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(2) To develop dynamic parameters for uncoupled soil spring, dashpot, and mass model.  

CALCULATION METHOD I ASSUMPTIONS 

(1) 1-D equivalent linear site response analysis using complete program "SHAKE." The purpose is to develop strain-compatible 

properties corresponding to the design earthquake for 2,000 year return period.  

(2) Used weighted average to estimate equivalent homogenous and isotropic soil parameters consistent with strain-compatible properties 

developed in (1).  

(3) Calculate equivalent soil spring, dashpot, and mass parameters to match with the analytical solution of vibration of rigid rectangular 

footing on homogenous isotropic elastic halspace.  
SOURCES OF DATA I EQUATIONS 

See list of references on Page 15 of 32.  

Computer Programs: 
1. SHAKE: A computer program for earthquake response analysis of horizontally layered sites rev. 01 GMX, Benchmarked against 

Stone & Webster's qualified version of SHAKE.  

CONCLUSIONS 

(1) Strain-compatible dynamic soil parameters were developed for horizontally layered system. These parameters will be used in SASSI 

analyses. Results are listed on page 23 of 32.  

(2) Equivalent soil spring, dashpot, and mass parameters were developed, results are listed on page 24 of 32.
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PRIVATE FUEL STORAGE FACILITY 
SKULL VALLEY, UTAH 

SOIL AND FOUNDATION PARAMETERS 
FOR DYNAMIC SOIL-STRUCTURE INTERACTION ANALYSES 

1.0 INTRODUCTION AND APPROACH 

This calculation developed dynamic soil and foundation parameters for the Private Fuel 
Storage Facility located in Skull Valley, Utah. The calculation supersedes Geomatrix 
Calculation 05996.02-G(PO18)-2 Rev 0 and 05996.02G(PO18)-l Rev 1. The reasons for 
the new calculation are new soil data and a revised design level ground motion.  

The approach followed in this analysis matches that used in the previous calculation 
[Geomatrix Calculation 05996.02-G(PO18)-2 Rev 0] and involves the following steps: 

1. Dynamic properties are developed for the subsurface soils at the Skull Valley site.  
These include profile layering, low-strain shear and compression wave velocities, unit 
weight, and strain-compatible shear modulus reduction and damping relationships. In 
this calculation package we provide uncertainties in the dynamic properties following 
the guidance provided in the Standard Review Plan Chapter 3.7.2 and in ASCE 4-86.  
These are presented in Section 2.  

2. One-dimensional site response analyses are conducted using the properties defined in 
step 1 and time histories scaled to match the design ground motion response spectrum 
defined in Geomatrix (2001b). These are described in Section 3.0 

3. Using the results of step 2, three profiles are developed for use in soil-structure
interaction (SSI) analyses based on the SASSI continuum model. These profiles 
represent best estimate and upper and lower range strain-compatible soil properties.  
These are described in Section 4.0 

4. Using the results of step 2, three sets of dynamic soil profiles are developed for use in 
SSI analyses based on uncoupled soil spring-dashpot-mass models. These profiles 
represent best estimate and upper and lower range strain-compatible soil properties.  
These are described in Section 5.0 

2.0 SUBSURFACE DYNAMIC PROPERTIES 

General Stratigraphy 

The general stratigraphy of the Skull Valley Private Fuel Storage site is described in 
Geomatrix (2001 a). The upper few feet consists of eolian silty soil deposits. These are 
underlain by Lake Bonneville lacustrine soils to a depth of 45 to 55 feet. The soils above

I:\DOCSAFE\4000S\4790\4790.01\CALCPKG2\REVI\SV-SSIOI .DOC March 2001
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a depth of 26 feet consist of predominately deep-water deposits of clayey silts and silty 

clays. Between a depth of 26 and 45 to 55 feet, near-shore deposits of very dense fine 

sand underlain by very dense silts with gravel and sand layers are encountered.  

An erosional unconformity marked by the Promontory soil lies at a depth of 45 to 55 feet 

below the surface. The soils between this unconformity and a depth of 85 to 95 feet 

consist of the Little Valley lacustrine deposits, interbeded gravely and clayey sands and 

sandy silts. These soils are dense to hard with refusal conditions often encountered in site 

borings.  

A second erosional unconformity at a depth of 85 to 95 feet marks the boundary between 

Quaternary and Tertiary sediments. Below this boundary lies the Salt Lake group, a mid 

to late Miocene sequence of semi-consolidated siltstones, claystones and sandstones.  

These sediments are presumed to continue to bedrock, which is a west dipping surface 

lying at a depth of 600 to 800 feet beneath the site, Ground water is estimated to lie at a 

depth of approximately 125 feet. The underlying bedrock consists of hard limestone and 

dolomite.  

Best Estimate Dynamic Properties 

Attachment A contains a listing of seismic cone velocity measurements and down-hole 

velocity measurements obtained at the site. Figure 1 shows a plot of these data for the to 

35 feet of the soil profile where the measurements overlap. The seismic cone data 

represent interval velocities taken at -1 meter intervals. The down-hole shear wave 

velocity measurements represent pseudo-interval velocities at a 2.5-foot spacing. The 

down-hole compression wave velocities represent the layer averages defined in the down

hole velocity report.  

The Table 1 defines the best estimate dynamic properties for the subsurface materials.  

The basis for the parameters is described below. The subsurface stratigraphy in the upper 

100 feet was defined based on the cross sections presented in PFS (2000) (copies are 

included in Attachment A), the description given above, and the velocity data shown on 

Figure 1. The top 5 feet of the soils consist of eolian silts that are to be replaced by soil 

cement over the entire site area. Between a depth of 5 and 26 feet, the soils consist of 

lacustrine silty clays and clayey silts. The layering shown in Table 1 reflects the steps in 

shear wave velocity noted in the data shown on Figure 1, the increases in cone penetration 

resistance shown on the cross section in Attachment A, and the variation in soil unit 

weights. Table 2 of this calculation lists the moist unit weight data from the Canister 

Transfer Building (CTB) from Tables 3 and 4 of Stone & Webster (2000, reproduced in 

Attachment A) sorted by depth. There is a clear increase in the moist unit weight values 

at a depth of- 12 ft and a decrease at a depth of- 18 ft. Below - 26 ft the layering 

shown in Table 1 is based on the shear wave velocity layering from the down-hole 

velocity measurements and the cross sections developed in PFS (2000). The depth of the 

Tertiary sediments is assessed from the results presented in Geosphere Midwest (1997).  

The average wave velocities listed in Table 1 for the depth range of 0 to 35 feet are based 

on a statistical analysis of the seismic cone and down-hole interval velocity data.  

1:DOCSAFE\4000SA4790\4790.0 I\CALCPKG2\REV1\SV-SS101 .DOC March 2001
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Attachment 2 lists two small computer programs used to compute these averages. The 
listing of these programs, the input files and the output files are given in Attachment B 
and are included in directory \CONESTAT on the attached diskette. The programs read 
in the interval velocity data and a prescribed layering. Each cone penetration test or 
down-hole boring is considered a separate velocity profile. For each layer within each 
profile, the average velocity is computed as the harmonic mean of all velocity 
measurements within the layer. The harmonic mean is equivalent to computing the 
average velocity by summing the travel times for each depth increment represented by a 
test within a soil layer and then dividing the layer thickness by the total travel time. The 
arithmetic average of the layer velocities across the 17 test locations are listed as the 
average velocities in Table 1 and are shown on Figure 1.  

For the depth range of 35 to 50 feet the velocity listed in Table 1 is based on the harmonic 
mean of the downhole velocity measurements in boring CTB-05 between 35 and 55 feet 
(see Attachment B, listing of output file VS7L-ALL.out). For depths between 55 and 125 
feet, the velocities are based on the down-hole velocity measurements in boring CTB-05a 
(listed in Attachment A) and represent the recommended layer averages. In the zone of 
overlap between the measurements in borings CTB-05 and CTB-05a, the values from 
boring CTB-05 were selected because they were taken in a cased boring and the quality of 
the results above - 45 feet in boring CTB-05a were reported to be poor (Northland 
Geophysical, 2001).  

