthquake (p. 9-1)
* Added section on dynamic strength of soils (p. 9-3)
. Added section on seismic sliding resistance of the mat foundation (p. 9-5)
* Added section on evaluation of sliding on a deep slip surface (p. 9-8)
* Updated bearing capacity analysis using revised seismic loadings (p. 34-1)

* Added additional loading combination: static + 40% seismic uplift + 100% in x (N-S) direction
+ 40% in z (E-W) direction

* Added additional references (p. 36-1)

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

REVISION 2

Major re-write of the calculation.

1. Renumbered pages and figures to make the calculation easier to follow.
2. Changed effective length of mat to 265 ft to make it consistent with Calculation

05996.02-SC-4, Rev 1 (SWEC. 1999a).
3. Added overturning analysis.

4. Corrected calculation of moments for joints 3 and 6 in Table 2.6-1 1 and incorporated
revised seismic loads in calculations of overturning stability and dynamic bearing
capacity.

5. Revised dynamic bearing capacity analyses to utilize only total strength parameters
because these partially saturated soils will not have time to drain fully during the rapid
cycling associated with the design basis ground motion. See Calculation 05996.02-G(B)-
05-1 (SWEC, 1999b) for additional details.

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

8. Deleted analyses of bearing capacity on layered profile, as adequate factors of safety are
obtained conservatively assuming that the total strengths measured for the clayey soils

in the upper -25' to 30' layer apply for the entire profile under the Canister Transfer
Building and revised all of the detailed bearing capacity analyses.

9. Changed "Load Combinations" to "Load Cases" and defined these cases to be consistent
throughout the various stability analyses included herein. These are the same cases as

are used in the stability analyses of the cask storage pads, Calculation 05996.02-G(B)-

04-5 (SWEC, 2000).

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

1 l. Revised Conclusions to reflect results of these changes.

REVISION 3

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

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

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

4. The relative strength increase noted for the deeper lying soils in the cone penetration

testing that was performed within the Canister Transfer Building footprint was used to

determine a weighted average undrained strength of the soils in the entire upper layer
for use in the bearing capacity analyses, since the soils within a depth equal to

approximately the width of the foundation are effective in resisting bearing failures. This

resulted in the average undrained strength for the bearing capacity analyses of the
upper layer equal to 3.18 ksf.

5. Removed dynamic analyses based on increasing strengths of the cohesive soils that were

measured in static tests to reflect well known phenomenon that the strength of cohesive

soils increases as the rate of loading decreases.

6. Revised undrained shear strength of the clay block overlying the cohesionless layer to
2.2 ksf, based on the WU tests that were performed at confining pressures of 1.3 ksf

(reported in Attachment 2 of Appendix 2A of the SAR) in the analysis of sliding of the

Canister Transfer Building on deep plane of cohesionless soils.
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7. Added shearing resistance available on the ends of the block of clay, since this soil must
be sheared along these planes in order for the Canister Transfer Building to slide on a
deep plane of cohesionless soils.

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

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

REVISION 4

1. Updated stability analyses to reflect revised design basis ground motions (aH = 0.7 lig &
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. Updated dimensions of foundation mat to 240 ft (E-W) x 279.5 ft (N-S), and changed the
depth of the perimeter key to 1.5 ft. in accordance with design change identified in
Figure 4.7-1 (3 sheets), "Canister Transfer Building," of SAR Revision 21 (based on S&W
Drawings 0599602-EC-404A-B & 404B-B).

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

5. Updated references to supporting calculations.

6. Updated discussions and conclusions to incorporate revised results.

REVISION 5

1. Shear strength of clayey soils beneath the building for resisting sliding was changed
from 1.8 ksf to 1.7 ksf to reflect lower final effective stresses under the mat after
changing size of mat to 240 ft x 279.5 ft.

2. Added sliding analysis that includes both shear resistance along bottom of the plane of
the clayey soils enclosed within the perimeter key at the base of the mat and the full
passive resistance from the soil cement placed adjacent to the mat. Used residual
strength measured in the direct shear tests that were performed on these clayey soils
for this case.
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VISION 6

Expanded description of soil cement properties.

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

Added calculation of horizontal displacement of the building due to elastic theory.

Expanded discussion of residual strengths of the clayey soils underlying the building.
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OBJECTIVE

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

ASSUMEPTIONS/DATA

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

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

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

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

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

Based on laboratory test results presented in Table 3 of Calculation 05996.02-G(B)-5-2

(SWEC, 2000a), Ymotst = 80 pcf above the bottom of the mat and 90 pcf below the mat.

Table 6 of Calc 05996.02-G(B)-05-2 (copy included in Attachment A) summarizes the
results of the triaxial tests that were performed within depths of -10 ft. The undrained
shear strengths (su) measured in these tests are plotted vs confining pressure in Figure 6.
This figure is annotated to indicate the vertical stresses existing prior to construction and
following completion of construction.

The undrained shear strengths measured in the triaxial tests are used for the dynamic
bearing capacity analyses because the partially saturated, fine-grained soils will not drain
completely during the rapid cycling of loadings associated with the design basis ground
motion. As indicated in Figure 6, the undrained strength of the soils within - 1 0 ft of grade
is assumed to be 2.2 ksf. This value is the lowest strength measured in the UU tests,
which were performed at confining stresses of 1.3 ksf. This confining stress corresponds
to the in situ vertical stress existing near the middle of the upper layer, prior to
construction of these structures. It is much less than the final stresses that will exist
under the cask storage pads and the Canister Transfer Building following completion of
construction. Figure 6 illustrates that the undrained strength of these soils increase as
the loadings of the structures are applied; therefore, 2.2 ksf is a very conservative value for
use in the bearing capacity analyses of these structures.

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

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

Attachment B presents copies of the plots of su vs depth for CPT-37 and CPT-38. which are
included in Appendix D of ConeTec(1999]. These plots are annotated to identify the
average undrained strength of the cohesive soils measured with respect to depth. As
shown by the plot of su for CPT-37, the weakest zone exists between depths of -5 ft and
-12 ft. The results for CPT-38 are similar, but the bottom of the weakest zone is at a
depth of -11 ft. The underlying soils are all much stronger. The average value of s. of the
cohesive soils for the depth range from -18 ft to -28 ft is -2.20 tsf, compared to s. -1.34
tsf for the zone between -5 ft and -12 ft. Therefore, the undrained strength of the deeper
soils in the upper layer was -64% (Asu = 100% x 1(2.20 tsf - 1.34 tsf} / 1.34 tsf] higher than
the strength measured for the soils within the depth range of -5 ft to -12 ft. The relative
strength increase was even greater than this in CPT-38.

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

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

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

The results of these tests are presented in Attachments 7 and 8 of the Appendix 2A of the
SAR and they are plotted in Figures 7 and 8. Because of the fine grained nature of these
soils, they will not drain completely during the rapid cycling of loadings associated with
the design basis ground motion. Therefore, sliding stability analyses included below of the
Canister Transfer Building constructed directly on the silty clay are performed using the
average shear strength measured in these direct shear tests for a normal stress equal to
the vertical stress under the building following completion of construction, but prior to
imposition of the dynamic loading due to the earthquake. As shown in Figures 7 and 8.
this average shear strength is 1.7 ksf and the friction angle is set equal to O0.

Effective-stress strength parameters are estimated to be 4 = 300 and c = 0 ksf, even though
these soils may be somewhat cemented. This value of 4 is based on the PI values for these
soils, which ranged between 5% and 23% (SWEC, 2000a), and the relationship between 0
and PI presented in Figure 18.1 of Terzaghi & Peck (19671.

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

Case 1A Static using undrained strength parameters: 4 = O> & c = 3.18 ksf.

Case 1B Static using effective-stress strength parameters: 4 = 30' & c = 0.

and dynamic bearing capacity analyses are performed using 4 = 0° & c = 3.18 ksf.

Soil Cement Properties:

The unit weight of the soil cement is assumed to be 100 pcf in the analyses included
herein and the unconfined compressive strength is 250 psi. (Initial results of the soil-
cement testing indicate that 110 pcf is a reasonable lower-bound value for the total unit
weight of the soil cement adjacent to the Canister Transfer Building foundation.) This
strength is consistent with the soil-cement mix proposed for use within the frost zone
adjacent to the cask storage pads and is based on the assumption that the strength will be
at least this value to obtain a soil cement mix design that will satisfy the durability
requirements of the ASTM wet/dry and freeze/thaw tests.

PFS is developing the soil-cement mix design using standard industry practice, in
accordance with the criteria specified by the Portland Cement Association. This effort
includes performing laboratory testing of soils obtained from the site. This on-going
laboratory testing is being performed in accordance with the requirements of Engineering
Services Scope of Work (ESSOW) for Laboratory Testing of Soil-Cement Mixes, ESSOW
05996.02-GO10, Rev. 0. This program includes measuring gradations and Atterberg limits
of samples of the near-surface soils obtained from the site. It includes testing of mixtures
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of these soils with varying amounts of cement and the testing of compacted specimens of
soil-cement to determine moisture-density relationships, freeze/thaw and wet/dry
characteristics, compressive and tensile strengths, and permeability of compacted soil-
cement specimens. The entire laboratory testing program is being conducted in full
compliance with the Quality Assurance (QA) Category I requirements of the ESSOW.

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

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

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

p. 8 of PCAI:

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

And on p. 32:

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

The following criteria are based on considerable laboratory test data, on the performance of
many projects in service, and on information obtainedfrom the outdoor exposure of several
thousand specimens. The use of these criteria will provide the minimum cement content
required to produce hard, durable soil-cement, suitable for base-course construction of the
highest quality.

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

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

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

Soil Groups A-6 and A-7, not over 7 percent.

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

The on-going laboratory testing program will also include additional tests to confirm that
the bond at the interfaces between lifts of soil-cement and soil-cement and the site soils
will exceed the strength of the in situ clayey soils. These tests will include direct shear
tests, performed on specimens prepared from the site soils at various cement and moisture
contents, in a manner similar to that used by DeGroot2 in his testing of bond along soil-
cement interfaces. This testing will include direct shear tests to be performed in the
laboratory in the near-term (pre-construction) during the soil-cement mix development to
demonstrate that the required interface strengths can be achieved (p. 2.6-113 of SAR) and
during construction to demonstrate that the required interface strengths are achieved (p.
2.6-114 of SAR). In addition, PFS has committed to augmenting this field testing program
by performing additional site-specific testing of the strengths achieved at the interface
between the bottom of the soil cement and the underlying soils.

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

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

The following load combinations are analyzed:

Case I Static

Case II Static + dynamic horizontal forces due to the earthquake

Case III 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%/b of the dynamic lateral forces in both X and Z directions are
combined. For Cases III and IV, 100% of the dynamic loading in one direction is
assumed to act at the same time that 40% of the dynamic loading acts in the other two
directions. For these cases, the suffix "A" is used to designate 40% in the X direction
(N-S for the Canister Transfer Building, as shown in Figure 1), 100% in the Y direction
(vertical), and 40% in the Z direction (E-W). Similarly, the suffix "B" Is used to
designate 40% in the X direction, 40% in the Y. and 100% in the Z. and the suffix "C"
is used to designate 100% in the X direction and 40% in the other two directions.
Thus,

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

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

Case IIC 100% N-S direction, -40%/6 Vertical direction, 40% E-W direction.

The negative sign for the vertical direction in Case III indicates uplift forces due to the
earthquake. Case IV is the same as Case III, but the vertical forces due to the
earthquake act downward in compression, therefore, the signs on the vertical
components are positive.

Combining the effects of the three components of the design basis ground motion in
this manner is in accordance with ASCE-4 (1986).
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ANALYSIS OF OVERTURNING STABILr

The factor of safety against overturning is defined as:

FSoT = ZMResisuing ZMDrIving

The overturning stability of the Canister Transfer Building is determined using the
dynamic loads for the building due to the PSHA 2,000-yr return period earthquake. These
loads are listed in Table 2.6-11, and they were developed based on the dynamic analysis
performed in Calculation 05996.02-SC-5 (S&W. 20011 and described in SAR Section
4.7.1.5.3. The masses and accelerations of the joints (see Figure 2 for locations of the
joints) used in the model of the Canister Transfer Building in Calculation 05996.02-SC-5
are listed on the left side of Table 2.6-11. and the resulting inertial forces and associated
moments are listed on the right. Based on building geometry shown schematically in
Figure 1 and the forces and moments shown in Table 2.6-11, overturning is more critical
about the N-S axis (279.5 ft) than about the E-W axis (240 ft). Page 37 of Calculation
05996.02-SC-5 indicates that the moment due to angular (rotational) acceleration of the
structure is 465,729 ft-K about the N-S axis and 1,004,332 ft-K about the E-W axis.

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

CHECKivG OVERTuRNING ABOUT THE N-S Axis

For Case MIlA. where 40% of the horizontal force due to the earthquake act in the N-S and
E-W directions and 100% acts vertically upward, the resisting moment is calculated as the
net effective weight of the building x the distance from one edge of the mat to the center of
the mat. The net effective weight of the building is 97,749 - 79,779 K, (i.e., Weight - Total
Fv Do.), as shown in Table 2.6-11. For overturning about the N-S axis, the moment arm for
the resisting moment equals 1/2 of 240 ft. or 120 ft. Therefore,

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

This ignores the eccentricities of the vertical masses with respect to the center of the mat.
Incorporating these eccentricities, which are included in Attachment A of Calc 05996.02-
SC-5, Rev. 2, the resulting resisting moment is calculated as follows:
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JoIN~wg's ftMoment SJOINT EL. IASY A Arm E-W ftk-SeC2 /ft g's ft ________

0 94.25 260.1 0.783 0 120.00 218,002

1 95 1,908.0 0.783 -0.73 119.27 1.589,353

2 130 420.4 0.821 -2.02 117.98 285.292

3 170 304.3 0.913 -3.14 116.86 99,412

4 190 117.1 0.928 0 120.00 32,638

5 190 27.6 1.840 0 120.00 -89.478

6 170 1.0 0 0 120.00 3.860

Total = 2,139,080

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

186,292 ft-K.