Geosphere Midwest (1997) conducted a shallow refraction survey of the site. In the shear 
wave survey Geosphere Midwest (1997, their Figures 2 and 4) identified two layers; a 
surficial layer with a shear wave velocity ranging from approximately 700 to 790 ft/sec, 
and a second layer at a depth of 40 to 55 feet with a shear wave velocity ranging generally 
from 1,700 to 2,400 ft/sec. The maximum depth of penetration of the shear wave survey 
was estimated to be 80 to 90 feet. In the compression wave survey Geosphere Midwest 
(1997, their Figures 1 and 3) identified three layers; a surface layer with a compression 
wave velocity generally in the range of 1,100 to 1,300 ft/sec, a second layer at a depth of 
35 to 45 feet with a compression wave velocity in the range of 2,200 to 3,500 ft/sec, and a 
third layer lying at a variable depth of 90 to 125 feet with a compression wave velocity 
generally ranging from 5,200 to 5,900 ft/sec. The third layer was interpreted to possibly 
represent the location of saturated sediments. Bay Geophysical Associates (1999) 
conducted a second shallow refraction survey on the site to locate evidence of offsets in 
the shallow stratigraphy. Their Table 1 [reproduced as Table 5-2 in Geomatrix (2001 a)] 
specifies an average shear wave velocity of 800 ft/sec for the material above the 
Promontory soil (depth -45 feet and 1,100 ft/sec for the material above the 
Quaternary/Tertiary boundary (depth -85 feet). These values are generally consistent 
with the values from Geosphere Midwest (1997). The average shear wave velocity from 
the surface to a depth of 85 feet computed using the Geosphere Midwest (1997) results is: 

V(avg)=85ft/(45ft/750ft/sec+40ft/2000ft/sec)= 1,063 ft/sec

1:\DOC SAFE\4000S\4790\4790.01\CALCPKG2\REV 1\SV-SSIO1 DOC March 2001
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The results of the geophysical surveys are consistent with the more detailed seismic cone 

and down-hole velocity measurements. The following table computes the average 

velocity as a function of depth for the top 100 feet of the soil profile using the best 

estimate velocity profile listed in Table 1.  

Calculation of Average Velocities versus Depth 

Layer Layer Total Average 

Layer Thickness Vs Total Depth Travel Time* Travel Time Velocity** 

(ft) (fps) (ft) (sec) (sec) (fps) 
1 5 560 5 0.008929 0.008929 560 

2 5 580 10 0.008621 0.017549 570 

3 2 727 12 0.002751 0.020300 591 

4 6 854 18 0.007026 0.027326 659 

5 8 871 26 0.009185 0.036511 712 

6 9 1,022 35 0.008806 0.045317 772 

7 15 1,190 50 0.012605 0.057922 863 

8 40 1,800 90 0.022222 0.080144 1123 

9 10 2,900 100 0.003448 0.083593 1196 

*Layer travel time is equal to the layer thickness divided by the layer velocity.  

*Average velocity is equal to the total depth divided by the total travel time.  

The velocities for depths below a depth of 100 have not been measured at the site. Two 

alternative velocity profiles were considered for the Tertiary sediments (Table 1). The 

first considers the velocity to be constant for the entire depth range. The second 

considers that the velocity increases with depth. Two steps were placed in the velocity 

profile at approximately equal intervals. The velocity at the base of the profile of 5,000 

fps was chosen to represent the upper range on reported velocities for the Salt Lake 

Group and semi-consolidated sediments in the Salt Lake Valley (Ivan Wong, 1999, 
personal communication; Wong and Silva, 1993; see Attachment A). The compression 

wave velocities in the Tertiary sediments were selected to provide a Poisson's ratio of 

0.25 consistent with the value for older sediments in the Salt Lake Valley (Williams and 

others, 1993). The velocity profile for the crustal rocks below the Tertiary sediments was 

set equal to the crustal velocity model used for earthquake location in Utah (see 
Attachment A).  

The eolian silts are to be replaced throughout the site area by soil cement to a sufficient 

distance that the soil-cement layer can be considered part of the free-field soil profile.  

The initial design parameters for this material indicate a target minimum compacted unit 

weight of 100 pcf, a target undrained strength of 100 to 250 psi, and a target shear wave 

velocity in excess of 1,500 fps (Attachment A). Appendix F of Geomatrix (2001 a)
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indicates that the surface motions are not sensitive to increases in the shear wave velocity 
in the soil cement layer above 1,500 fps. Therefore, a value of 1,500 fps was selected as 
the best estimate shear wave velocity for the soil cement layer. The compression wave 
velocity was computed using a Poisson's ratio of 0.175, the midpoint in reported values 
for concrete.  

The unit weights for the soil layers in Table 1 were derived as follows. The data 
presented in Table 2 of Stone & Webster (2000, reproduced in Attachment A) give a 
mean moist unit weight of 78 pcf for the silts and clays in the pad area in for depths up to 
S12 ft. Data from the CTB listed in Table 2 of this calculation for the same depth range 
give and average unit weight of 86 pcf. A moist unit weight of 80 pcf was assigned to 
this layer to reflect the larger data set for the pad emplacement area. For the depth range 
of 12 to 18 feet, data given in Table 2 indicate and average moist unit weight of 105 pcf.  
A value of 100 was assigned to this layer to reflect the slightly lower values found at 
shallower depths in the pad emplacement area than in the CTB area. For the silts in the 
depth range of 18 to 26 feet variable unit weights are reported. The data given in Table 2 
suggest average values in the range of 93 to 99 pcf. A conservative value of 94 pcf was 
assigned to this layer. Below 26 feet the soils become dense sands. The moist unit 
weights for the silts just above this layer indicate a moist unit weight of 115 pcf and this 
value was assigned to the sands and silts in the depth range of 26 to 50 feet. Below a 
depth of 50 feet, the soils are older and consist of dense sands. It was assumed that they 
have a slightly higher unit weight that the shallower materials and a moist unit weight of 
120 pcf was assigned to these materials, corresponding to a dry unit weight of about 115 
pcf and a moisture content of about 5%. The density for the Tertiary sediments was set at 
135 pcf, increasing to 145 pcf below the water table. These values are consistent with 
unit weights reported in Wong and Silva (1993) for semi-consolidated sediments. The 
unit weights of the crustal rocks are consistent with the densities assumed for these 
materials by Wong and Silva (1993).  

Upper and Lower Range Dynamic Properties 

The U.S. Nuclear Regulatory Commission's Standard Review Plan, Chapter 3.7, 
stipulates that SSI analyses must be performed using a range of properties. If the site 
dynamic parameters are not well known, then the low-strain shear modulus is to be varied 
by multiplying and dividing by a factor of 2. The American Society of Civil Engineers 
(ASCE, 1986) recommends that the low-strain shear modulus is to be varied by 
multiplying and dividing by a factor of 1+COV of the site modulus data, with a minimum 
COV of 0.5 to be used. In terms of wave velocities, these factors translate into factors of 
4/2=1.414 and the 411.5=1.225, respectively.  

Table 4 presents the statistics of the shear wave velocity data listed in Table 3a. These 
values are taken from the calculations shown in Attachment B. The coefficients of 
variation for the soils up to a depth of 35 feet are 0.13 or less. Thus, it is judged that the 
velocities in this depth range are well known and the ASCE minimum criterion of a factor 
of 41.5 was used to vary the velocities. For the soil cement layer and for all other
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sediment layers above the basement rock at 700-feet depth, the Standard Review Plan 
requirement of a factor of'/2 was applied. Tables 5a and 5b list the properties of the 
resulting soil profiles. For the low range profile, only the constant Tertiary velocity case 
was considered because is represents the lower range of the two best estimate cases and 
for the high range profile, only the increasing Tertiary velocity case was considered. In 
addition, the velocity in the Tertiary sediments was limited to that of the shallow crustal 
velocity used for the underlying limestone bedrock.  

Strain-Compatible Modulus Reduction and Damping Relationships.  