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

XMDr mvg jg1,082,7852 + (186,292)2 =1,098,694 ft-K

and FSor = 2.156.400 -. 1.098,694 = 1.96

about the N-S axis for Case IIIA without including eccentricities of vertical masses.

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

FSoT = 2,139,080 - 1,098,694 = 1.95 (Minimum)

For Case IIIB, where 100% of the horizontal force due to the earthquake acts in the E-W
direction and 40% acts in the N-S direction and vertically upward, the resisting moment is
calculated as the net effective weight of the building x the distance from one edge of the
mat to the center of the mat. The net effective weight of the building is 97,749 - 40% of
79,779 K, (i.e., Weight - Total Fv Dy), as shown in Table 2.6-11. For overturning about the
N-S awxs, the moment arm for the resisting moment equals 1/2 of 240 ft. or 120 ft.
Therefore,

;MResstnig = (97,749 - 0.4 x 79,779) K x 120 ft = 7,900,488 ft-K.
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The driving moments include 100% of the EM acting about the N-S axis, ZMox in Table

2.6-11, which is 2,706,961.4 ft-K. and 100% of the moment about the N-S axis due to
angular (rotational) acceleration of the structure, which is 465,729 ft-K

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

M"r,.g =V2,706,961.42 + 465,7292 = 2,746,733 ft-K

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

Case mc, where 100% of the horizontal force due to the earthquake acts in the N-S
direction and 40% acts in the E-W direction and vertically upward, is less critical for

overturning about the N-S axis than Case IIB.

CHECKNG OVERTURNIG ABOUT THE E-W AX7S

For Case IIMA where 40% of the horizontal force due to the earthquake act in the N-S and
E-W directions and 100% acts vertically upward, the resisting moment is calculated as the
net effective weight of the building x the distance from one edge of the mat to the center of
the mat. The net effective weight of the building is 97,749 - 79,779 K. (i.e., Weight - Total
Fv Dyj), as shown in Table 2.6-1 1. For overturning about the E-W axis, the moment arm for
the resisting moment equals '½2 of 279.5 ft. or 139.75 ft. Therefore,

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

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

JOITSS., Y Ay Moment SMOE.WJOINT EL. k-seC2 /ft g's At- N-S, | -K

0 94.25 260.1 0.783 139.75 253,882

1 95 1.908.0 0.783 138.08 1,840,009

2 130 420.4 0.821 131.46 317,889

3 170 304.3 0.913 143.18 121,802

4 190 117.1 0.928 139.75 38.010

5 190 27.6 1.840 139.75 -104,205

6 170 1.0 0 139.75 4,496

Tota = 2,471,883
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The driving moments include 40% of the EM acting about the E-W axis, EMez in Table 2.6-
11, which is 0.4 x 2,849,703 = 1,139.881 ft-K, and 40% of the moment about the E-W axis
due to angular (rotational) acceleration of the structure, which is 0.4 x 1,004,322 =

401,729 ft-K.

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

Mj,,I, =V1,139,8812 +401,7292 = 1,208,601 ft-K

and FSoT = 2,511,308 . 1,208,601 = 2.07

about the E-W axis for Case IIIA without including eccentricities of vertical masses.

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

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

For Case IIIC, where 100% of the horizontal force due to the earthquake acts in the N-S
direction and 40% acts in the E-W direction and vertically upward, the resisting moment is
calculated as the net effective weight of the building x the distance from one edge of the
mat to the center of the mat. The net effective weight of the building is 97,749 - 40% of
79.779 K, (i.e., Weight - Total Fv Dy), as shown in Table 2.6-11. For overturning about the
E-W axis, the moment arm for the resisting moment equals ½/2 of 279.5 ft. or 139.75 ft.
Therefore,

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

The driving moments include 100% of the EM acting about the E-W axis, EMaz in Table
2.6-11, which is 2.849,703.4 ft-K, and 100% of the moment about the E-W axis due to
angular (rotational) acceleration of the structure, which is 1,004,322 ft-K.

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

X MDrg =V2,849,7032 +1,004,3222 = 3,021,501 ft - K

and FSo-r = 9,200,777 -- 3,021,501 = 3.05 about the E-W axis for Case 111C.

Case flEB is less critical for overturning about the N-S axis than Case I11C.
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ANALYSIS OF SLIDING STABILIy

The factor of safety (FS) against sliding is defined as follows:

FS = Resisting Force * Driving Force = T * V

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

T = Ntan4,+cBL

where, N (normal force) = I F, = F sttic + F, Eqk

0 = O0 (for Silty Clay/Clayey Silt)

c = 1.7 ksf, as discussed above under "Geotechnical Properties."

B = 240 feet

L = 279.5 feet

The driving force, V, is calculated as follows:

V = FNS + FEW

SLDnING STABSn OF THE CANISTER TRANSFER BUILDING ON IN SrIU CIAYEY Sons

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

The sliding stability of the CTB was evaluated using the foundation loadings developed in
the soil-structure interaction analyses (Calculation 05996.02-SC-5, S&W, 2001). In this
case, the strength of the clayey soils at the bottom of the 1.5-ft deep key around the CTB
mat was based on the average of the two sets of direct shear tests performed on samples of
soils obtained from beneath the CTB, approximately at the elevation proposed for founding
the structure. The results of these tests are included in Attachments 7 and 8 of Appendix
2A of the SAR, and Figures 7 and 8 present plots of peak shear stress vs normal stress
measured in these tests. As discussed above under Geotechnical Properties, 4 = 0° and a
shear strength of 1.7 ksf were used for the clayey soils underlying the Canister Transfer
Building in determining resisting forces for the earthquake loading combinations.

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

The backfill to be placed around the Canister Transfer Building mat and 1.5-ft deep key
will be soil cement, constructed from the eolian silt and silty clay that was excavated from
the area. For soil cement constructed using these soils, it is reasonable to assume the
lower bound value of y is 100 pcf, 4 = 0° & c = 125 psi.
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For the soil cement, Pp = 2c x Dr x (B or L)

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

2 x # 1 4.125j X n.2  K ftX5ftX1 K
p cxf - i_ ft2  1.O00#4 LF K

- 90-
P FS 2 LF

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

The effects of wall movement on wall pressure are defined in DM-7 3 (p. 7.2-60) as the ratio
of horizontal displacement to the height of the wall. For stiff cohesive soils. the wall
rotation or yield ratio, y/H, required to fully mobilize passive resistance is 0.02, or 2%.
For dense cohesionless soils, even less movement is required to reach full passive, -0.2%.
Lambe & Whitman (1969. p 166) also indicates that little horizontal compression, -0.5%.
is required to reach half of full passive resistance for dense sands. The soil cement will be
compacted to a dense state, and once it cures, it is expected to be stiffer than dense sand.
requiring less displacement to reach full passive resistance. Therefore, it is conservative to
assume that half of the total passive resistance is available to resist sliding of the building.

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

The horizontal displacement of the Canister Transfer Building is estimated using elastic
theory, as described in Section 4.3. "Rectangles Subjected to Shear Loading," of Poulos
and Davis4 .

q x a x I Eq. 4.9 Poulos & Davis
E

3 NAVFAC (1986), DM 7.2, "Foundations and Earth Structures,' Dept of the Navy. Naval FaclllUes Eng'g, Command.

Alexandria, VA.

4 Poulos, H. G.. and Davis, E. H.. Elastic SoluUons for Soil and Rock Mechanics. John Wiley & Sons, New York. NY. 1974.
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G., = Ocf x (540Oft/sec)2 = 724,472 psf xr~ 5,031 psi32.2 ft. /seC2  (12 in.)

g
Es =2 x (1+v) xG. = 2 x(1 -f-0.4) x5,031lpsi =14,087 psi

In the E-W direction (See Table 2.6-1 1 for horizontal shear values):

99,997 K lOO00ibs (ft 2
1  4

~2 4 0 ft x 2 7 9. 5 ft 
9  

, (12in)

279- .5 ft =-0.023

b_ 279.5 ft_

- -295 t=1. 17
a 240 ft

In the N-S direction:

11 1,108 K 1,000 lbs (ft> 2
q = _=1.G66ksf x ' xII=1 1. psi

240 ft x279.5 ft K (12 in.)

h 6.5 ft
= 240f = 0.027

b 240 ft_

a 279.5 ft -. 5

From Figure 4.17 of Poulos & Davis, estimate the horizontal displacement factor for
the corners for horizontal shear of a horizontal rectangle. For the h/b and b/a values
shown above, IF-w = 0. 62 and 'N-S = 0.59.

10. 4 psi x 240 ft x 12 n x 0.62
PE-W ft= 1.32 inches Eq. 4.9 Poulos & Davis

14,087 psi

Yiel Rato= - 1.32 in.
Hil ai = -0.017. orl1.7%

ft
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11.5 psix 279.5 ft x 12 x 0.59
PN-S = ft =1.62 inches Eq. 4.9 Poulos & Davis

14,087 psi

Yield Ratio = P = 1.62in. =0.021,or2.1%
6.5 ft x12-

ft

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

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

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

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

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

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

The results of the direct shear tests, presented as plots of shear stress vs horizontal
displacement in Attachment 7 of Appendix 2A of the SAR (annotated copies are included in
Attachment C of this calculation), illustrate that the residual strength of these soils is
nearly equal to the peak strength for those specimens that were tested at confining
stresses of 2 ksf. For example, for Sample U-1C from Boring C-2. at horizontal
displacements of -0.025" past the peak strength, there is -1.5% reduction in the shear
strength indicated. The results for Sample U- 1AA from Boring CTB-S showed no decrease
in shear strength following the peak at -0.025" horizontal displacement, and Samples U-
3B&C from Boring CTB-6 showed a decrease of -5%. The specimens that were tested at
confining stresses of 1 ksf all show reductions of -20% at horizontal displacements of
-0.025" past the peak.

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

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

1.36 ksf.

CALCULATION OF AVERAGE POST-PEAK STRENGTH REDUCTION FOR NORMAL STRESS

APPLICABLE TO FINAL TRESSES UNDER THE CANISTER TRANSFER BULDING

Normal Stress = 1 ksf Normal Stress = 2 ksf Average

Stregthgtta Post-PeakRdutoStrength at tStrengtlPort-th
Maximum Post-Peak Peak Maximum Post-Peant Redction

Boring Sample Strength Shear Strength Strength Shear reduto NormlBoig Sml teghDisplace- Reduction Dipae Reucin =r2

ment ment Ste1.5 =s

ksf ksf _ ksf ksf _ _

C-2 U-1C 1.67 1.2 28.1 2.13 2.1 1.4 14.8

CTB-6 U-3B&C 1.57 1.1 29.9 2.15 1.9 11.6 20.8

CT-S U-1AA 1.42 1.1 22.5 1.58 1.7 -0.0 11.3

Average = 15.6

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

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

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

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

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

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

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

A review of the cone penetration test results (ConeTec, 1999) obtained within the top 2 ft
of the layer of nonplastic silt/silty sand/sandy silt underlying the Canister Transfer
Building indicated that 4 = 38° is a reasonable minimum value for these soils. This review
is presented on the next page.

The next five pages illustrate that the factor of safety against sliding along the top of this
layer is >1.1 for all load cases (i.e., Load Cases IIIA, IIIB, and III). These analyses include
several conservative assumptions. They are based on static strengths of the silty clay
block under the Canister Transfer Building mat, even though, as reported in Das (1993),
experimental results indicate that the strength of cohesive soils increases as the rate of
loading increases. For rates of strain applicable for the cyclic loading due to the design
basis ground motion, Das indicates that for most practical cases, one can assume that c.
&ynarmc - 1.5 x cu stauc. In addition, the silty sand/sandy silt layer is not continuous under

the Canister Transfer Building mat, and this analysis neglects cementation of these soils
that was observed in the samples obtained in the borings. Therefore, sliding is not
expected to occur along the surface of the cohesionless soils underlying the Canister
Transfer Building.
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ALLOWABLE BEARING CAPACITY

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

The general bearing capacity equation is a modification of Terzaghi's bearing capacity
equation, which was developed for strip footings and which indicates that qut =

cNc+qNq+1/2 rBN, For this relationship, the ultimate bearing capacity of soil consists of
three components: 1) cohesion, 2) surcharge, and 3) friction, which are represented by
bearing capacity factors Nc, Nq, and Nr 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:

q.,ar= c Nc sd, l C+ q Nq Sq dq iq + 7/2 yB N Sr d.r

where

qwt= ultimate bearing capacity

c = cohesion or undrained strength

q = effective surcharge at bottom of foundation, = yDf

y= unit weight of soil

B foundation width

Sc, sq. sy = shape factors, which are a function of foundation width to length

dc, dq, d, = depth factors, which account for embedment effects

Ic, 1q, i = load inclination factors

N,, Nq. Nr = bearing capacity factors, which are a function of 0.

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.

BEAING CAPAcIiy FACTORS

Bearing capacity factors computed based on relationships proposed by Vesic (1973), which
are presented in Chapter 3 of Winterkorn and Fang (19751.
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Nq = env tan2(45±+ )

N, = (Nq - l) cot4, but 5.14 for 0 = 0.