Figure 2 shows the strain-compatible shear modulus reduction and damping ratio curves 
used for the soils in the depth range of 0 to 90 feet. The curves for the depth range of 0
12 ft and 12-26 feet are based on two resonant column tests performed on samples from 
the site (test data presented in Attachment A). The test results for the sample at a depth 
of 7.9 feet were applied to the depth range of 5 to 12 feet, which represents the range of 
lower velocities in the silty soils; and the test results for the sample at a depth of 20.8 feet 
were applied to the depth range of 12 to 26 feet, which represents the range of higher 
velocities in the silty soils. The test results for the shallow silty and clayey soils were also 
applied to the soil cement layer. Modulus reduction and damping curves developed for a 
sand-cement mixture reported by Dupas and Pecker (1979) are similar to those for sand.  
Therefore, it was assumed that the curves for a silt-cement mixture would be similar to 
those for the silt.  

For the sandy soils below a depth of 26 feet, the relationships used by Silva and others 
(1998) to calibrate ground motion models for alluvial soils in California were selected.  
Silva and others (1998) developed two alternative sets of relationships. The curves 
selected for this analysis represent the stiffer (less modulus reduction and lower damping) 
set. This set was selected because of the low level of modulus reduction and low 
damping exhibited by the site test data. The Tertiary sediments below a depth of 85 feet 
are assumed to remain linear.  

The damping in the linear Tertiary sediments was computed assuming that the shallow 
crustal damping corresponds to a K value of 0.04 seconds and using the crustal model for 
the site. Anderson and Hough (1984) have show that the high frequency attenuation of 
ground motions in the near surface can be modeled by the attenuation parameter K. The K 

value of 0.04 seconds was selected by Wong and Silva (1993) to represent shallow crustal 
damping for all types of sites in Utah and is consistent with the average value observed 
for soft rock sites in California. Silva and Darragh (1996) indicate that KC is related to the 
near surface shear wave quality factor, Q, by the expression: 

H 

-(1) 

where H is the portion of the crust over which the energy loss occurs and V, is the average 
shear wave velocity over H. The appropriate value of H is 1 to 2 km (Silva and Darragh,
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1996). For this calculation H was set equal to 1.4 km, the point where there is a large step 
in the crustal velocity model.  

Q, is, in turn, related to the material damping, 2, used in liner viscoelastic wave propagation 
modeling (such as the site response analyses performed for this study using the program 
SHAKE) by the expression: 

1 
(2) 

2Q, 

The r, value of 0.04 seconds represents the total damping in the upper portion of the crustal 
profile, including the soils. To calculate the damping to be applied to the Tertiary and 
shallow crustal rocks, the K contributed by the low strain damping in the soils above a 
depth of 90 feet is removed. The following table shows this calculation for the best 
estimate profile. Equation (2) is used to compute the value of Q, for each layer from the 
low strain damping shown on Figure 2, and Equation (1) is used to compute the layer 
contribution to K.  

layer h(ft) Total h(ft) Vs(fps) Lambda Qs kappa(sec) 

1 5 5 562 0.009 55.6 0.00016 

2 5 10 528 0.009 55.6 0.00017 

3 2 12 727 0.009 55.6 0.00005 

4 6 18 854 0.008 62.5 0.00011 

5 8 26 871 0.008 62.5 0.00015 

6 9 35 1022 0.010 50.0 0.00018 

7 15 50 1190 0.010 50.0 0.00025 

8 40 90 1800 0.006 83.3 0.00027 

Total 0.0013 

The K value of 0.0013 seconds is subtracted from the total of 0.04 seconds to define the 
portion assigned to the Tertiary and shallow crustal rocks.  

Silva and Darragh (1996) found that Q, for WUS rocks is proportional to shear wave 
velocity. Using the assumption that Q, cc Vs, damping values are computed for the two best 
estimate profiles in the following tables. The calculation is performed by substituting for 
Q, the term qyVs in Equation (1), resulting in the following expression for the total K.  

C = >1 H (3) 
YiVSi 

In the following tables the value of Hi/V 2. is summed for all layers and then Equation (3) 

is used to solve for the value of y that produces the desired value of K. The appropriate 
values of Q, are then computed as •yVs and Equation (2) is used to compute the value of 
damping to use for each layer in the SHAKE computation.
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Best Estimate Constant Tertiary Velocity

total kappa= 
h(km) Th(km) 

0.185 0.186 
1.214 1.4

0.0387 
Vs(km/s) 

0.88392 

1.95

Sum=

gamma= 
hNsA2 

0.237 

0.319 

0.556

14.37 

Qs damping 

12.7 0.0394 

28.0 0.0178 

Sum =

Best Estimate Increasing Tertiary Velocity

total kappa= 
Th(km) 

0.06166667 

0.12333333 

0.185 

1.40

0.0387 

Vs(km/s) 

0.88392 

1.2192 

1.524 

1.95

Sum=

gamma= 
hNsA2 

0.079 
0.041 
0.027 

-0.319 
0.466

12.05 
Qs damping 

10.6 0.0470 

14.7 0.0340 

18.4 0.0272 

23.5 0.0213 

Sum =

kappa 
0.0066 

0.0034 

0.0022 

0.0265 

0.0387

The following spread sheets list the damping values computed for the upper and lower 

range profiles. These values are based on the range of velocities considered 
representative of the Tertiary velocity uncertainty documented in Appendix F of 

Geomatrix (2001 a) rather than the range listed in Table 5a and 5b required by the 

Standard Review Plan variation in shear modulus. Thus, the velocities represent changes 

from the best estimate by factors of 41.5.

Low Range Constant Tertiary Velocity

total kappa= 

Th(km) 

0.186

0.0386 
Vs(km/s) 

0.7217

1.4 1.95 
Sum=

gamma= 
hNsA2 

0.355 

0.319 

0.674

17.47 
Qs damping 

12.6 0.0397 

34.1 0.0147 

Sum =

High Range Increasing Tertiary Velocity

10.80 
Qs damping 

11.7 0.0428 

16.1 0.0310 

19.8 0.0253 

21.1 0.0237 

Sum =
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layer
1 
2

kappa 
0.0165 

0.0222 

0.0387

layer

1 
2 

3 

4

h(km) 
0.06166667 

0.06166667 
0.06166667 

1.214

layer

1 
2

h(km) 

0.185 
1.214

kappa 
0.0203 

0.0183 

0.0386

layer

1 
2 

3 

4

h(km) 

0.06166667 

0.06166667 

0.06166667 

1.214

total kappa= 
Th(km) 

0.06166667 

0.12333333 

0.185 

1.40

0.0387 

Vs(km/s) 

1.0826 

1.4932 

1.8335 

1.95 

Sum=

gamma= 
hNs^2 

0.053 

0.028 

0.018 

0.319 

0.418

kappa 
0.0049 

0.0026 

0.0017 

0.0296 

0.0387
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3.0 SITE RESPONSE ANALYSES 

The site response analyses were conducted using Geomatrix's in-house version of 
program SHAKE. This program has been benchmarked against Stone & Webster's 
verified version of SHAKE. Documentation of this verification is located in the project 
files.  

The input ground motion is specified to be the horizontal 2,000-year return period time 
histories developed by Geomatrix (2001 b) which are specified at the free surface. Both 
horizontal components were used to perform the calculations. A total of 8 site response 

analyses were performed (4 velocity profiles x 2 input time histories). The input and 
output files are located in Attachment C. Figures 3, 4, and 5 show the strain-compatible 
shear wave velocity and damping values obtained for the low range, best estimate, and 
high range velocity profiles, respectively. The results are show to a depth of 200 feet 
only because the sediments are assumed to remain linear below a depth of 100 feet. For 
each velocity profile, the geometric mean of the strain-compatible modulus and the 
average of the damping in each layer were computed as described in Attachment C.  
Figures 6, 7, and 8 show these values.  

4.0 IDEALIZED SOIL PROFILE FOR SASSI ANALYSES 

Based on the strain-compatible profiles obtained from one-dimensional site response 
analysis, idealized horizontally layered soil profiles were developed in support of the SSI 
analyses based on SASSI continuum model. The dynamic properties for these idealized 
layers are presented in Table 6. The details of this idealization are in spreadsheet SV
SSIFEBO1.XLS in Attachment D. The compressional-wave velocity profile is assumed 
to be equal to the low-strain values (no reduction in bulk modulus). The damping ratios 
for compressional-waves are assumed to be the same as those for shear-waves, and are 
limited to be not greater than 10% (Geomatrix, 1996).  