Ny= 2 (N,+1) tanX

SHAPE FACTORS

Sc + B Nq
L Nc

Sq =1+ L tan4
L

SY=1- 0.4 -
L

DEPTH FACTORS

DrFor • <1:
B

d = dq - N d4) for 1> 0 and de = + 0.4 ( for 4=0.
Nq.tan B

dq = 1 + 2 tan 0 - (1 - sin OfD)2

dy =1

INCLINATION FACTORS

q =(- F.+ B' c cot j

ic =iq Na for tp> O and ic =1 - mFH ) for o
Nc. tan B'U c NcJ

(1FH m+
Fv 1 ±B'L'c cot j

Where: FH and Fv are the total horizontal and vertical forces acting on the footing and
MB = (2 + B/L) / (1 + B/L)

ML = (2 + L/B) / (1 + L/B)
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STATIC BEARING CAPACITY OF THE CANISTER TRANSFER B1JILDING

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 (O = 0° & c = 3.18 ksf).

Case IB Static using effective-stress strength parameters (4 = 30° & c = 0).

Table 2.6-9 presents the results of the bearing capacity analyses for these static load

cases. The minimum factor of safety required for static load cases is 3.

As indicated in this table, the gross allowable bearing pressure for the Canister Transfer

Building to obtain a factor of safety of 3.0 against a shear failure from static loads is

greater than 6.5 ksf. However, loading the foundation to this value may result in

undesirable settlements. This minimum allowable value was obtained in analyses that

conservatively assume 4 = 0° and c = 3.18 ksf. the average undrained strength for the soils

in the upper layer at the site, to model the end of construction. Using the estimated

effective-stress strength of 4 = 30° and c = 0 results in higher allowable bearing pressures.

As shown in Table 2.6-9, the gross allowable bearing capacity of the Canister Transfer

Building for static loads for these soil strengths is 56.6 ksf.
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ALLOWABLE BEARING CAPACITY OF CANISTER TRANSFER BUILDING

Static Analysis: Case IA - Static j1 % n NS, 0 in Ver n E -inEW

Soil Properties: Su, =

Foundation Properties:
Ysurnh =

B' =

FS =

EQH E-W =

3,180 Average undrained strength (psf) in upper -30' layer
O Friction Angle (degrees)

90 Unit weight of soil (pcf)
80 Unit weight of surcharge (pcf)

240.0 Footing Width - ft (E-W) L= 279.5 Length
5 Depth of Footing (ft)

0.0 Angle of load inclination from vertical (degrees)
3 Factor of Safety required for q~~

97,749k EQv 0 k
0 k + EQH N.s = Ok =Ok for F

- It(N-S)

H

quft = cNes de le+ ysL,,,h 0,NqSq dq 1 + 1/2y BNs, dl

N. (Nq - ) cot(o), but = 5.14 for4 0

Nq =en tan 2(7T/4 + Q2)
Ny=2 (Nq +1) tan (4)

se= 1 + (B/L)(NlN,)
Sq = 1 + (B/L) tan o

= 1- 0.4 (BIL)

For D/B <1: dq =l*+2 tan o (I1-sin o)2 D1/B

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

- 1.17 Table 3.2
- 1.00

- 0.66

4l= 1
For i*> 0: de=d

- 1.00

- 1.00

- N/A

- 1.01

,I- (1-d,) / (N, tan 4)

Eq 3.26

Eq 3.27For *= 0: de= 1 + 0,4(D1/B)

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

N, term
19,235

Nq term
+ 400

Ny term
+ 0Gross qI = 19,635 psf =

=ll 6,540 psf = q~lt I FS

qut,= 1,457 psf = (F, + EQJ) I (B' x L')

Fatl,= 13.47 = qun I qamtai > 3 Hence OK

lgeotl \05996\calc \bmrgs-ap\ canxfr.xls



Sliding Stability - Dynamic Loads from Holtec for 2,000-Yr Earthquake for
Pad Loaded with 8 Casks, g = 0.8, and Best-Estimate Soil Properties

c = 2.1 ksf and 4 = O at Base of Concrete Pad
Includes Dynamic Active, but No Passive Pressure

25
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5

0

0 5 10 15 20 25

Time - Sec

30

I------ FS= 1.1 FS Sliding E-W I

[geot] \05996\calc\brng-cap\pad\SSI.xls "Exhibit 3"
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rock-like oeneath the foundation. A rock-
like foundation is defined by a shear-wave
velocity of 3,500 ft/sec (1,100 m/sec) or
greater at a shear strain of 10 -: percent or
smaller when considering preloaded soil
conditions due to the structure.

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

(b) Variation of amplitude and fre-
quencyc*o*tent with depth may be con-
sidered for partially embedded stftctures.
The spectral amplitude of the acceleration
response spectra in the free field at the
foundation depth shall' be not less than

*j t W I ' i ni ~s grad e ~ n ~ t re i e d .
3.3.1.3 Three-Dimensional Effects-

The three-dimensional phenomenon of
radiation damping and layering effects of
foundation soil shall be considered in SSI
analysis.

3.3.1.4 Nonlinear Behavior of Soil--
The nonlinear behavior of soil shall be

considered and may be approximated by
equivalent linear material properties. Two
types of nonlinear behavior may be iden-
tified: primary and secondary nonlinear-
ities. 'Prlmary nonlinearity" denotes
nonlinear material behavior induced in the
soil due to the excitation alone, i.e., ignor-
ing structure response. 'Secondary non-
linearity" denotes nonlinear material
behavior induced in the soil due to struc-
tural response as a result of SSI. Primary
nonlinearities shall be considered in the
SSI analysis. Except for the provisions of
3.3.1.9, secondary nonlinearities includ-
ing local nonlinear behavior in the vicinity
of the soil-structure interface need not be
considered.

3.3.1.5 Structure-to-Structure Interac-
lion- Strutture-to-structure interaction
may be generally neglected for overall
structural response but shall be con-
sidered for local effects due to one struc-
tureeon another, such as required in 3.q.3
for walls.

1 3.3.1.6 Effect of Mat and Lateral Wall
Flexibility- The effect of mat flexibility
for mat foundations and the effect of wall
flexibility for embedded walls need not be
considered in the SSI analysis.

3.3.1.7 Uncertainties In SSI Analysis-
11e uncertainties in the SSI analysis shAll

be considered. In lieu of a probabilistic
evaluation of uncertainties, an acceptable
method to account for uncertainties in SSI
analysis is to vary the soil shear modulus.
Soil shear modulus shall be varied between
the best estimate value times.t1 + C.) and
the best estimate value divided by (1 +
C.), where C, is a factor that accounts for
uncertainties in the SSI analysis and soil
properties. The minimum value of C..shall
be 0.5.

3.3.1.8 Model of Structure--
(a) Structural models defined in 3.1

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

3.3.1.9 Embedment Effects-- The
potential for reduced lateral soil support
of the structure should be considered
when accounting for embedment effects.
One method to comply with this require-
ment is to assume no connectivity between
structure and lateral soil over the upper
half of the embedment or 20 ft (6 in),
whichever is less. However, full connec-
tion between the structure and lateral soil
elements may be assumed if adjacent
structures founded at a higher elevation

roduce a surcharge equivalent to at least
20 ft (6 in) of soil.

Shear
Stress, T

Shear
Strain, Y

Y2

FIGURE 3300-1 DEFINITION DIAGRAM FOR SHEAR MODULUS, G

3.3.2 Subsurface Material Properties

3.3.2.1 General Requirements- Sub-
surface material properties shall be deler-
mined by field and laboratory testing,
supplemellted as appropriate by experi-
ence, empirical relatinnships, and pub-
lished data for similar materials. The
following material properties shall be
determined for use in equivalent-linear
analyses: shear mnodulus, C; damping
ratio. 1); Ptoissous ratio, v; antd total unit
weight. If

3.3.2.2 Shear Modulus-- Tlhe shear
anodulus. (. defined as shown in
F:ig. X1AX1- I . shl.ll he delenrnid vas a Itinc-

lion of shear strain level.
3.3.2.3 Material (Hysteretic) Damping

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

(b) At very small strains (cl0 ' per-
cent), the maeew1 Z ipng

3.3.2.4 Poisson's Ratio-- Poisson's
ratio, ',, in combination with shear mod-
ulus, (, defines the Young's modulus of
the material in accordance with the theory
of elasticity. For saturated soils, the
behavior of the water phase shall be con-
sidered in evaluating Young's modulus

and selecting values oft'.

3.3.3 Direct Method
SSI analysis by the direct method

shall consist of the following steps:
1. Locate the bottom and lateral bound-

aries of the soil-structure model.
2.- Establish input motion to be applied

at thle boundaries.
3. Establish soil model, properties, and

layer boundaries ItO be used for the
foundation.

4. Perform SSI analyses in one or two
steps, as discussed in 3.1.1.2, using
structural models as discussed in
3.3.1.8.

I
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Shear
stress. I

~Jl:. rt"'
)Jq) l*~'

Maay be used when justified.
3.3.3.5 Time Step and Frequency

Increment- (a) For solution of the SSI
analysis in the time domain, the integra-
tion time step shall be selected to be small
enough to ensure accuracy and stability
of the solution.

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

5rii
s¢.aill. I

I

I
I

iI
B - t

r t

3.3.4 Impedance Method

FIGURE 3300-2 DEFINITION DIAGRAM FOR HYSTERETIC DAMPING RATIO, D

3.3.3.1 Seismic Input for Model
Boundaries-- (a) Boundary motion input
to the soil model shall be compatible with
the design earthquake specified at the fin-
ish grade in the free field.

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

(c) The analyses to establish boundary
motions shall be performed using math-
ematical models and procedures compal-
ible with those used in the SSI analysis.

3.3.3.2 Lower Boundary- The lower
boundary shall be located far enough from
the structure that the seismic response at
points of interest is not significantly
affected. The lower boundary of the model
maybe placed ata layerat which the shear% -
wave velocity equals or exceeds 3,500 ft/
sec (1,I 1O mansec) or at a soil layer that has
a modulus 10 times or more larger than
the modulus of the layer immediately
below the structure foundation level. The
lower boundary need not be placed more
than 3 times the maximum foundationst
dimension below the foundamion. The

lower boundary may be assumed to be
rigid.

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

3.3.3.4 Soil Element Size-- Soil discre-
lization (elementl or zones) shall be estab-
lished to adequately reproduce static and
dynamic effects. When using simple
quadrilateral finite elements, at least eight
horizontal discretizations over the foun-
dation width shall be used, immediately
beneath the foundation, to adequately
reproduce the static stress distribution
beneath the foundation. The discretiza-
tion adjacent to the foundation shall be
fine enough to adequately model rocking,
if significant. The soil elements shall be
fine enough to ensure frequency-
transmitting characteristics up to a fre-
quency of at least 25 Hlz, which requires
an element vertical dimension smaller than
or equal to one-fifth of the smallest wave-
lengtlh of inlerest. Larger elemitent sizes

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

1. Determine the input motion to the
I massless rigid foundation.

2. Determine the foundation inped-
ance functions.

3. Analyze coupled soil-structure
system.

3.3.4.1 V)enrmitaioilo of Input M6tion-
The control motion defined at the free-
field surface may be input to tlie massless
rigid foundation. When the control motion
is used as the input, rotational input due
to embedment or wave passage effects
need not be considered. Alternatively, tle
input motion to the massless rigid foun-
dation may be modified from the control
motion at the free-field surface to incor-
porate embedment or wave passage
eOfects, provided tie corresponding com-
puted rotational inputs are also used in
the analysis.

3.3.4.2 Determination of Foundation
Impedance Functions

3.3.4.2.1 Equivalenti Fowudalion Dim en-
sions-- For impedance function calcula-
tions, all mat foundations may be
approximated by.Tquivalent rectangular
or circular shapes. The equivalent rectan-
gular or circular dimensions shall be comi-
puted by equating theba iamat sbil contact
area for.translationallimodes of excitation
End by equating the contact area moiiient
of ineytia with respect to the reference axis

i of rotation for rotational modes of exci-

talion. The equivalent embedment depth
shall be determined by equaling the vol-
ume of soil displaced by the embedded
structure.

3.3.4.2.2 Uniform Soil Sites- When the
soil below the foundation basemat Is rel-
atively uniform r adepth equal to the
Uhtgest foundation da~ension frequency-
independent soil spring and dashpot con-
stants, as shown in Table 3300-1 for cir-
cular foundations and Table3300-2 for
rectangular foundations, may be used.
Frequency-dependent impedance func-
tions for a viscoelastic half-space using the
integral equation formulation may also be
used.

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

3.3.4.2.4 Embedded Foundalions- (a)qe.

equiva~len t-rad~ioar ~q~Xtar ,,
mqfinerwted in

o0l lRlhfqlpe ance functions pro-
vided the soil profile and properties below
tI 'bssenat elevation are usedfojr the
impedance calculations.

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

3.3.4.3 Analysis of Coupled Soil-
Structure System- (a) The coupled soil-
structure system shall include the struc-
ture, or its modal representation, and tihe
soil spring and dashpols anchored at the
foundation level. The dynamic character-
istics of the soil shall be defined by imped-
ance functions computed in accordance
with 3.3.4.2. The coupled soil-structure
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dependent. F:oundafijon impedances
depend on the soil configuration and
material behavior, the frequency of the
excitation, and the geometry of the
foundation.
Analysis of tile coupled soil-structure
system by solving the appropriate equa-
tions of motion.
The impedance-function approach is

limited to linear or equivalent linear anal-
ysis, since it is based on the principle of
superposition. It is typically applied to
general, three-dimensional environments.

3.3.1.1 Fixed-Base Analysis- A fixed-
base condition may be assumed for soil-
structure systems when (lie site soil con-
ditions behave in a rock-like manner to
reduce computational efforts. However,
SS1 analysis may always be performed.

3.3.1.2 Spatial Variations of Free-Field
Motion- The earthquake ground motion
at the site is a function of the location and
source mechanism of the earthquake. the
transniissiosn pattl, and the local site con-
ditions. Vescribing the free-field ground
motion entails specifying the point at
which the motion is applied (tile control
pmint), the amplitude and frequency char-
acteristics of the motion, and the spatial
variations of the motion. In terms of SSI,
the variation of motion over the depth
and width of the foundation is the key
factor. I-or surface foundations, the vari-
ation of motion on the'surface of the soil
is important; for embedded foundations.,
the variation of motion over both the
embedment depth and the foundation
width should be known. Specification of
the control motion is discussed in Section 2
of ttie standard. Spatial variation of the
free-field ground motion is discussed here.

To perform SSI analysis by either the
direct method or the impedance-function
approach, an assumption as to the wave-
propagation characteristics of this ground
motion must be made (3.3-1). The direct
method requires a compatible seismic
excitation on the boundaries of the model,
The impedance-function approach
requires determination of the motions of
a massless fomndation ointded ito the soil.
11 is coninmon to assuille a h1orianmtally
stratified soil and vertically propagating
trains of waves. In this case, vertically
propagating shear waves produce only
horizontal translations, and vertically
propagating dilatational waves produce

only vertical motions in the free-fielk soil
deposit. This assumption reduces the free.
field wave-propagation problem to one
dimension.

In general, the pattern of wave propa.
gation due to an earthquake is extremely
complex and very uncertain. The assump.
lion of trains of waves incident to the soil
deposit free surface at angles other than
vertical produces effects which can
increase or decrease the structural
response depending on the specific situ.
ation. Consider a massless foundation
bonded to the free surface of a soil deposit
for illustrative purposes. Vertically prop-
agaling shear and dilatational waves will
produce only a resultant horizontal and
vertical motion, respectively, of the foun-
dalion. Trains of waves incident to the
surface at varying angles will produce a
coupling of horizontal and torsional
motion and vertical and rocking motion.
The resultant effect may be a net increase
or decrease in foundation motion depend-

I ing on tile site specificity, assumed wave
trains, the founidation characteristics, and
the frequency range of interest.

Refs. 3.3-4, -6, and -17 contain specific
examples quantifying the effect of mion-
vertically incident seismic waves on in-
structure response. These results span the
range of increases and decreases in
response. For realisticangles of incidence,
the one quantity which requires consid-
eration is the induced torsional response
due to nonvertically incident waves. For
design purposes, an accidental eccentric-
ity of5% of the structure's plan dimension
accounts for this phenomenon. It is the
judgment of the Copimillec that vertically
propagating waves-may he assumed for
design when an aceidental eccemitricity is
included.

For ilte direct miethod, a consistent
seismic motion on the boundaries of the
model must be known, assumed, or com-
puted correspomiding to tile design ground
motion specified at the control point. For
the common assumption of vertically
propagating trains of waves, a one-
dimensiojial iterative linear wave-
tirpe qgatiOn ami.;lysis liaY l InK tvrfurnsc-d.
Variations in soil material properties with
strain level may be irealed in an equiva-
lent linear sense, i.e., iterate on ilhe linear

0 material properties to converge on a
measure of the strain level over the dura-

ion of tihe excitation. The analysis may
be either convolution or deconvolution.
In the former, an excitation is specified
along the boundary of the model, and tihe
computed motion on the free-surface of
the soil deposit is compared with the
design specification. This is a trial-and-
error process if a specified surface motion
is to be matched. In the latter case, the
free-surface motion is deconvolved to
determine the boundary motion. In either
case, the computed motions within the
soil deposit exhibit amplifications and
reductions in frequency content depend-
ent on the location in the deposit and the
assumed soil model.

A comparison of the design ground
response spectra with the computed in-
soil response spectra at the foundation
depth in the free field should be made.
The reduction of the in-soil response
spectra at the foundation depth should be
limited for design purposes to 6(0% of the
corresponding design ground response
spectra at all frequencies. When soil prop-
erties are varied in accordance with 3.3.1.7,
the 60% limitation may be satisfied using
the envelope of the three spectra corre-
sponding to the three soil properties. This
limitation reflects engineering judgment
to account for the uncertainties in the
assumptions leading to the reduction, e.g.,
assumed wave types, angles of incidence,
soil material behavior, etc. The recording
and analysis of earthquake motions at
depth will assist in reducing these uncer-
tainties in the future.

3.3.1.3 Three-Dimensional Effects--
SSI is a three-dimensional phenome-

non-the soil and structure exhibit three-
dimensional dynamic characteristics. The
structure's supporting medium (soil or
rock) is infinite in extent in two horizontal
directions and the vertical direction. The
dynamic behavior of this three.
dimensional medium should be ade-
quately represented in the analysis. For
example, radiation damping, the geo-
metric dispersion of energy away from the
structure is an important three-
dlimensional phenonienon to be included
in the cila lysis. If two-dimnensional, plane
strain, approxiliations are madle, special
conisideration should be given to the three-
dimensional effects. In general, for deep
soil sites, the plane strain approximation
to the thiree-dimensional dynamic behav-

mir cannot adequately represent both the

stillness and damping characteristics. The
nonuniform character of the soil in the
neighborhood of tile site should also be
considered.

Structures of a nuclear power plant
facility exhibit three-dimensional dynamic
behavior. Coupling between horizontal
translations and torsional rotations exist
even in structures nearly axisymmetric
such as typical reactor buildings. This
coupling should be treated in the analysis
andk design.

3.3.1.4 Nonlinear Iehavior of Soil-
Tihe constitutive behavior of soil with

varying strain levels is clearly nonlinear
as described in 3.3.2. For discussion pur-
poses, this nonlinear behavior can be sep-
arated into two parts: Primary and
secondary nonlinearilies. The term 'pri-
mary nonlinearity" denotes the nonlinear
material behavior Induced in the soil due
to the excitation alone, i.e., ignoring
structure response. The term "secondary
nonlinearity" denotes the nonlinear mate-
rial behavior induced in the soil due to
the structural response as a result of SSI.
The nonlinear behavior of soil should be
taken into account for tIhe SSI analysis.
However, to perform rigorous nonlinear
analysis of a typical nuclear power plant
structure would require a fully three-
dimensional model and an appropriate set
of constitutive equations for soil. This is
currently beyond the state of the art for
design. Nonlinear soil behavior may be
treated by:

* Using equivalent linear soil material
properties typically determined Irom an
iterative linear analysis of tile free-field
soil deposit. 'rhis accounts for the pri-
mary ionlinearity.

* Performing an iterative linear analysis
of tile coupled soil-struclure system. This
accounts for the primary and secondary
nonlinearities.

either Aechnique is acceptable for struc-
tural response determination.

In view of the large uncertainties In
describing the waterial behavior of soil
and thle SI;1 phenonienon, engineering
judgnient dictates consideration of a range
of material properties for design.

3.3.1.5 Structure-to-Structure Interac-
lion-- Struclure-lo-structure interaction
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The purpose of this Attachment is to find the differential vertical displacement of the CTB base
mat caused by vertical earthquake loads. Results will be used in the testimony of Bruce E.
Ebbeson on Section D of Unified Contention L/QQ before the Atomic Safety and Licensing
Board.

The load combination with the full vertical earthquake is LC 1. This combination also includes
40% of the maximum N-S and E-W seismic loads, as well as dead and live loads. Displacement
along the building centerline in the N-S direction (along column line D), and in the E-W
direction along column line 6 will be plotted, and difference between the maximum and
minimum displacements calculated. See pages 6-2 and 6-3 for these plots.

N-S Direction:

Maximum vertical displacement = .033094 feet

Minimum vertical displacement = .019479 feet

Differential vertical displacement = (0.033094-0.019479)(12 in/ft) = 0.163 inches

E-W Direction:

Maximum vertical displacement =.035367 feet

Minimum vertical displacement= .007579 feet

Differential vertical displacement = (0.035367-0.007579)(12 in/ft) = 0.333 inches.

It should be noted that these values are conservative because:

* They contain contribution from the dead and live loads

* They contain rigid body rotations caused by the horizontal seismic loads.
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PRIVATE FUEL STORAGE FACILITY
SAFETY ANALYSIS REPORT

SAR CHAPTER 5
REVISION 6

TABLE 5.1-1
(Sheet 1 of 2)

ANTICIPATED TIME AND PERSONNEL REQUIREMENTS
FOR HI-STORM CANISTER TRANSFER OPERATIONS

OPERATION NO. OF TASK DURATION
PERSONNEL' (HOURS)

1. Receive and inspect shipment. Measure dose rates. 3 0.5

2. Move shipment into Canister Transfer Building. 4 0.5

3. Remove personnel barrier, measure cask dose rates, 3 1.6
and perform contamination survey.

4. Remove impact limiters and tiedowns. 3 1.5

5. Attach lifting yoke to crane and HI-STAR shipping cask. 3 1.0
Upright HI-STAR cask and move to transfer cell.

Connect support struts.

6. Sample enclosed cask gas and vent. 2 0.5

7. Remove HI-STAR closure plate bolts. 3 1.0

8. Remove HI-STAR closure plate (lid). 3 0.2

9. Prep HI-STAR to mate with HI-TRAC transfer cask. 3 0.2

10. Install canister lift cleats and attach slings. 3 1.0

11. Attach lifting yoke to crane and HI-TRAC. 3 0.5

12. Mount HI-TRAC on top of HI-STAR. Connect support 3 0.5
struts to HI-TRAC.2

13. Open HI-TRAC transfer cask doors. 3 0.2

14. Attach slings to canister downloader hoist and raise 3 0.5
canister.

15. Close HI-TRAC doors and install pins. 3 0.2

16. Lower canister onto HI-TRAC doors. 3 0.2

17. Prep HI-STORM storage cask to mate with HI-TRAC 3 0.2
transfer cask. Disconnect support struts.2

18. Move HI-TRAC from HI-STAR to HI-STORM. Attach 3 0.7
support struts to HI-TRAC.2

19. Raise canister and open HI-TRAC doors. 3 0.5

20. Lower canister into HI-STORM storage cask. 3 0.5

I

I

I
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PRIVATE FUEL STORAGE FACILITY
SAFETY ANALYSIS REPORT

SAR CHAPTER C
REVISION 6

TABLE 5.1-1
(Sheet 2 of 2)

ANTICIPATED TIME AND PERSONNEL REQUIREMENTS
FOR HI-STORM CANISTER TRANSFER OPERATIONS

OPERATION NO. OF TASK DURATION
PERSONNEL' (HOURS)

21. Disconnect lifting slings. 3 0.2

22. Close transfer cask doors. 3 0.2

23. Disconnect support struts.2 Remove HI-TRAC from 3 0.5
HI-STORM

24. Remove canister lift cleats. 3 0.5

25. Install HI-STORM lid and lid bolts. 3 1.0

26. Perform dose survey and install HI-STORM lifting 3 0.5
eyes.

27. Drive cask transporter in transfer cell. 2 0.3

28. Connect HI-STORM to cask transporter. 3 0.5

29. Raise HI-STORM storage cask. 3 0.2

30. Transport HI-STORM cask to storage pad. 3 2.0

31. Position and lower HI-STORM cask on pad. 3 0.5

32. Disconnect HI-STORM cask from transporter and 3 1.0
remove cask lifting eyes.

33. Connect cask temperature instrumentation. 3 0.5

34. Perform cask operability tests. 2 48

Total Hours 19.93

Notes

1. Number of personnel typically includes 2 to 3 operators and 1 HP technician.

2. While the HI-TRAC transfer cask is connected to the crane, it is not necessary to attach the
seismic support struts to the transfer cask, since connection of the crane to the transfer cask
provides assurance that the transfer cask cannot topple in the event of an earthquake. However,
prior to disconnecting the-crane from the transfer cask, the support struts must be connected to
the transfer cask.