5.0 SOIL PARAMETERS FOR SPRING, DASHPOT, AND MASS MODEL 

The equivalent single layer shear modulus, Young's modulus, damping ratio, and unit 
weight of the soil were computed as a weighted average of the values within 30 feet 
below the surface (the minimum width of the canister storage pads). The weighting 
factors were assumed to decrease linearly with increasing depth, to zero at a depth of 30 
feet. These values are computed using the spreadsheet SV-SSIFEBO1 .XLS in 
Attachment D and are listed in Table 7. The storage pads extend approximately 3 feet 

below grade. To account for this embedment, the top 3 feet of the soil-cement is 
removed from the computation of the soil springs for the best estimate properties. To 

account for the variation in the soil-cement thickness across the site (-± 2 feet) the lower 
range properties have the minimum thickness below the pad (planned to be 1 foot) and 
the upper range properties have 4 feet of soil-cement.  

Based on Table 3.1 of Newmark and Rosenblueth (1971) (see Attachment D) for a 
surface rectangular foundation of 30 feet by 67 feet, the equivalent dynamic soil
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parameters were computed (see spreadsheet SV-SSIFEBO0.XLS in Attachment D).  
These are: 

A = area of foundation (30 ft x 67 ft) 

p = mass density = unit weight/acceleration of gravity 

E = Young's modulus = G(l+p) where p is Poisson's ratio and G is the shear modulus 

Vertical Mode 

h = 0.27,1-A 

M=Ahp 

m=M/A=hp 

= EVAkCs (4) 

k =KV/A= EC

C = 5.42-Kvph3 

c =CIA = 5.42-kvAph 3 /A 

where m is the mass constant/unit area, kv is the spring constant/unit area, and c is the 

dashpot constant/unit area. Constant Cs is interpolated from Table 3.1 of Newmark and 

Rosenblueth (1971) for an aspect ratio of 67/30=2.23 as 1.099.  

Horizontal Mode 

h = 0.05[A 

M = Ahp 

m=M/A=hp 

KH= Eý-AkT (5) 1-p 2z 

EkT 

C =41.1-Kj ph3 

c =C/A = 41.1kHAph3 /A
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where m is the mass constant/unit area, kH is the spring constant/unit area, and c is the 

dashpot constant/unit area. Constant kT is interpolated from Table 3.1 of Newmark and 

Rosenblueth (1971) for an aspect ratio of 67/30=2.23 and Poisson's ratio.  

Rocking Mode 

h-=0.35,1-A 

M = Ahh 

m = MIA = hih 

KR = El/kc 

I=LB3 /12 (6) 

k-K Ek6 kR =K11 II = k 

C =0.97-KRflh5 

c=CII = 0.97 ~KRnh' c=CII= LB 3 /12 

where m is the mass constant/unit area, kR is the spring constant/unit area, and c is the 

dashpot constant/unit area. Constant ký is interpolated from Table 3.1 of Newmark and 

Rosenblueth (1971) for an aspect ratio of 67/30 = 2.23.  

The resulting parameters are presented in Table 7.  

As this calculation was being finalized, it was determined that the maximum thickness of 

soil cement under the pads is to be 2 feet. Use of a maximum soil-cement thickness of 2 

feet instead of 4 feet results in slightly lower values than those given in Table 7 for the 

upper range dynamic properties. Thus, use of the upper range dynamic properties given 

in Table 7 in dynamic response calculations is conservative.  
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Table I 
Best Estimate Dynamic Properties for Skull Valley PFSF Site 

Constant Tertiary Sediment Velocity 
Depth to Base Average Layer Average Layer 

of Layer Shear Wave Compression 
Layer (ft) Velocity Wave Velocity Unit Weight 

(fps) (fps) (pot) 
Eolian silts* replaced by 5±2 560* 1,117* -

Soil cement 5±2 1,500 2,390 100 

Silty clay/clayey silt 10±1 528 1,131 80 

Silty clay/clayey silt 12±1 727 1,260 80 

Silty clay/clayey silt 18±1 854 1,472 100 

Silty clay/clayey silt 26±1 871 1,440 94 

Sand 35±1 1,022 1,667 115 

Sands and silts 50±5 1,190 2,085 115 

Dense sands and silty sands capped 90±5 1,800 3,400 120 

by Promontory Soil 

Tertiary Salt Lake group - 125 2,900 5,023 135 
unsaturated 
Tertiary Salt Lake group - saturated 700±100 2,900 5,023 145 

Shallow crustal rocks. 4,593 6,398 11,155 165 

Crustal rocks 15 km 11,122 19,357 170 

Increasing Tertiar Sediment Velocity 
Depth to Base Average Layer Average Layer 

of Layer Shear Wave Compression 
Layer (ft) Velocity Wave Velocity Unit Weight 

(fps) (fps) (Pot 
Eolian silts* replaced by 5±2 560* 1,117* -

Soil cement 5±2 1,500 2,390 100 

Silty clay/clayey silt 10±1 528 1,131 80 

Silty clay/clayey silt 12±1 727 1,260 80 

Silty clay/clayey silt 18±1 854 1,472 100 

Silty clay/clayey silt 26±1 871 1,440 94 

Sand 35±1 1,022 1,667 115 

Sands and silts 50±5 1,190 2,085 115 

Dense sands and silty sands capped 90±5 1,800 3,400 120 

by Promontory Soil 
Tertiary Salt Lake group - 125 2,900 5,023 135 
untratesaturated 
Tertiary Salt Lake group - saturated 300±130 2,900 5,023 145 
Tertiary Salt Lake group - saturated 500_±70 4,000 6928 145 

Tertiary Salt Lake group - saturated 700_±100 5,000 8660 145 

Shallow crustal rocks 4,593 6,398 11,155 165 

Crustal rocks 15 km 11,122 19,357 170

March 2001I \DOCSAFE\4000S\4790\4790.01\CALCPKG2\REV ISV-SSIO .DOC



05996.02-G(PO18)-2 (REV. 1) 
Page 19 of 32

Table 2 
Moist Unit Weights from CTB area (Tables 3 and 4 of Stone & Webster, 2000) 

S&W Table Moist 

Number Boring Sample Depth Unit Wt 

(ft) (pcf) 

3 CTB-S U-1AA 5.3 73.2 

3 CTB-N U-1 B 5.7 100.6 

3 CTB-S U-1B 5.8 78 

3 CTB-S U-1D 6.6 84.8 

3 CTB-4 U-IC 7 95.7 

3 CTB-4 U-1 D 7.5 74.9 

3 CTB-6 U-3B 7.6 81.2 

3 CTB-N U-2B 7.7 74.6 

3 CTB-6 U-3C 7.9 88.5 

3 CTB-1 U-3C 8.1 86.4 

3 CTB-6 U-3D 8.3 85.7 

3 CTB-N U-2C 8.3 86.3 

4 CTB-7 U-3D 8.3 102.3 

3 CTB-S U-2D 8.4 90 

3 CTB-1 U-3D 8.7 91.9 

3 CTB-N U-2D 8.7 78.8 

3 CTB-4 U-2D 9.5 87.7 

3 CTB-4 U-2E 9.9 94.1 

3 CTB-N U-3C 9.9 86.1 

3 CTB-S U-3C 10.1 89.5 

4 CTB-S U-3D 10.4 84.7 

3 CTB-N U-3D 10.5 86.3 8

CTB-5 
CTB-5 
CTB-5 
CTB-4 
CTB-5 
CTB-4 
CTB-4 

CTB-5 
CTB-1 
CTB-4 
CTB-1 
CTB-5 
CTB-5 
CTB-5 
CTB-4 
CTB-5 
CTB-5 
CTB-4

U-6C 
U-6D 

U-6E 

U-7D 

U-8D 

U-9E 

U-9F 

U-1OD 

U-7C 

U-11D 

U-7D 

U-12B 

U-12C 

U-12D 

U-13D 

U-14D 

U-14E 

U-15C

10.8 
11.1 

11.3 

13 

15.4 

16.9 

17.1 

19.4 

21.1 

21.2 

21.7 

23.2 

23.6 

23.9 

25.2 

27 

27.4 

28

101.8 
111.3 

118 

101.3 

105.8 

98.4 

101 

94.5 

83.8 

89.8 

91.2 

93.6 

96.4 

93.7 

101.4 

113.9 

114.7 

115.5

6.4 (Average for E5:E26)