3. Total does not reflect 48 hour duration in Step 34, which is time required for cask temperature to
reach equilibrium. Personnel time required to monitor temperatures during the equilibrium phase
is minimal.
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Table 10.3.3a
MPC TRANSFER INTO THE HI-STORM 100 SYSTEM DIRECTLY FROM TRANSPORT USING THE 125-TON HI-TRAC

TRANSFER CASK
ESTIMATED OPERATIONAL EXPOSURES' (45,000 MWD/MTU, 9-YEAR COOLED PWR FUEL)

ACTION CHAPTER 8 DURATION OPERATOR NUMBER OF DOSE RATE DOSE TO TOTAL ASSUMPTIONS
STEP (MINUTES) LOCI ATOR OPER INDIVIDUAL (E

(FIGURE OPERATOR (MREM/HR) (PERSON-
10.3.1) LOCATION MREM)

__ (MREMIHR)
Section 8.5.2

MEASURE HI-STAR DOSE 16 17A 2 14.1 3.8 75 16 POINTS@I POINT/MIN
RATES
REMOVE PERSONNEL BARRIER 2 10 17C 2 21.5 3.6 7.2 ATTACH SLING REMOVE 8 LOCKS
PERFORM REMOVABLE 3 l 17C 1 21.5 0.4 0.4 10 SMEARS@10 SMEARS/MINUTE

CONTAMINATION SURVEYS

REMOVE IMPACT LIMITERS 4 16 17A 2 14.1 3.8 7.5 ATTACH FRAME REMOVE 22 BOLTS
IMPACT TOOLS

REMOVE TIE-DOWN 5 6 17A 2 14.1 1.4 2.8 ATTACH 2-LEGGED SLING REMOVE
____ ________ ____4 BOLTS

PERFORM A VISUAL 6 10 17B 1 9 1.5 1.5 CHECKSHEET USED
INSPECTION OF OVERPACK _
REMOVE REMOVABLE SHEAR 7 4 17A 1 14.1 0.9 0.9 4 BOLTS EACH @2/MIN X 2

RING SEGMENTS SEGMENTS
UPEND HI-STAR OVERPACK 8 20 17B 2 9 3.0 6.0 DISCONNECT LIFT YOKE

INSTALL TEMPORARY SHIELD 9 16 I8A 1 7.9 2.1 2.1 8 SEGMENTS @ 2 MIN/SEGMENT
RING SEGMENTS
FILLTEMPORARY SHIELD RING 9 25 18A 1 7.9 3.3 3.3 230 GAL @IOGPM, LONG HANDLED

SEGMENTS I SPRAYER
REMOVE OVERPACK VENT 10.a 2 18A 1 7.9 0.3 0.3 4 BOLTS @2/MIN

PORT COVER PLATE
ATTACHBACKFILLTOOL 10.a 2 18A 1 7.9 0.3 0.3 4 BOLTS @2/MIN

OPEN/CLOSE VENT PORT PLUG I0.c 0.5 18A 1 7.9 0.1 0.1 SINGLE TURN BY HAND NO TOOLS

REMOVE CLOSURE PLATE 12 39 18A 2 7.9 5.1 10.3 52 BOLTS@4/MIN X 3 PASSES
BOLTS

t See notes at bottom of Table 10.3.4.
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Table 10.3.3a (Continued)
MPC TRANSFER INTO THE HI-STORM 100 SYSTEM DIRECTLY FROM TRANSPORT USING THE 125-TON HI-TRAC

TRANSFER CASK
ESTIMATED OPERATIONAL EXPOSURFS' (45.000 MWD/MTTJ 9-YEAR COOLED PWR Ft UEL)

ACTION CHAPTER 8 DURATION OPERATOR NUMBER OF DOSE RATE DOSE TO TOTAL ASSUMPTIONS
STEP (MINUTES) LOCATION OPERATORS AT INDIVIDUAL DOSE

(FIGURE OPERATOR (MREM/HR) (PERSON-
10.3.1) LOCATION MREM)

._ (MREM/HR)
REMOVE OVERPACK CLOSURE 12 2 18A I 7.9 0.3 0.3 4 SHACKLES@2/MIN

PLATE
INSTALL HI-STAR SEAL 13 2 19B 1 7.9 0.3 0.3 PLACED BY HAND NO TOOLS

SURFACE PROTECTOR
INSTALL TRANSFER COLLAR 14 10 19B 2 7.9 1.3 2.6 ALIGN AND POSITION REMOVE 4

ON HI-STAR SHACKLES
REMOVE MPC LIFT CLEAT 15 2 19A 1 150.9 5.0 5.0 4 PLUGS AT 2/MIN NO TORQUING

HOLE PLUGS
INSTALL MPC LIFT CLEATS 16 25 19A 2 150.9 62.9 125.8 INSTALL CLEATS AND HYDRO

AND LIFT SLING . TORQUE 4 BOLTS
MATE OVERPACKS 21 10 20B 2 27.4 4.6 9.1 ALIGNMENT GUIDES USED

REMOVE DOOR LOCKING PINS 22 4 20B 2 27.4 1.8 3.7 2 PINS@2/MIN
AND OPEN DOORS

INSTALL TRIM PLATES 23 4 20B 2 27.4 1.8 3.7 INSTALLED BY HAND NO.
FASTENERS

REMOVE TRIM PLATES 26 4 20B 2 27.4 1.8 3.7 INSTALLED BY HAND NO
FASTENERS

CLOSE HI-TRAC DOORS AND 27 4 20B 2 27.4 1.8 3.7 2 PNS@2/MIN
INSTALL DOOR LOCKING PINS

MATE OVERPACKS 30 10 13B 2 27.4 4.6 9.1 ALIGNMENT GUIDES USED

ATTACH MPC LIFT SLINGS TO 30 10 13A 2 52.3 8.7 17.4 2 SLINGS@5MIN/SLING NO TOOLS
MPC LIFT CLEATS
REMOVE TRANSFER LID DOOR 30 4 13B 2 27.4 1.8 3.7 2 PINS@2/MIN
LOCKING PINS AND OPEN
DOORS
INSTALL TRIM PLATES 30 13B 2 27.4 1.8 3.7 INSTALLED BY HAND NO

FASTENERS

t See notes at bottom of Table 10.3.4.

HI-STORM FSAR
REPORT HI-2002444
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Table 10.3.3a (Continued)
MPC TRANSFER INTO THE HIf-STORM 100 SYSTEM DIRECTLY FROM TRANSPORT USING THE 125-TON HI-TRAC

TRANSFER CASK
ESTIMATED OPERATIONAL EXPOSURES' (45,000 MWD/MTU, 9-YEAR COOLED PWR FUEL)

ACTION CHAPTER 8 DURATION OPERATOR NUMBER OF DOSE RATE DOSE TO TOTAL ASSUMPTIONS
STEP (MINUTES) LOCATION OPERATORS AT INDIVIDUAL DOSE

(FIGURE OPERATOR (MREM/HR) (PERSON-
10.3.1) LOCATION MREM)

(MREM/HR)
DISCONNECT SLINGS FROM MPC 30 10 13A 2 52.3 8.7 17.4 2 SLINGS@5IMIN
LIFTING DEVICE
REMOVE TRIM PLATES 30 4 13B 2 27.4 1.8 3.7 INSTALLED BY HAND NO

FASTENERS
REMOVE MPC LIFT CLEATS AND 30 10 14A l 150.9 25.2 25.2 4 BOLTS,NO TORQUING
MPC LIFT SLINGS

INSTALL HOLE PLUGS IN EMPTY 30 2 14A I 150.9 5.0 5.0 4 PLUGS AT 2/MIN NO TORQUING
MPC BOLT HOLES

REMOVE HI-STORM VENT DUCT 30 2 ISA 1 6.3 0.2 0.2 4 SHACKLES@2/MIN
SHIELD INSERTS
REMOVE ALIGNMENT DEVICE 30 4 15A I 6.3 0.4 0.4 REMOVED BY HAND NO TOOLS (4

________PCS@ 1/MIN)

INSTALL HI-STORM LID AND 30 25 16A 2 2.4 1.0 2.0 INSTALL LID AND HYDRO TORQUE
INSTALL LID STUDS/NUTS 4 BOLTS

INSTALL HI-STORM EXIT VENT 30 4 16B 1 19.1 1I3 1.3 4 PCS @ I/MIN INSTALL BY HAND

GAMMA SHIELD CROSS PLATES NO TOOLS

INSTALL THERMOCOUPLES 30 20 16B 1 19.1 6.4 6.4 4@5MIN/THERMOCOUPLE

INSTALL EXIT VENT SCREENS 30 20 16B 1 19.1 6.4 6.4 4 SCREENS@5MIN/SCREEN

REMOVE HI-STORM LID LIFTING 30 2 16A 1 2.4 0.1 0.1 4 SHACKLES@2/MIN
DEVICE__ _ _ ___ _ _ _

INSTALL HOLE PLUGS IN EMPTY 30 2 16A 1 2.4 0.1 0,1 4 PLUGS AT 2/MIN NO TORQUING
HOLES__ _ _ _

PERFORM SHIELDING 31 16 16D 9.6 2.6 2.6 16POINTS@I MIN

EFFECTIVENESS TESTING II

t See notes at bottom of Table 10.3.4.
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Table 10.3.3a (Continued)
MPC TRANSFER INTO THE rH-STORM 100 SYSTEM DIRECTLY FROM TRANSPORT USING THE 125-TON HI-TRAC

TRANSFER CASK
ESTIMATED OPERATIONAL EXPOSURESt (45,000 MWD/MTU, 9-YEAR COOLED PWR FUEL)

ACTION CHAPTER 8 DURATION OPERATOR NUMBER OF DOSE RATE DOSE TO TOTAL ASSUMPTIONS
STEP (MINUTES) LOCATION OPERATORS AT INDIVIDUAL DOSE

(FIGURE OPERATOR (MREM/HR) (PERSON-
10.3.1) LOCATION MREM)

(MREMIHR)
SECURE HI-STORM TO 30 10 16A 1 2.4 0.4 0.4 ASSUMES AIR PAD
TRANSPORT DEVICE
TRANSFER HI-STORM TO ITS 30 40 16C 1 6.6 4.4 4.4 200 FEET @ 4FT/MIN
DESIGNATED STORAGE
LOCATION
INSERT HI-STORM LIFTING 30 4 16D 1 9.6 0.6 0.6 4 JACKS @ IMIN
JACKS
REMOVE AIR PAD 30 5 16D 1 9.6 0.8 0.8 1 PAD MOVED BY HAND

REMOVE HI-STORM LIFTING 30 4 16D I 9.6 0.6 0.6 4 JACKS@ I/MIN
JACKS__ _ _ _

INSTALL INLET VENT SCREENS 30 20 16D 1 9.6 3.2 3.2 4 SCREENS@5MIN/SCREEN

PERFORM AIR TEMPERATURE 32 8 16B 1 19.1 2.5 2.5 8 MEASMT@1/MIN
RISE TEST

TOTAL 324.9 PERSON-MREM

t See notes at bottom of Table 10.3.4.
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PRIVATE FUEL STORAGE FACILITY
SAFETY ANALYSIS REPORT

SAR CHAPTER 3
REVISION 17

TABLE 3.4-1

QUALITY ASSURANCE CLASSIFICATION OF STRUCTURES, SYSTEMS, AND
COMPONENTS

IMPORTANT TO SAFETY | NOT IMPORTANT TO SAFETY _

Classification Category A

Spent Fuel Canister

Classification Category B

Storage Cask

Transfer Cask

Associated Lifting Devices

Canister Transfer Building

Canister Transfer Overhead Bridge Crane

Canister Transfer Semi-gantry Crane

Seismic Support Struts

Classification Category C

Cask Storage Pads

Storage Facility Infrastructure

Security and Heath Physics Building

Administration Building

Operations and Maintenance Building

Intrusion Detection System

CCTV System

Restricted Area Lighting

Security Alarm Stations

Electrical Power - UPS

Electrical Power - Backup Diesel Generator

Electrical Power - Normal

Yard/Building Lighting

Cask Transporter

Radiation Monitors

Temperature Monitoring System

Communication Systems

Fire Detection/Suppression

Water Supply Systems

Septic Systems

Access Road

Road Transport Components

Railroad Line Components

SARCH3.6dc



PRIVATE FUEL STORAGE FACILITY SAR CHAPTER 3
SAFETY ANALYSIS REPORT REVISION 17

PAGE 3.4-2

Classification Category A - Critical to Safe Operation

Category A items include SSCs whose failure or malfunction could directly result

in a condition adversely affecting public health and safety. The failure of a single

item could cause loss of primary containment leading to release of radioactive

material, loss of shielding, or unsafe geometry compromising criticality control.

Classification Category B - Major Impact on Safety

Category B items include SSCs whose failure or malfunction could indirectly

result in a condition adversely affecting public health and safety. The failure of a

Category B item, in conjunction with the failure of an additional item, could result

in an unsafe condition.

Classification Category C - Minor Impact on Safety

Category C items include SSCs whose failure or malfunction would not

significantly reduce the packaging effectiveness and would not be likely to create

a situation adversely affecting public health and safety.

The QA determination for the SSCs that are classified as Important to Safety are

discussed in the following sections. A QA classification for these SSCs establishes the

requirements that satisfy 10 CFR 72.122(a) general design criteria, which specifies

SSCs Important to Safety be designed, fabricated, erected, and tested to quality

standards.

SARCH3.doc
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DOE-STD-1 020-94

Foreword

Change notice #1 has been included in this standard to provide information to help meet

the requirements in DOE Order 420.1 and its associated implementation guides, accounting (or

the cancellation of DOE Order 6430.1A, correcting errors in the prevoius standard, and updating

this standard to the most current references.

This DOE standard is approved for use by all departments and contractors of the

Department of Energy (DOE). This Standard will still apply when DOE Order 420.1 is converted

to a rule. In addition, this Standard will still apply when other referenced Orders such as

5480.23, the SAR Order, 548022, the TSR Order, etc. are converted to rules.

There is an established hierarchy in the set of documents that specify NPH

requiremernts. In this hierarchy, DOE Order 420.1 is the highest authority. The next set of

controlling documents are the associated implementation guides followed by the set of NFH

standards. In the event of conflicts in the information provided by these documents, the

information provided in the document of higher authority should be utilized (e.g., the definitions
provided in the implementation guides should be utilized even though corresponding definitions

are provided In the NPH standards).

Tie Department of Energy (DOE) has issued an Order 420.1 which establishes policy

for its facilities in the event of natural phenomena hazards (NPH) along with associated NPH

mitigation requirements. This DOE Standard gives design and evaluation criteria for NPH

effects as guidance for implementing the NPH mitigation requirements of DOE Order 420.1 and

the associated implementE ion Guides. These are intended to be consistent design and
evaluation criteria for protection against natural phenomena hazards at DOE sites throughout

the United States. The goal of these criteria is to assure that DOE facilities t:>n withstand the

effects of natural phenomena such as earthquakes, extreme winds, tornadoes, and flooding.

These criteria apply to the design of new facilties and the evaluation ot existing facilities. They

may also be used for modification and upgrading of existing laciififes as appropriate. it is

recognized that it is likely not cost-effective to upgrade existing facilities which do not meet

these criteria by a small margin. Hence, flexibility in the criteria for existing facilities is provided

by permitting limited relief from the criteria for new design. The intended audience is primarily

the civi/structural or mechanical engineers familiar with building code methods who are

conducting the design or evaluation of DOE facilities.