105.4 (Average for E28:E34) 

93.1 (Average for E36:E43) 

99.0 (Average for E36:E46) 

114.7 (Average for E44:E46)
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Table 3a 
Layer Shear Wave Velocities for Individual Cone Penetration Tests or Borings 

Depth Shear Wave Velocity (fps)for Cone Penetration Test I Boring 
Range 

(f) CPT 01 CPT 03 CPT06 CPT 13 CPT 15 CPT 16 CPT 18 CPT 20 CPT21 
0-5 596 644 545 592 496 588 499 525 625 

5-10 452 457 571 534 545 543 474 491 434 
10-12 594 647 789 653 562 623 650 789 702 
12-18 825 777 763 905 879 848 761 948 856 
18-26 877 950 877 883 886 840 877 898 863 
26-35 1140 1078 - - - - - - 1021 
Depth Shear Wave Velocity (fps)for Cone Penetration Test! Boring 
Range Boring 

A• CPT 22 CPT 31 CPT 33 CPT 34 CPT 36 CPT 37 CPT 38 CTB 05 
0-5 605 559 508 443 612 - - 585 

5-10 518 526 559 449 700 581 499 636 
10-12 759 906 869 679 731 741 803 853 
12-18 885 912 903 898 890 839 808 823 
18-26 810 902 881 873 866 828 865 835 
26-35 - 986 - - 912 957 1059 

1191 

Table 3b 
Layer Compression Wave Velocities for Individual Cone Penetration Tests or 

Borings 

Depth Compression Wave Velocity (fps)for Cone Penetration Test I Boring 
Range 
jf) CPT 01 CPT 03 CPT06 CPT 13 CPT 15 CPT 16 CPT 18 CPT20 CPT 21 
0-5 1145 1271 1052 1027 1362 1272 1124 813 1128 

5-10 1058 1053 1236 1015 1320 1094 1139 1415 1110 
10-12 1087 1070 1235 1274 1161 1083 1517 1522 1170 
12-18 1529 1456 1312 1464 1447 1422 1407 1528 1582 
18-26 1289 1343 2105 1390 1394 1347 1691 1446 1408 
26-35 1798 1879 - - - - 1962 
Depth Compression Wave Veloci (fps)for Cone Penetration Test I Boring 
Range Boring 

(f) CPT 22 CPT 31 CPT 33 CPT 34 CPT 36 CPT 37 CPT 38 CTB 05 
0-5 1282 852 1058 1003 1368 - - 990 

5-10 1379 1140 1023 1046 959 1083 1168 990 
10-12 1148 1280 1337 1205 1377 1182 1330 1440 
12-18 1419 1688 1566 1505 1414 1312 1537 1440 
18-26 1308 1624 1275 1319 1439 1314 1345 1440 1 
26-35 1593 - - 1461 1537 1440
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Table 4 

Statistics of Shear Wave Velocities in Table 3a 
Standard 90% Correlation 

Number Deviation in Confidence Coefficient 

Depth of Average Shear Shear Wave Coefficient Interval in with Layer 

Layer Range Velocity Wave Velocity Velocity of Variation Mean Velocity Above 

ft Profiles (fps) (fps) (fps) 
1 0-5 15 560 57 0.10 ±24 -

2 5-10 17 528 70 0.13 ±28 0.13 

3 10-12 17 727 100 0.14 ±40 0.34 

4 12-18 17 854 55 0.06 ±22 0.21 

5 18-26 17 871 32 0.04 ±13 -0.05 

6 26-35 7 1,022 78 0.08 ±48 0.58
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Table 5a 
Low Range Dynamic Properties for Skull Valley PFSF Site 

Depth to Base Average Layer Average Layer 
of Layer Shear Wave Compression 

Layer (ft) Velocity Wave Velocity Unit Weight 
(fps) (fps) (pot) 

Soil cement 5 1,061 1,690 100 
Silty clay/clayey silt 10 431 923 80 
Silty clay/clayey silt 12 594 1,029 80 
Silty clay/clayey silt 18 697 1,202 100 
Silty clay/clayey silt 26 712 1,176 94 
Sand 35 834 1,361 115 
Sands and silts 50 841 1,474 115 
Dense sands and silty sands capped 90 1,273 2,404 120 
by Promontory Soil 
Tertiary Salt Lake group - 125 -2,051 3,552 135 
unsaturated 
Tertiary Salt Lake group - saturated 700 2,051 3,552 145 
Shallow crustal rocks 4,593 6,398 11,155 165 
Crustal rocks 15 km 11,122 19,357 170 

Table 5b 
High Range Dynamic Properties for Skull Valley PFSF Site 

Depth to Base Average Layer Average Layer 
of Layer Shear Wave Compression 

Layer (ift) Velocity Wave Velocity Unit Weight 
(fp)(ps) (pcf) 

Soil cement 5 2,121 3,380 100 
Silty clay/clayey silt 10 647 1,385 80 
Silty clay/clayey silt 12 890 1,543 80 
Silty clay/clayey silt 18 1,046 1,803 100 
Silty clay/clayey silt 26 1,068 1,764 94 
Sand 35 1,250 2,042 115 
Sands and silts 50 1,683 2,949 115 
Dense sands and silty sands capped 90 2,546 4,808 120 
by Promontory Soil 
Tertiary Salt Lake group - 125 4,101 7,104 135 
unsaturated 
Tertiary Salt Lake group - saturated 300 4,101 7,104 145 
Tertiary Salt Lake group - saturated 500 5,657 9,798 145 
Tertiary Salt Lake group - saturated 700 6,398 11,155 145 
Shallow crustal rocks 4,593 6,398 11,155 165 
Crustal rocks 15 km 11,122 19,357 170
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Table 6 
Dynamic Soil Properties for SASSI Model 

High Range Properties 

Shake Depth of Depth of Density Wave Velocity Damping Ratio Poisson' 
Layers Top Bottom (pcf) Vs Vp Shear Compressio s 

(ft) (ft) (fps) (fps) (%) n Ratio 
(M) 

1-2 0 5 100 2120 3380 0.91 0.91 0.176 

3-4 5 10 80 557 1385 3.48 3.48 0.403 

5 10 12 80 807 1543 2.69 2.69 0.312 

6-7 12 18 100 983 1803 1.82 1.82 0.289 

8-9 18 26 94 973 1764 2.31 2.31 0.281 

10-12 26 35 115 1053 2042 5.07 5.07 0.319 

13-15 35 50 115 1488 2949 4.04 4.04 0.329 

16-23 50 90 120 2481 4808 1.21 1.21 0.318 

24-26 90 125 135 4101 7104 4.28 4.28 0.250 

27-35 125 300 145 4101 7104 4.28 4.28 0.250 

36-39 300 500 145 5657 9798 3.10 3.10 0.250 

40-41 500 700 145 6398 11155 2.53 2.53 0.255 

700 170 6398 11155 2.16 2.16 0.255 
Best Estimate Properties 

Shake Depth of Depth of Density Wave Velocity Damping Ratio Poisson' 
Layers Top Bottom (pcf) Vs Vp Shear Compressio s 

(ft) (ft) (fps) (fps) (%) n Ratio 
(M) 

1-2 0 5 100 1497 2390 0.94 0.94 0.177 

3-4 5 10 80 415 1131 4.78 4.78 0.422 

5 10 12 80 622 1260 3.60 3.60 0.339 

6-7 12 18 100 779 1472 2.29 2.29 0.306 

8-9 18 26 94 760 1440 3.01 3.01 0.307 

10-12 26 35 115 818 1667 6.21 6.21 0.341 

13-15 35 50 115 956 2085 6.13 6.13 0.367 

16-23 50 90 120 1716 3400 1.74 1.74 0.329 

24-26 90 125 135 2900 5023 4.32 4.32 0.250 

27-35 125 300 145 2900 5023 4.32 4.32 0.250 

36-39 300 500 145 3450 5976 3.67 3.67 0.250 

40-41 500 700 145 3950 6842 3.33 3.33 0.250 

700 170 6398 11155 1.76 1.76 0.255 

Low Range Properties 

Shake Depth of Depth of Density Wave Velocity Damping Ratio Poisson' 
Layers Top Bottom (pcf) Vs Vp Shear Compressio s 

(ft) (ft) (fps) (fps) (%) n Ratio 
M(,) 

1-2 0 5 100 1053 1690 1.08 1.08 0.183 

3-4 5 10 80 298 923 6.57 6.57 0.442 

5 10 12 80 622 1260 3.60 3.60 0.339 

6-7 12 18 100 610 1202 2.97 2.97 0.327 

8-9 18 26 94 593 1176 3.73 3.73 0.330 

10-12 26 35 115 614 1361 8.09 8.09 0.372 

13-15 35 50 115 565 1474 9.82 9.82 0.414 

16-23 50 90 120 1191 2404 2.18 2.18 0.337 

24-26 90 125 135 2051 3552 3.97 3.97 0.250 

27-35 125 300 145 2051 3552 3.97 3.97 0.250 

36-39 300 500 145 2051 3552 3.97 3.97 0.250 

40-41 500 700 145 2051 3552 3.97 3.97 0.250 

700 170 6398 11155 2.16 2.16 0.255
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Table 7 
Dynamic Soil Pro erties for S ring-Dashpot-Mass Model 

Upper Range Best Estimate Lower Range 

Vp 2205 1527 1157 

Vs 1322 842 579 

G (ksf) 5015 2027 955 
beta S (%) 2.3 3.3 4.6 
E (ksf) 12234 5194 2546 
beta P (%) 2.3 3.3 4.6 

Poisson's Ratio 0.220 0.281 0.333 

Unit Wt. (pcf) 92.4 92.0 91.8 

A (30x67) sqft 2010 2010 2010 
Aspect Rabo 2.233 2.233 2.233 

Vertical Mode 
h 12.10 12.10 12.10 

m (pcf-secA2) 34.75 34.58 34.52 mass/area (pcf-sec^2) 

kv (kcf) 315.20 138.29 70.23 spring constant/area (kct) 

c (kcf-sec) 4.84 3.20 2.28 dashpot constant/area (kcf-sec) 

Horizontal Mode 
h 2.24 2.24 2.24 
Kappa T 0.937 0.892 0.760 
m (pcf-secA2) 6.43 6.40 6.39 mass/area (pcf-secA2) 

kh (kct) 268.79 112.24 48.52 spring constant/area (kcf) 

c (kcf-sec) 2.70 1.74 1.14 dashpot constant/area (kcf-sec) 

Rocking Mode 

h 15.69 15.69 15.69 
Kr 112978035.57 49565892.37 25172167.30 
C 538785.878 356027.756 253487.104 
m (pcf-secA2) 45.04 44.83 44.75 mass/area (pcf-secA2) 
kr (kcf) 736.87 323.28 164.18 spring constant/area (kcf) 

c (kcf-sec) 3.57 2.36 1.68 dashpot constant/area (kcf-sec)
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Calculation 05996.02-G(PO18)-2, Rev. 1 
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Site Soil Properties Data 

This attachment contains the following information: 

Geosphere (1997) Figure 4.6 showing depth to basement 

Cross sections developed for site from PFSF (2000) 

Table of test data including unit weights from Stone & Webster (2000) 

Seismic cone velocity calculation sheets from Conetec (1999) 

Downhole velocities from Northwest Geophysical (2001) 

Data from offsite sources for velocities and Poisson's ratio 

Unit weights and shear wave velocity for soil cement 

Modulus reduction and damping curves for Skull Valley soils from 

Stone & Webster calculation 05996.02-G(B)-5, Rev. 3

page 2 

pages 3-6 

pages 7-15 

pages 16-30 

pages 31-33 
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TABLE 2 - Sheet I of 4 

Laboratory Test Results on Clays and Silts In the Pad Emplacement Area

consolidation Tests
Triaxial Tests

ito CU
0

[geoq\-5 98\ca1c\0(B)\05-2\tabk:.2-.lI on 6115/2000

BoriNu Iqd nestPlaetcO Uquili Wet Do y Vold efStur. __ as 6 ..  
No concat M Umit Index y Index tiOn kip Ot 

A-i 8 2 5.8 34.7 54.8 30.9 23.9 0.16 

A-i S 3 10.8 19.8 28.8 25.68 3.0 -2.00 

A-i S 4 15.8 22.3 30.2 27.6 2.6 -2,04 ---....  

A-i S 5 20.8 55.4 58.6 43.0 15.6 0.79----

A-2 S 1 o 15.6 28.9 23.3 5.6 -1.38 

A-2 U 2 5.6 40.1 85.9, 61.3 1.70 0.64 

A-2 U 2 6.2 52.8 70.2 42.9 27.3 0.36 70.7 46.2 2.58 0.56 

A-2 U 6.7 -48.8 80.4 54.1 2.06 0.64 

A-2 U 2E . 45.4 61.8 36.7 25.1 0.35 

.A-2 3 10.8 18.4 27.0 24.5 2.5 -2.44 

A-2 S 4 15.8 29,7 36.5 26.5 10.0 0.32 

A-2 S 5 20.8 28.2 38.0 26.8 11.2 0.13 

A-2 S 6 25.8 27.9 41.4 30.4 11.0 -0.23 

A-S. S 2 5.8 36.0 49.8 23.3 26.5 0.48 

A-3 S 3 10.8 43,3 60.1 35.1 25.0 0.33 

A-3 S 4 15.8 25.9 35.8 27.7 8.1 -0.22 

A4 S 2 5.8 44.2 69.0 42.4 26.6 0.07 

A -4 S 3 1 0 .8 1 0 .8 N o n p la s tl c -.. ..- -. .  

A-4 S 4 15.8 19.3 29.9 22.4 7.5 -0.41 

A-4 S 5 20.8 37.8 56.5 41.6 14.9 -0.26 

A-4 S 6 W 15.2. 29.1 i9.8 0.3 -0.49 

B-I U 2X Y.3s 52.9 80.6 40.9 39.7 0.30 70.$ 46.3 2.67 0.54 1 2.21 6.0 

B-1 U [C 5.9 147.1 66.1 33.4 32.7 0.42 79.3 53.9 2.15 0,60 0 2.03 1.7 

B-1 U2bS 6.5- 45.2 59.8 34.7 25.1 0.42 76.7 52.8 2.22 0.55 2.1 3.26 15.0 

B-I S 3 10.8 23.0 39.4 29.0 10.4 -0.58 

B-i S 4 15.8 23.0. 35.2 25.9 9.3 -0.31 

B-I S 520.8 45.9 50.3 35.8 14.5 0.70 

B-2 S 2 5.8 32.0 47.4 25.6 21.8 0.29 

B-2 U IA 8.0 45.7 

B-2 U IF 10.0 45.1
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TABLE 2 - Sheet 2 of 4 
Laboratory Test Results on Clays and Silts in the Pad Emplacement Area

Consolidation Tests
TrIaxial Tests

nU CU

gtotI\-5996\ealc\G8B)\05-2\table_-2.xs on 6P1512000

(0 0 
(0 

00 

0 

0 

z Ja.  
0 

C) 

0 

0 
T 

z 

A 

0 
0 
a 
z

0 

z 
M 

-i 

0 
0 

z

Uqdn4 KPtur~a US qvtWet Dzy Vl &tz a *r 
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D-2 S 3 10.8 18.9 29.8 25.8 4.0 -1.73 