4052
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DOE-STD-1 o20-94

The design and evaluation criteria presented tiorain control the level o1 conservatism
introduced in the desigr~ievaluation process such that earlhquake, wind, and flood hazards are
treated on a consistent basis. These criteria also employ a graded approach to ensure that Ihe
!evel of conservatism and rigor in design/evaluation is appropriate for facility characteristics
such as importance, hazards to people on and off site, and threat to the environment. For each
natural phenomena hazard covered, these criteria oonsis of the following:

1. Performance Categories and target perf ormance goals as specifiled in the DOE
Order 420.1 NPH Implementation Guide, and DOE-STD-1 021.

2. Specified probability levels from which natural phenomena hazard loading on
structures, equipment, and systems is developed.

S. Design and evaluation procedures to evaluate response to NPH loads and
criteria to assess whether or not computed response is permissible.
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Chapter 1
Introduction

1.1 Overview of DOE Natural Phenomena Hazards Order,
Standards, and Guidance

It is the policy of the Department of Energy (DOE) to design, construct, and operate

DOE facilities so that workers, the general public, and the environment are protected from the

impacts of natural phenomena hazards on DOE facilities. DOE Order 420.1, 'Facility Safety

(Ref. 1-1) and the associated Implementation Guides, 'Implementation Guide for the Mitigation

of Natural Phenomena Hazards for DOE Nuclear Facilities and Non-nuclear Facilities' (Ref. 1-

2), eimplementation Guide for Nonreactor Nuclear Safety Design Criteria and Explosives Safety

Criteria (Ref. 1-3), and 'Implementation Guide for use with DOE Orders 420 and 470 Fire

Safety Program' (Ref. 1-4) identify the responsibilities and requirements to execute this policy in

a consistent manner throughout DOE which includes: (1) providing safe work places; (2)

protecting against property loss and damage; (3) maintaining operation of essential facilities;

and (4) protecting against exposure to hazardous materials during and after occurrences of

natural phenomena hazards. There Is an established hierarchy In the set of documents that

specify NPH requirements. In this hierarchy, DOE Order 420.1 is the highest authority. Th-w

next set of controlling documents are the associated Implementation Guides followed by the set

of NPH standards. The NPH requirements have been developed to provide the necessary

information that assess the NPH safety basis for DOE facilities, which is documented in Safety

Analysis Reports (SARs), if available. DOE 548023 (Ref. 1-5) and the guidance provided In the

associated Standard, DOE-STD-3009-94 (Ref. 1-6) prescribed the use of a graded approach for

the effort expended in safety analysis and the level of detail presented in associated

documentation. DOE NPH mitigation requirements are also consistent with the National

Earthquake Hazards Reduction Program and Executive Orders 12699 (Ref. 1-7) and 12941

(Ref. 1-8).

The overall approach for NPH ritigation shall be consistent with the graded approach

embodied in the SAR. The application of NPH design requirements to structures, systems, and

components (SSCs) shall be based on the life-safety or the safety classifications for the SSCs

as established by safety analysis. The application of the most rigorous design requirements

should be limited to those SSCs classified by safety analysis as Safety-Class or Safety-

Significant consistent with DOE-STD-3009-94. Although DOE-STD-3009-94 is specifically
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applicable to non-reactor nuclear facilities, it is DOE's intention to apply DOE-STD-3009-94
definitions for 'Saiety-Classw and 'Safety-Significanr to all nuclear reactor and other hazardous
facilities, and this broader approach is applied here. Mission importance and economic
considerations should also be used to categorize SSCs which require NPH design. Once the
SSCs have been classified, DOE Order 420.1 and the associated Implementation Guides
specifies the N PH requirements to ensure that the SSCs are adequately designed to resist
NPH. The NPH requirements utlize a graded approach in order to provide a reasonable level of
NPH protection for the wide variety of DOE facilities. A graded approach is one in which various
levels of KPH design, evaluation and construction tequiremenits of varying conservatism and
rigor are established ranging from common practice for conventional facilities to practices used
for mnore hazardous critical facilities.

Fwve DDE Standards have been developed to provide specific acceptance criteria for
various aspects of NPH to meet the req utrements of DOE Order 420.1 and the associatid
Implementation Guides. These requirements should be used In conjunction with the NPH
implementation Guide and other pertinent documents which provide more detailed methods on
specific NPH design and evaluation subjects such as DOE guidance documents, consensus
national standards, model building codes, and Industry accepted codes and spcifications.
Figure 1 -1 presents a conceptual NPH design framework which Identifies how the DOE NPH
standards are used to assess NPH design requirements.

The following national consensus codes and standlasrds have been relerred to in this
standard:

ACI 318
ACI 349

AlSC N690

AISC (LRFD)
AiSC (ASD)
ASCE 4
ASCE 7
ASME
ATC-14
ATC-22
IEEE 344

UBC

- BuildIng Code Requirements for Reinlorced Concrete
-Code Requirements for Nucler saf_-*ety-Retated Concrete

Strulctures
-Nuclear Facilities - Steel Salety Related Structures for Design,

Fabrication, aind Erection
-Manual. of Steel Construction, Load & Resistance Factor Design
- Manual of Steel Construction, Allowable Stress Design
- Seismic Aiialyss of Safety.-Flelated Nuclear Structures
- Minimum Design Loads for Buildings and Other Structures
- Boiler and Pressure Vessel Code
- Evaluating the Seismic Resistance of Existing Buildings
- A Handbook for Seismic Evaluation of Existing Buildings
- IEEE Recommended Practice for Seismic Qualification of Cla-ss IE

Equipment for Nuclear Power Generating Statlions
- Uniform Building Code
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NBC
SBC
FEMA 222A

IOSSO RP~3

ICSSC RP4

ICSSC RP5

- Nation~al Building Code
- Standard Building Code
- NEHRP Recommended Provisions for the Development of

Seismic Regulations for New Buildings
-Guidelines for Identification and Mitigation of Seismically

Hazardous of Existing Federal Buildings
- Standards of Seismic Safety for Existing Federally Owned or

Leased Buildings
- ICSSO Guidance on Implementing Executive Order 12941 on

Seismic Safety of Existing Federally Owned or Leased Buildings

Natural Phenomena Design Input

Conceptual Framework

DOE ORDER 5480.23
PROCESS

DOE ORDER 420.1 &
NPH TIMPLEMENNTATION

GUIODE PROCESS

DOE-STFD-1 027

DOE.SMh3009

Facility SAR
(if available)

Accidenlt
(5CM-Arift)

Cbharacterzadioo

NP eip n put

[SsIentified

LieSafeq safety Safety
(A lFaci hiicis) Signilicnt a ~ss

erformanceCategorization of SSCs

NPH Design Criteria

DOE-SIMD- 1022

DOE-STD.107.3

DOE-STD- 102.4

DOE-S'M.1021

DOE-STD-1020

4053'd
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The NPH Implementation Guide of DOE Order 420.1 has established Performance
Categories and target probabilistic performance goals for each category. Performance goals
are expressed as the mean annual probability of exceedanoe of acceptable behavior limits of
structures and equipment due to the effects of natural phenomena. Five Performance
Categories (PC) have been established in the NPH Implementation Guide of DOE Order 420.1.
Performance Categories and performance goals range from those for conventional buildings to
those for facilihies with hazardous materials for operations. The selection of NPH Performance
Categories for SSC8 Is dependent on several factors including the overall risk of lacility
operation and the assigned function to the SSC. An S.SC's safety ciassif ication is based on Its
function In accident prevention or mrittigation as determkned by safety analysis. The safet
classification should be applied to specific Me~ on a case-by-case basis and need not apply to
an entire facility. Experience to date has demonstrated that only a few nuclear facilities are
likely to cuftain Safety-Class SS~s. This indicates that most SSCs in nuclearifacilities should
be assigned to NPH Perfoirmance Category 3 arnd lower. DOE is revisiting the approach used to
assigjn NPH Performance Categories, and Is likely to develop a direct link between NPH
Performance Categories and accident dose (rmetiologlcal or toxicological) criteria. Once this is
completed, DOE-STD-1021 will be revised as necessary. The use of NPH Performance
Category 4 should be reserved for those facilities whose accident dose potential is similar lo
that of commercial nuclear reactors.

1.2 Overview of the NPH Design and Evaluation Criteria

This natural phenomena hazard standard (DOE-STD-1020). developed from UCRL-
1 591 0 (Ref. 1-9), provides criteria for design of new strictures, systems, and components
(SSCs) and for evaluation. modification, or upgrade of existing SSCs so that Department of
Energy (DOE) facilhties safely withistand the effects of natural phenomena hazards (NPHs) such
as earthquakes, extreme winds, and flooding. DOE-STD-1020 provides consistent criteria for
all DOE sites across the United States. These criteria are provided as the means of
implementing DOE Order 420.1 and the associated implementation Guides, and Executive
Orders 12699 and 12941 for earthquakes,

The design and evalusation criteria presented in this document provide relatIvely
straightforward procedures to evaluate, modify, or upgrade existing facilities or to design new
facilities for the effects of NPHs. The intent is to control the level of conservatism in the

'1-4
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desigrklevaluation process such that: (1) the hazards are treated consistently; and (2) tMe level

of conservatism is appropriate for structure, system, and component (SSC) characteristics

related to safety, environmental protection, Importance, and cost. The requirements for each

hazard are presented in subsequent chapters. Terminology, guidelines, and commentary

material are included in appendices which follow the requirement chapters.

Prior to vpplying these criteria, SSCs will have been placed in one of five Performance

Categories rangirng from PC-0 to PGC4. No special considerations lor NPH are needed for

PC-0; therefore, no guidance is provided. Different criteria are provided for the remaining four

Performance Categories, each with a specified performance goal. Design and evaluation

criteria aimed at target probabilistic performance goals require probabilistic natural phenomena

hazard assessments. NPH loads are developed from such assessments by specifying natural

phenomena hazard mean annual probabilities of exceedance. Performanoe goals may then be

achieved by using the resulting loads combined with deterministic design and evaluation

procedures that provide a consistent and appropriate level of conservatism. Design/Evaluation

procedures conform dosely to industry practices using national consensus codes and standards

so that the procedures will be easily understood by most engineers. Structures, systems, and

components comprising a DOE facility are to be assigned to a Performance Category utlizing

the approach described in the DOE performance categorization standard (Ref. 1-10). These

design and evaluation criteria (DOE-STD-1 020) are the specific provisions to be followed such

that the performance goal associated with the Performr-nce Category of the 58C under

consideration Is achieved. For each category, the criteria include the following steps:

1. NPH loads are determined at specified NPH probabilities as per DOE-

STD-1023(Ref. 1-11).

2. Design and evaluation procedures are used to evaluate SSC response to

NPH loads.

3. Criteria are used to assess whether or not computed response in

combination with other design loads is permissible.

4. Design detailing provisions are implemented so that the expected

performance during a potential NPH occurrence will be achieved.

5. Quality assurance and peer review are applied using a graded approach.

For each Performance Category, target performance goals are provided in the NPH

Implementation Guide of DOE Order 420.1 in terms of mean annual probability of exceedance

of acceptable behavior limits. In Item 1, the annual probability of exceedance of an NPH

parameter such as ground acceleration, wind speed, or water elevation is specified. The level
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of conservatism in Items 2, 3, 4, and 5 above is controlled such that sufficient risk reduction

from the specified NPH probability is achieved so that the target performance goal proability is

met, DOE-STD-1 020 provides an integrated approach combining definition of loading due to

natural phenomena hazards, response evaluation methods, acceptance criteria, and design

detailing requirement&.

Performance goals and NPH levels are expressed in probabilistic terms; design and

evaluation procedures are presented deterministically. Design/evaluation procedures specified

in this document conform closely to common standard practices so that most engineers will

readily understand them. The intended audience for these criteria is the civil/stnxutural or

mechanical engineer conducting the design or evaluation of facilities. These NPH design and

evaluation criteria do not preclude the use of probabilistic or alternative design or evaluation

approaches if these approaches meet the specified perforrnance goals.

1.3 Evaluation of Existing Facilities

Evaluations of existing SSCs must follow or, at least, be measured against the NPH

criteria provided in this document For SSCs not meeting these criteria and which cannot be

easily remedied, budgets and schedule for required strengthening must be established on a

prioritized basis. A beck-fit analysis should be conducted. Prioritization criteria for evaluation

and upgrade of existing DOE fachties are currently being developed. Priorities should be

established on the basis of Performance Category, cost of strengthening, and margin between

as-is SSC capacity and the capacity required by the criteria. For SSCs which are close to

meeting criteria, R is probably not cost effective to strengthen the SSC In order to obtain a small

reduction in risk. As a result, some relief In the criteria is allowed for evaluation of existing

SSCs. It is permissible to perform such evaluations using natural phenomena hazard

exceedance probability of twice the value specified for new design. For example, if the natural

phenomena hazard annual probability of exceedance for the SSC under consideration was

104, it would be accuptable to reconsider the SSC at hazard annual probability of exceedance

of 2x10-4. This would have the effect of slightly reducing the seismic, wind, and flood loads In

the SSC evaluation by about 1O% to 20%. This amount of relief is within the tolerance of

meeting the target perlfomance goals and is only a minor adjustment of the corresponding NPH

design and evaluation criteria. In addition, it is consistent with the intent of the Federal Program

(Ref. 1-8) being developed by he Interagency Committee on Seismic Safety in Construction.

The Implementation GuIde provides guidance for facilities with a remaining service Ife of less

than 5 years.

1-0
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1.4 Quality Assurance and Peer Review

All DOE structures, systems, and components must be designed or evaluated utilizing a
formal quality assurance plan as required by 10 CFR 830.120 (Ref. 1-12). The QA and peer
review -should be conducted within the framework of a graded approach with increasing level of
rigor employed from Performance Category 1 to 4. Specific details about a formal quality
assurance plan for NPH design and evaluation should be similar to the seismic plan described
In the Commentary, Appendix C. The major features of a thorough quality assurance plan for
design or evaluation for natural phenomena hazards are described below.