B-2 S 4 15.8 12.6 Nonplastic 

3-2 S 5 20.8 43.9 55.1 46.2 8.9 -0.26 

B-2 S 6 25.8 20.1 31.8 20.0 11.8 0.01 

B-3 S 1 8.9 26.6 19.7 6.9 -1.57 

B- U IC.5 33.5 52.4 25.2 27.2 0.31 90.7, .67.9 1.50 0.61 2.1 3.55 8.0 

- U HI] -.- 47.2 

R-s U 1E 6.7 45.7 
B-S U iF 6.9 45.6 

"1B-3 U 2D 10.6 16.2 

.8-.. U 2H 11.6 18.1 

B-3 U 2J 12.0 22.2 
B-3 3 3 20.8 44.6 54.3 41.6 12.7 0.24 

B-4 S2 48.4 56.5 27.8 28.7 0.72 

B-4 U 3 10.1 27.4 42.5 24.7 17.8 0.15 85.5 67.1 1.531 0.49 . 1.3 2.18 4.0 
-4 3 .1 14.0 

D-4 S 4 15.8 19.9 30.7 24.6 6.1 -0.77 

B-4 S 5 20.8 24.2 35.4 29.9 5.5 -1.04 

-4 S 6 25.8 24.5 32.6 24.3 8.3 0.02 
C-i S 2 5.8 53.0 67.4 39.3 28.1 0.49 

C- 11 3 0.T 30.3 33.0 28.1 4.9 0.45 84.3 64.7 1.63 0.51 7.2 0.252 0.011 

C-I U C 1.1 38.9 47.8 34.6 13.2 0.33 77..5 55.8 2.04 0.62 5.6 0.310 0.008 

C-i U 11.5 46.7 61.1 44.1 17.0 0.15 75.8 51.7 2.29 0.56 6.0 0.339 0.017 

C-1 U 3E 7.7 43.2 
C-I U 3F 11.9 32.1 
C-1 S 4 15.8 27.4 34.2 24.4 9.8 0.31 
C-I S 5 20.8 42.7 49.7 38.7 11.0 0.36 

C-2 U 1Al 5.1 39.0 
C-2 U IA2 5.3 37.8 
C-2 U IC 6.0 76.0 39.1 37.8 -1.03
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TABLE 2 - Sheet 3 of 4 
Laboratory Test Results on Clays and Silts in the Pad Emplacement Area

Trlaxal Tests

0 

3

lgcot]\-599,\calc\G(8)\O,5-2\tabhe.2.xts on fit15/2000

Consolidation Tests 
vU. cu 

f ngW 
et D q/ 

foling Bump! Wew liquid PUA40i P15*11 l~udt Dnst Dnst Vold &&tty. ouff CR 0- SM E. (1 aU. E.  
No. contntor Jit Lmt Index I ndex (Pee RAU* " (k•4 (- - Owle 4 1 Ci sO (kso (% ) 

C-2 U I C1. 55.7 69.4 44.5 2.81 0.54 

C-2 U IC 6.0 58.2 63.7 40.2 3.22 0.49

C-2 U 1I 6.1 52.7 75.1 49.2 2.45 0.59 

C-2 U ID A._- 50.5 70.3 41,3 29.0 0.32 74.5 49.5 2.43 0.57 - 2.1 3.03 12.0 

C-2 U 1E f 47.9 

C-2 U 21r ,1 14.3 81.6 71.4 1.378 0.28 

C-2 U 2 11.0 \27.6 34.6 26.9 7.7 0.09 82.8 64.9 1.62 0.46 6.0 0.273 0.010 

C-2 U 2t 11.4 5.6 - 78.5 57.9 1.933 0.50 1 1.3 2.39 11.0 
C--2 U 2. .11.8 39.7 41.2 28.5 12.7 0.88 80.3 57.5 1.95 0.55 .... 

C-2 U 2 F 120 34.1 
C-2 S 2 15.8 30.3 40.0 24.4 15.6 0.38 
C-2 S 3 20.8 41.8 48.8 37.2 11.6 0.40

C-S 8 2 5.8 26.8 43.1 22.4 20.7 0.21 

C-S S 3 10.8 32.6 48.8 29.4 19.4 0.16 

C-S S 4115.8 27.9 32.9 23.1 9.8 0.49 

C-3 S 5 20.8 39.5 50.8 35.8 15.0 0.25 

C-3 S 6 25.8 18.1 26.2 19.5 6.7 -0.21 

C-4 S 2A 5.2 28.6 46.1 22.9 23.2 0.25 
C-4 S 2B 6.0 50.6 69.5 44.2 25.3 0.25 

C-4 S 3 10.8 18.2 26.5 26.0 0.5 -15.6 

C-4 S 4 15.8 26.5 36.6 26.9 9.7 -0.04 

C-4 S 5 20.8 40.7 52.5 .41.5 11.0 -0.07 

C-4 S 6 25.8 18.7 29.2 20.1 9.1 -0.15 

D-i 3 2 5.8 36.3 54.6 29.4 25.2 0.27 

D-i S 3 10.8 28.6 40.5 25.2 15.3 0.22 

D-1 S 4 15.8 32.2 47.3 33.1 14.2 -0.06 
D-I S 5 20.8 20.7 30.0 19.5 10.5 0.11 
D-2 S 2 5.8 36.9 46.4 31.1 15.3 0.38 

D-2 S 3 10.8 34.2 54.0 28.6 25.4 0.22 

fD-2 S 4 15.8 22.6 44.3 29.9 14.4 -0.51 
D-2 S 5 20.8 12.2 37.7 31.6 6.1 -3.18
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CTB Borings - Laboratory Test Results on Silts And Clays in Upper Layer 

A.... water Atteex Limits astFr- % spol Wet Dry Void Couxolidation Test CU Triajilal Test 
Boring Sample Depth ElevUon Content ML PL IP ation Fines Gravity Densit Denslty Ratio CR RR C. C. cr S. g.  

(ft) (it) I% (pci) (p•on (icf __ (Its) ( t%) (% 

CTB-1 S-i 1.0 4471.4 25.3 

CT-i 8-2 (tOP) 5.1 4467.3 30.1 40.1 22.3 17.8 

CTB-i 8-2 (btt) 6.1 4466.3 65.6 
CTB-i U-3C -%.1i' -464.3 50.6 56.0 28.9 27.1 0.70 86,4/"57.4 1.96 

CTB-1 U-3Di 8.7 43,7 47.9 0.75 .91.9 162.1 1.73 1.7 2.84 5.0 

CVM- U-3E '4463.3 48.8 
CTB-1 8-4 (tOp) 9.5 4462.9 37.4 41.2 23.2 18.0 

CTB- - 1 4456.4 10.7 56.8 
CTh-- U-IC ý ý11.1 ,4451.3 p1.9 56.5 42.4 14.1 0.68 83.8 55.2 2.08 
cTB-i U-:D 21.7 1450.7 45.1 0.72 91.2 62.9 1.70 1.7 2.73 5.0 
CTB-I U-!D 4450.3 43.0 

CTB-I 8-8 26.0 4446.4 20.9 
CTS-2 B-2 (bet) 6.3 4467.7 29.4 40.8 21.1 19.7 

CP -2 8-3 8.0 4466.0 60.1 

CT"-2 8-4 10.0 4464.0 45.8 56.2 29.9 26.3 

CTB-2 8-5 12.0 4462.0 26.0 

C"J-2 5-6 16.0 4458.0 27.8 34.3 21.9 12.4 

CTB-2 8-7 21.0 4453.0 28.6 

CTB-2 8-8 26.0 4448.0 30.0 

CTB-2 8-9 (top) 30.1 4443.9 26.8 

CTB-3 8-1 1.0 4471.9 18.7 

CTD-3 8-2 6.0 4466.9 55.2 58.7 32.3 26.4 

CTh-3 8-3 8.0 4464.9 53.7 

C•B-3 8-5 12.0 4460.9 39.5 

1TB-3 S-6 (bat) 16.4 4456.5 24.0 1 

CTB-3 8-7Ibet) 21.2 4451.7 53.1 

CB-3 84 26.0 4446.9 28.3 32.0 22.1 9.9 

CTB-4 8-2 (top) 2.2 4472.8 22.6 

CTB-4 8-2 (bet) 3.2 4471.8 41.1 

CTB-4 8-3 5.0 4470.0 27.9 39.9 22.4 17.5 
CTB-4 U-IA 6.0 4469.0 28.9 
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CTB Borings - Laboratory Test Results on Silts And Clays in Upper Layer 