In general, it is good practice for a formal quality assurance plan to include the following
requirements. On the design drawings or evaluation calculations, the engineer must describe
the NPH design basis including (1) description of the system resisting NPH effects and (2)
definition of the NPH loading used for the design or evaluation. Design or evaluation
calculations should be checked for numerical accuracy and for theory and assumptions. For
new construction, the engineer chould specify a program to test materials and inspect
construction. In addition, the engineer should review all testing and inspection reports and visit
the she periodically to observe compliance with plans and specifications.

For Performance Categories 2, 3, and 4, NPH design or evaluation must indude
independent peer review. The peer review is to be performed by Independent, qualified
personnel. The peer reviewer must not have been involved in the original design or evaluation.
if the peer reviewer is from the same company/organIzation as the designer/evaluator, he must
not be part of the same program where he could be influenced by cost and schedule
consideration. Individuals performing peer reviews must be degreed civiUmechanical engineers
with 5 or more years of experience in NPH evaluation.

For more information concerning the implementation of a formal engineering quality
assurance program and peer review, Chapter 19 of Reference 1-9 should be consulted. This
reference should also be consulted for information on a construction quality assurance program
consistent with the implementation of the engineering quality assurance program.
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Chapter 2
Earthquake Design and Evaluation Criteria

2.1 Introduction

This chapter describes requirements for the design or evaluation of all classes of

structures, systems, and components (SSCs) comprising DOE facilities for earthquake ground

shaking. These classes of SSCs include safety cas and safety significant SSCs per DOE-

sTD-3009-94 (ref. 1-6) and life-safety SSCs per Uniformed Building Codes. This material deals

with how to establish Design/Evaluation Basis Earthquake (DBE) loads on various classes of

SSCs; how to evakuate the response of SSCs to these loads; and how to determine whether

that response Is acceptable. This chapter also covers the importance of design details and

quality assurance to earthquake safety. These earthquake design and evaluation provisions are

equally applicable to buildings and to items contained within the building, such as equipment

and distribution systems. These provisions are intended to cover all classes of SSCs for both

new construction and existing facilities. These design and evaluation criteria have been

developed such that the target performance goals of the NPH Implementation Guide are

achieved. For more explanation see the Commentary (Appendix C) herein and the Basis

Document (Ref. 2-1).

2.2 General Approach for Seismic Design and Evaluation

This section presents the approach upon which the specific seismic force and story drift

provisions for seismic design and evaluation of structures, systems, and components in each

Performance Category (as described in Section 2.3) is based. These provisions include the

following steps:

1. Selection of earthquake loading

2. Evaluatior of earthquake response

3. Specification of seismic capacity and drift lirriits, (acceptance criteria)

4. Ductile detailing requirements

It is Important to note that the above four elements taken together comprise seismic

design and evaluation criteria. Acceptable performance (I.e., achieving performance goals) can

only be reached by consistent specification of all design criteria elements as shown in

Figure 2-1. In order to achieve the target performance goals, these seismic design and

evaluation criteria specify seismic loading in probabilistic terms. The remaining elements of the

criteria (see Fig. 2-1) are deterministic design rules which are familiar to design engineers and

40538

2-1



DOE-STD-1 020-94

which have a controlled level of conservatism. This level of cornservatism combined with the
specification of seismic loading, leads to performance goal achilevement.

Deterministic Procedure Meet Perlon-nanne
Based on Industry Codes Gol( ns et

and Stnad 1with DO0E Safe~ty
I -~-~ Plecy)

Reasonable Level Concervalism Added
of hazard

Figure 2-1. DOE.STD-1020 Combineit Variout Steps to Achieve Performancre Goals

Criteria are provided for each of the four Performance Categories I to 4 as defined in the
NPH Implementation Guide oll DOE Order 420.1 and DOE-STD-1021 (Ref. 1-6). The criteria ior
Performance Categories I and 2 are similar to those from model building C~odes, with the
exception that DOE requirements specity a 1000 year return period In the case of PC-2. Criteria
for PC-3 are similar to fthse for Department of Defense Essential Facilities (Ref. C-5) Tni-
Services Manuel. Criteria for PC-4 approach the provisions for commercial nuclear power

plants.

Seismic loading Is defined in terms of a site-specified design mf.sponse spectrum (the
DesignlEvaluation Basis Earthquake, (UBE]). Either a site-specific dlusign response spectrum
specifically developed for the site, or a generic design response spectrum that is appropriate or
conservative for the site may be used. Seismic hazard estimates are used to establish the DBE
per DOE-STD-1 023 (REF. 2-22).
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For each Performance Category, a mean annual exceedaince probanity for the DBE, PH

is stecie from which the maximum ground acceleration (and/or velocity) may be detenmined

from probabiristic seismic hazard curves, see Table 2-1. Evaluating maxdnmum ground

acceleration from a specified mean annual probabflly of exceedance is illustrated in Figure 2-

2a. Earthquake input excitation to be used for design and evaluabion by these provisions is

defined by a median amplification smoothed and broadened design/evaluation response

spectun shape such as that shown in Figure 2-2b (from Ref. 2-2) ancho.d to the maxmnuni

gnd acceleration and/or velocity. Such spectra are deteminred in acrdane with DOE-

STD-1023 (Ref. 2-22).

ft should be understood that the spectra shown in Figure 2-2 or in-stucture spectra

developed ov oOn represent inertial effects. They do nol indude differenthsl sport motions,

typically cbdled ssmic nchornmoion (;SA), of ftucwres. equowV, or dsibioin sytems

asuported at two or mno point While SAM is not usuay appicable to buikrig design, ft midpht

have a significan effect on seismic adequacy of equprnent or dstrtwb on system

-2 1C,

'' Es. W
Ite -

T ScH CrS

I I

,_'_9 as 011 030 On 43 44 L I _ _3

Fkg& 2-2 Eaqua Input Exctto Is Destrnd by Maximum Ground Acn itbon
Anchoring Sit~pecltl R*Wron Spocr
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Table 2-1 Seismic Performnance Categories and Seismc Hazard Exoeedan~ce Levels

Performance Mean Seismic Hazard fteturm Period
Categry Exceedance Levels, PH

0 No Requirsmnents

1 2x10r3  500yr

2 j1u10 3  10

a 5X1S-4 2000yW
(12104)31 (1O000YW)

4 we0' 10,000yt
(22104) (SmOyr)'

For sites wchi as LLNL. SNL-Lhiem~oree SLAC. LBL and ETEC. wtvich amr. nar ectrOnc plata boundavies.

Pertormance Category 2 and lower SSCs may be selsmically desigried or evaluated
using the approaches specified in building code seismic provisinns. However, for Performance
Category 3 or higher, the seismic evaluation must be performed by a dynamic analysis
approach. A dynamric analysis approach requires that:

1 . The input to the SSC model be defined by either a design response
spectrum, or a compatible time history Input motion.

2. The important natural frequencies of the SSC be estirmated, or the peak
of tie design response spectrum be used as input Multi-mode effect
must be considered.

3. The resulting seismic induced Inertial forces be appropriately distributed
and a load path evaluation (see Section C.4.2) ior structural adequacy be
performed.

The words tmdynamic analysis approach' are not meant to imply that complex dynamic
models must be used In the evaluation. Often equivalent static analysis models are sufficient If
the above listed three factors are incorporated. However, use of such simplified models for
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structures in Performance Category 3 or higher must be justified and approved by DOE. This

dynamic analysis approach should comply with the seismic response analysis provisions of

ASCE 4 (Ref. 2-3) except where specific exceptions are noted.

The maximum ground acceleration and ground response spectra determined in the

manner illustrated In Figure 2-2 are used in the appropriate terms of the UBC equation for base

shear. The maximum ground acceleration is also used in the UBC equation for seismic force on

equipment and non-structural components. Use of modern site-specIfic earthquake ground

motion data is considered to be preferable to the general seismic zonation maps from the UBC

and should be applied according to the guidance provided in DOE-STD-1023 (Ref. 2-22). For

structures, UBC provisions require a static or dynamic analysis approach in which loadings are

scaled to the base shear equation vahe. In the base shear equation, inelastic energy

absorption capacity of structures is accounted for by the parameter, Rw. Elastically computed

seismic response is reduced by Rw values ranging from 4 to 12 as a means of accounting for

inelastic energy absorption capability in the UBO provisions and by these criteria for

Performance Category 2 and lower SSCs. This reduced seismic response is combined with

non-seismic concurrent loads and then compared to code allowable response Umhs (or code

ultimate limits combined with code specified load factors). The design detailing provisions from

the UBC, which provide ductility, toughness, and redundancy, are also required such that SSCs

can fully achieve potential inelastic energy absorption capability. Normally, relative seismic

anchor motion (SAM) is not considered expliciliy by mode! building code seismic provisions.

However, SAM should be considered for SSCs in FN-2 or higher categories.

The Uniform Building Code (ULBC) has oben followed for Performance Categories 1 and

2 because it is believed that more engineers are familiar with this code than other model

building codes. The Interagency Committee on Seismic Safety In Construction (ICSSC,

Ref. 2-4) has concluded that the following seismic provisions are equivalent for a given DBE:

1. 1994 Uniform Building Code (Ref. 2-5)

2. 1991 NEHRP Recommended Provisiions (Ref. 2-6)

3. 1993 BOCA National Builcling Code (Ref. 2-7)

4. 199.4 SBCCI Standard Building Code (Ref. 2-8)

These other model building codes may be followed provided site-specific ground motion

data is Incorporated Into the development of earthquake loading in a manner similar to that

described in this document for the UBC.

For Performance Category 3 and 4 SSCs, these seismic design and evaluation criteria

specify that seismic evaluation be accomplished by dynamic analysis. The recommended
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approach is to perform an elastic response spectrum dynamic analysis to evaluate elastic
seismic: demnand on SSCs. Inelastic energy absorption capability is allowed by permitting limited
inelastic behavior. By these provisions, inelastic energy absorption capacity of structures is
accounted for by the parameter. Fg. However, strength and ductile detailing for the entire load
path should be assured. Elastically computed seismic response is reduced by F1g values
ranging from I to 3 as a moans of accouniting for Inelastic energy absorption capability. The
samne F11 values are specified for both Performance Categories of 3 and 4. In order to ackwve
the conservatism appropriate for the different Perforrmance Categories, the reduced seismic
forces are multiplied by a scale factor. Scale factors are speclfied for Performance Category 3
and 4. The resulting factored seismic formes are combined with nont-seisrmic concurrent loads
and then compared to code ultirmate response limnits. The design detailing provisions from The
UBC, which provide ductility, toughness, and redundancy, are also required-such that SSCs; can
fuly achieve potential mnefastic energy absorption capabiiry. Also, explicit consideratioin of
relative seismic anchor motiont (SAM) effects is required for Performance Categor 3 and

t*ghr.

The overall DOE Seismic Design and Evaluation Procedure is sa~own in Figure 2-3. In
addition to the general provisions described in this chapter. the topis discussed In Appendix C
should be considered before commencing design or evaluation.

2.3 Seismic Design and Evaluation of Structures, Systems, and
Components

* Select Performance Categories of stiucture, system, or component based
on DOS-STD-11021 (Ref. 1-10).

* For sites witi-i Performance Category 3 or 4 structures, systems, and
components, obtain or develop -a seismic hazard curve and design response
spectra in accordance with DOE-STD-lo23 (Bet. 2-22) for all performance
categories based on site characterization discussed in DOE-STD-1022 (Rlef.
1-15). In the Interim, Eastern U.S. sites may use DOE-STD-1024, (Ref. 2-23)

* Establish design basis earthquake from PH, (see 'fable 2-1) mean seismic

hazard curve, and medlan response spectra.

For sites with only PC-i or 2 SSC, and rno site-specific seismic hazard
curve. obtain seismic coefficients from model building codes.
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XDunmd
1

} CawckY
3

I re

' DOE Tr.026

I . See Section CA for futber discusion.
2. .Fvi evaluaion of xisting faciliies, the strength and detailing of the entire load path must be

checked prior to assignment of ductility reduction factors.

3. See Section C.5 fnr further discussion.

Figure 24. DOE Seismic Design and Evaluaton Procedure
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can be estimated byin1uttplying calculated drfts by 3 (RWI8). These drifts
limits may be exceeded when It is demonstrated that greater drift can be
tolerated by both structural systems and non-structural elements.

• Elements of the facility shall be checked to assure that all detailing
requirements of the UBC provisions are met. Thti basic UBC seismic
detailing provisions must be met If Z Is 0.11 Ig or less. UBC Seismic Zone
No. 2 provisions shall be met when Z is between 0.12 and 0.24g. UBC
Seismic Zone Nos. 3 & 4 provisions shall be followed when Z is 0.25g or
more.

* A q~uality assurance program consistent with model building code
requiremnents shall be iM~lemented for SSCs in Peiformance Categories 1
and 2. In addition, peer review shall be conducted for Performance
Category 2 SS~s.

2.3.2 Performance Category 3 and 4 Structures, Systems, and
Components

The steps in the procedure for PC-3 and 4 SSCs are as follows:

* Evaluate element forces. Dris, for the non-selsnlc loads expected to be
acting concurrently with an earthqu ake.

* Calculate the elastic seismic response to the DBE, Ds, using a dynamic
analysis approach and appropriate damping values from Table 2-3.
Response Level 3 is to be used only for Justifying the adequacy of exIstIng
SSCs with adequate ductile detailing. Note that for evaluation of systems
and components supported by the structure, in-structure response spectra
are used. For PO-3 and PC-4 SSCs, the dynamic analysIs must consider 3
orthogonal components ol earthquake ground motion (two horizontal and
one vertical). Responses from the various direction components shall be
combined in accordance with ASCE 4. Indlude, as appropriate, the
contribution from seismic anchor motion. To determine response of SSCs
which use Fli > 1, note that for fundamental periods lower than the period at
which the maximum spectral amnplification occurs, the maximum spectral
acceleration should be used. For higher modes, the actual spectral
accelerations should be used.
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* Calculate the inelastic seismic demand element forces, DSI, as

Dsl = SF DS (2-2)
F.,,

where: FiA = Inelastic energy absorption factor from Table 2-4 for the

appropriate structural system and elements having

adequate ductile detailing

SF = Scale factor related to Performance Category

= 1.25 for PC-4

= 1.0 for PC-3

Variable scale factors. based on the slope of site-specific hazard curves,

may be used as discussed in Appendix C to result in irnproved achievement

of performance goals. SF is applied for evaluation of structures, systems,

and components. At this time, Fg values are not provided for systems and

components. It is recognized that many systems and components exhibit

ductile behavior for which FFI values greater than unity would be appropriate

(see Section C.4.4.2). Low Fg values in Table 2-4 are intentionally specified

to avoid brittle failure modes.

* Evaluate the total inelastic-factored demand Drn as the sum of DSI and DNS

(the best-estimate of all non-seismic demands expected to occur

concurrently with the DBE).

D = = DNS + Ds (2-3)

* Evaluate capacities of elements, Cc. from code ultimate or yield values

Reinforced Concrete

Use UBC Chapter 19

Steel

Use UBC Chapter 22 Standards

- LRFD provisions, or

- Plastic Design provisions, or

- Allowable Stress Design provision scaled by 1.4 for shear in

members and bolts and 1.7 for all other stresses.

Refer to References 2-9 and 2-10 for related industry standards. Note that

strength reduction factors, *, are retained. Minimum specified or 95%

40550

2-13



DOE-STD-1 020-94

nonexceedernce in-situ values for material strengths should be used to
estimate capacities.

* The seismic capacity is adequate when Cc exceeds flm iLe.:

CC ŽDTI (2-4)

* Evaluate story drifts due to lateral forces, including both translation and

torsion. It may be assumed that inelastic drifts are adequately approximated
by elastic analyses (note that lateral seismic forces are not reduced by Fpi
when cornputing story drifts). Calculated story drifts should rnot exceed
0.010 times the story height for strutres with contributilon to distortion from
both shear and flexture. For structures in which shear distortion Is the
primary contributer to drift, such as thos with low rise shear walls or
concentric braced-frames, the calculated story drift shouild not exceed 0.004

times the story height. These drift limits may be exceeded when acceptable
performance of both the structure arnd nonstructural elements can be
demonstrated at greater drift.

* Check elements to assure that good detailing practice has been followed
(e.g.. see sect, C.4.4.2). Values of Fp given in Table 2-4 are upper limit
values assuming good design detailing practice and consistency with recent
UBO provisions. Existin facilities may not be consistent with recent
provisions, and, if not, must be assigned reduced Pii. Basic UBC seismic
detaiflng provis~ions shall be followedIf the PGA at~H is 0.lig or les. UBC
Seismic Zone No. 2 provisIons should be met when the PGA at PH is
between 0.12 and 0.24g. UBC Seismic Zone Nos. 3 & 4 provisions should
be followed when the PGA at PH. is 0.25g or more.

* Implement peer review of engineering drawings and calculations (including
proper applicatoni of Fp values), increased inspection and testing of new

construction or existing faciltes.
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2.3.3 Damping Values for Performance Category 3 and 4 Structures,
Systems, andt Components

Damping values to be used in linear elastic analyses are presented in Table 2-3 at three
different responde levels as a function of DT-/Cc.

DT is the elastically computed total demand,

Dr = DNS1 + Ds (2-5)

and Cc is the code specified capacity.

When determining the input to subcomponents mounted on a supporting structure, the
damping value to be used in elastic response analyses of the supporting structure shall be
based on the response level reached in the majority of fth seismic load resisting elements of
the supporting structure. This may require a second analysis.

In lieu of a second analysis to determine the actual response of the structure, Response
Level I damping values may be used for generation of in-structure spectra. Response Level 1
damping values must be used If stabflity considerations control the design.

When evaluating the structural adequacy of an existing SSC, Response Level 3
damping may be used In elastic response analyses Independent of the state of response

actually reached, because such damping is expected to bie reached prior to structural failure.

When evaluating a new SSC, damping is limited to Response Level 2. For evaluating the

structural adequacy of a new SSC, Response Level 2 damping may be used in elastic response
analyses independent of the state of response actually reached.

The appropriate response level can be estimated from the following:

Response Level DT/Cc
3" Ž1.0

2* -0~.5 to 1.0
1 * :•0.5

* Consideration of these damping levels is requirod only in fte generation of flowor a ampliWe response
spectra to be used as input to subcomponents mounted on the suppoflng structure. For analysis of
structures inctuing soil-structure interaction effects (sec C.4.3), DTICc ratios ior the best estimate case
shatl be used to determine reisponse level.

OnlCy to be used for jusfying fte adequacy of exirAhtg SSCs with adequate ductie detaling.
However, tunctonaltj of SSCs in PC-3 arid P0-4 miust be given dlue consideratio.

40552
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Table 2-3 Specifid Dnaping Values

Dmping (%ol critili)

Response Response Response
Type of Component Lovel 1 Level 2 Level 3

Welded and lriction bolted metal structures 2 4 7

Bearing-boked metal structures 4 7 10

Prestressed concrte structures 2 5 7
fwithout complete loss of pestress)

Reirnorced concrete structures 4 7 10

Masonry shear waft 4 7 12

Wood stnu res naed ponis 5 tO 15

Distrbution systemsrt  3 5 5

Massive, bw-stre d component 2 3
(pumps, motis, etc.)

L'gt* welded instnrment racks 2 3

lecrical cabirnews and other equipment 3 4 S

Liquid contakg metW tart

Impulsive moude 2 3 4

Slotting mode 0.5 0.5 0.5

Should not be stressed to Response Level 3. Use damping for Response Level 2.

May be used br anchorage and structural tailure modes which are accompanied by at east some
inelastic response. Response Level 1 damping values should be used 1or functional laikie modes
such as reay chatter or relative displacement issues which may occur at a low cabinet stress level.

Cable trays more twn one hag full of loose cables may use 10% of critical damping.
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Table 2-4 Inastwc Ener Absorption Factors, F.

Sbn Iw ystem F
(telrmnalomy Is Identia to ReL 2)6_

MOMENT RESISTING FRAME SYSTEMS - Beams
Steel Special Moment Resising Frame (SMRF) 3.0
Concrete SMRF 2.75
Concrete imerriate Moment Fhame (tMRF) 1.5
Steel Ordinary Moment Restin" Frame 1.5
Concrete Ordinawy Moment Resisng Frame 1.25

SHEAR WALLS
Concrete or Masonry Walls
In-plane Flexure 1.75
In-plane Shear 1.5
Out-of-plane Flexure 1.75
OtA-of plane Shear 1.0
Plood Waft 1.75
Dual System. Concret with SbRF 2.5
Dual System Con with Concret IMRF 2.0
Dual Sytem. Masny with SMRF 1.6
Dual System, Msswvy with Concrete IMRF 1.4

STEEL ECCENTRIC BRACED FRAMES (ESF)
Beams and Diagonal B s 2.75
Beams and Diaqonal Baes Dual System with Stel SMRF 3.0

CONCENTRIC BRACED FRAMES
Steel Beams 2.0
Ste DMgonal Braces 1.75
Concrete Beams 1.75
Conrete Diagonal Braces 1.5
Wood Tnusses 1.75
Beams and Diagonal Braces, Dual Systems
S"l with Sel SWRF 2.7S
Concrete with Concrete SMRF 2.0
Concrete with Concrete IMRF 1.4

METAL LIQUID STORAGE TANKS
Moment and Shear Capecity 1.25
Hoop C tapyc_ 1.5

Note: 1. Values herein assume good seismic detailing practice per Reference 2-5, along with reasonably wUnorm
Inelastic behavior. Otherwie, lower vahles should be used.

2. F&i tor coumns Ieil satllnsructuw qtems is 1.5 for flexure and 1.0 for axial compresio nd shear. For
columns sub,'c1ed to conined axdal compression and bending, Interaction formulas shall be used.

3. Connections for steel concenlric braced trames should be designed for at last the lesser ot
The tensile strength of the bracing.
The force in the brace corresponding to Fg of uxly.
The maximnum force that can be transferred to the brace by the structural system.

4. Connections for steel moment frames and eccentric braced frames and connections for concrete,
masonry, and wood structural systems should tolbw Reference 2-5 provwidons utlizIng the prescribed
seismic loads from these critena and the strength of the connecting members. In general, connections
should develop the strengh of the connecting mesfbers or be designed for member forces correspondIng
to F;L of unity, whichever is less.

5. Fg for chevron, V. and K bracing is 1.5. K bracing requiles special consieration tor any building f Z Is
0.25y or more.
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1. if an existing SSC is close to meeting the criteria, a slight increase in the annual
nsk to natural phenomena hazards can be allowed within the tolerance of

meeting the target performance goals (See Section 1.3). Note that reduced
criwari tar seismic evaluation of existing SSCs Is supported in Reference 2-16.
As a resuft, some relief ini the criteria can be allowed by performning the
evaluation using hazard exceedance probability of twice the value recommended

in Table 2-1 for Ohe Performance Category of the SSC berig considered.
2. The 850 may be strengthened such that iRs seismic resistance capacity is.

sufficienity increased to meet these seismic criteria. When upgrading Is required
it should be designed for the original Pertorruance Goal.

3. The usage of the facility may be changed such that it tails within a less
hazardous Performance Category and consequently less stringent sewsmic

requirementS.
4. It may be posstile to conduct the aspects of the seismic evaluation in a motre

rk~orous ffaruw that removes conservatism such that the SSC may be shown to
be adequate. Alternatively, a probabilistic assessrnent might be undertaken in
order to demonstrate that the peirformance goals can be met.

Requirements of Executive order 12941 (Ref. 1-6), as dIscussed In the Imnplemnentation
Guide are to be implerviented.

2.4.3 Basic intention of Dynamic Analysis Based Deterministic
Seismic Evaluation and Acceptance Criteria

The basic intention of the deterministic seismic evaluation and acceptance criteria
defined In Section 2.3 is to achieve less than a 10%1/ probability of unacceptable performance for
a structure, system, or component (SSC) subjected to a Scaled Design/Evaluation Basis
Earthquake (SOBE) defined by.

SDBE=(1.5SF)(DBE) (2-7)

where SF is the appropriate seismic scale factor from Equation 2-2.

The seismic evaluation and acceptance criteria presented in this section has intentional

and controlled conservatism such that the target perfonmanuce goals are achieved. The amount

of intentional conservatism has been evaluated In Reference 2-i such that there should be les~s

than 10M% probability of unacceptable performance at input ground motion defined by a scale

40560
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factor of 1.5SF timnes the DBE. Equation 2-7 is useful for developing alternative evaluation and
acceptance criteria which are also based on the target performance goals such as inelastic
seismic response analyses. To evaluate items for whichi specific acceptance criteria are not yet
developed, such as overturning or sliding of foundations, or some systems and components;
this basic intention must be met. It a nonlinear Inelastic res~ponse analysis which explicitly
incorporates the hysteretic energy clssipation is performed, damnpig values that are no higher
than Response Level 2 should be used to avoid the double counting of this hysteretic energy
dissipation which would result from the use of Response Level 3 damping values.

2.5 Summary of Seismic Provisions
Table 2-5 summarizes reccmmended earthquake desaig and evaluation provisions for

Performance Categories I through 4. Specific provisions are described In detaII in Section 2.3.
The basis for these provisions is described in Reference 2-1.

Table 24 SUMMry Of Ebrtlwae ls. vaiwaton PnVlls.iorn

Performance Cate.ory (PC)
I 2 1 3 14

Hazard Exedne21- XI- xO41I-
Probabilily, PH -(xo-) 2l-)

Rewponse Spectra M~dwn aMlifIcation
(no consorvative bias)

Damping for 5% Table 2-3
Stfuctural Evaluallon _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Acceptable Analysis Sidib or dynamic farce method Dynarlic analysis
Approaches for Structures normalized to code level base shear

Analysis approaches icr USC Force equation for equipment and Dynamic analysis using in-structm.
systern% anid components non-stnictura elements (or more responwe spectra (Damping from Table

r__ _ _ _ __ _ _ _ _ igorous aproach) 2.3)
Importanice Factor 1=11.O Iml.2 Not used

Load Factors Code specified Woad factors appropriate Load factors of urity
___________________for 6tructural material

Scale Factors Not Used SF = 1.0 SF - 1.25
inelastic Energy Absorption Accounted tar by RWtfrom Table 2-2 Fg from Table 2 -4 by which elasti

Palo response Is r*kxmd to sour4 for
___De .. ifl~e Inelastc behavior

Material Siranath Minimum soeciriad or 96% ron-exosedance hw-sit values
Structural Capacity Code ultimate strength or allowable Code ultimate strength or

behavior level I Ilmit-state level
Quality Assurance Program Requited within a graded approach (ie., with Increasing rigor ranging from UBC

_______________ rquiremerts from PC-i to nuclear power plant requirements for PC-4)
Peer Review Not Requred IRequired wilhin a graded approach (Le.. with Increasinggo

Iranging $Tom UBC requirements from PC-2 to nuclear power
___________I plant rqirements for PC-4)

1 For sites such as LLNL, SINL-Livermnore, SLAC, LBL. & ETEC which ame near tectonIc plate boundaries
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