"Avere Water Attrber.r Limito Satur- % specif Wet Dry Vold Consolidation Test CU Txial Test 

Bori•g sample Depth Ziev.= on Coute.t LL n P N Uto Fines Gr.vity mnul tD Ratio a.,, CR RR C. ! (. a. 8.  
I (it) (ft) N % (pcO I11=/) (k (6:1 ), .k f M 

CTI-4 U-IC r70*N 4468.0 34.5-__ 0.68 97.6 '95.7 71.2 1.38 

Cr8.4 U-,D 7.5 4467.5 60.3 67.9 39.3 28.6 0.62 2.73 74.9 46.7 2.65 

CTS-4 U-19 7.9 4467.1 64.2 

crB4 U-2D 9. 4465.5 45,2 0.68 87.7 60.4 1.81 1.7 3.11 6.0 

CTB-4 U-2, 9.9 4465.1 48.9 58.1 28.6 29.5 0.79 94.1 63.2 1.69 12.6 0.35 0.020 0.93 0.05 

CTB-4 U-2 1 10.1 4464.9 53.0 

CTS4 8-6 11.0 4464.0 28.5 34.3 24.8 9.5 

CrB-4 U-7D 13.0 4462.0 22.6 0.60 69.2 101.3 82.7 1.03 

1 8 45 (top)) . 4460.7 20.4 

CI" 8-10 19.0 4456.0 32.7 41.4 24.1 17.3 

CT-4U-11D 21.2 4453.8 31.5 37.2 33.5 317 0.58 97.2 89.8 68.4 1.48. 1.7 3,15 8.0 

CTB" U-113 21.6 4453.4 25.0 

CTB-4 8-12 23.0 4452.0 52.0 57.8 48.1 9.7 

C07-4 U-13D 25.2 4449.8 37.4 43.2 26.7 16.5 0.78 2.72 101.4 73.8 1.30 

78-4 V-138 2S. 4449.5 40.3 

CTB.4 8-14 2.7-0 4448.0 14.8 28.3118.5 9.8 1 

CTB-4 U.15C 28.01 4447.0 18.3 0.69 115.5 97.6 0.721 

C"7-4 U-15D 1 4445.8 14.4 

0CTS- 8-2 3.0 4471.8 32.7 

CrTB- 8-3 5.0 4469.8 72.6 75.3 43.5 31.8 

C"B-5 8-4 (bot1 7.2 4467.6 51.2 

CTB-5 8-5 9.0 4465.8 48.8 51.5 27.3 24.2 

CTS-5 U-6A. .0 4464.8 31.7 

07T-5 U-6C 10.8N 4464.0 12.7 0.40 101.8 90.3 0.860 

CTB-S U-D13 11.1'4463.7 18.6 . .. . 0.64 111.3 93.8 0.790 

CT"-5 U.6 , 11.3 4463.5 20.0 0.77 79.8 118.0 98.3 0.708 

CTm-S U-6F 1 4463,3 16.4 

THR-5 8-9 17 4457.8 12.2 63.3 

CTB-5 U-I0D 1 .4 )4455.4 27.7 '' 0.58 94.5 74.0 1.29 1.7 2.93 8.0 

CT1B-5 U-10B . 4455.0 33.3 

CTB-5 8-11 21.0 4453.8 47.6 51.5 47.2 4.3 
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CTB Borings - Laboratory Test Results on Silts And Clays in Upper Layer 

Avau Water Atterbe-g 1=im•i•-satie. % S Wet Dry Vold Consolidation Test CU TzIaxia Test 

Bodun sample Depth ]Ulmon Cotent LM PL PI ation Fine" Ouvity Densit Denwity Ratio U." CII RR C. 0, (Y. S. 8, 

- - p1 IM I ) - - - pcf1 (peo) 1 - (,,0 ) (ksQ (%) 

073.5 tJ12 /6 2 42.3 0.73 93.6 65.8 I.58 

CT9-8 U-12C/ 23.6 J451.2 52.4 51.5 32.8 18.7 0.85 96.4 63.3 1.68 12.3 0.33 0.014 0.89 0.04 

CT0-5 U-I124 23.9 4450.9 45.1 0.75 93.7 64.6 1.63 

01.-5 U1-12 ý . 4450.7 50,8 

CT-S S.13 4449.8 33.6 39.8 24.2 15.6 

OTB-5 U-14D ,27.6 4447.8 30.5 10.88 113.9 87.2 0,947 1.7 1.66 12.0 

=3-5 U-141 27.4F 4447.4 26.2 30.0 19.5 10.5 0.82 114.7 90.9 0.868 25.5 0.13 0.014 0.25 0.03 

0TB-5 U-14F' . 4447.2 27.1 

cTB-S S-15 ItoP 28.2 4446.6 17.6 

CT84 B-15 (boti 29.2 444S.6 9.0 

CTB4 8-1 1.0 4475.2 20.3 

Cr34 8-2 6.0 4470.2 31.0 42.9 21.5121.4 

018- U-SA 7,k\ 4469.1 61.4 

CT3-6 U-,B ,:6 4468.6 61.1 65.3 32.5 32.8 0.70 81.2 50.4 2.36 

CTB-6 U-SC 7.9 4468.3 56.6 0.77 88.5 56.4 2.01 

CTB-G U-3D 8.3 4467.9 52.7 1 0.71 85.7 56.2 2.02 -,1.7 2.70 7.0 

c=-6 U-S• - . 4467.5 -55.5 

CTB-6 S-4 ItOp) 10.5 4465.7 52.9 56.9 27.9 29.0 

CT3-6 8-4(b1t) 11.5 4464.7 42.1 

CT03-6 S-6 (top) 15.2 4461.0 10.2 

1.3-6 S-6 21.0 4455.2 30.7 

CTB-6 S-7 26.0 4450.2 37.8 41.5 33.9 7.6 

CTB-7 S-I 1.0 4472.1 21.1 

C"•-7 S-2 6.0 4467.1 52.8 58.1 29.9 28.2 

01.37 S-5 (top) 15.2 4457.9 7.4 

01.-7 8-5 tbot) 16.2 4456.9 33.6 

1T.-71 G-6. 21.0 4452.1 46.9 51.6 33.5 18.1 

CTB-7 8.7 26.0 4447.1 20.9 

CTB-3 8-1 (1ot0 1.1 4472.8 31.8 

CrB-1S S-2 6.0 4467.9 53.3 55.3 28.5 26.8

CTrB-3 ,-8 8.0 4465.9 24.1 

Page 3 of 4
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117 

30.1 
1.0 

13.4 

10.1

count 
max 
min 

avg 
mca11

117 

85.5 
7.4 
40.1 
39.5

42 

82.7 
28.3 
50.6 
51.5

42 

48.1 
18.3 
30.1 
28.8

42 

37.9 
3.7 

20.5 
19.3

35 

0.88 

0.40 
0.71 
0.71

4 

2.73 

2.71 
2.72 
2.72

35 
118.0 

73.2 
92.4 
90.0

35 
98.3 
39.8 

65.2 
62.1

35 
3.28 
0.71 
1.75 

1.73

5 
25.5 
6.1 

13.0 
12.3

5 
0.37 
0.13 

0.31 
0.35

5 
0.020 
0.014 
0.018 

0.020

5 
1.31 

0.25 
0.91 

0.93

6 
0.07 
0.03 
0.05 
0.05

12 
1.7 
1.7 

1.7 
1.7

12 
3.15 
1.66 
2.64 

2.73

12 
13.0 
5.0 
8.0 

7.5
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CTB Borings - Laboratory Test Results on Silts And Clays in Upper Layer 

oring A ~ Water .Attsb erg Limi.- %tur- % SpecS11 Wet Dxy V oid Consolidation Test CU Triaxial Test 

Dating sample Depth Ilevato Vontent L. 11 Pt aton lines ... ilty Density Denst Ratio P. a CR R• C. C, GC F 

(ft) (11 N% , (pco (pak) (Pat,) , kl (kif) (%N 

C7TS.8 8-7 (hot) 21.1 4452.8 57.0 

CTB"- 8-8 26.0 4447.9 26.7 30.5 18.3 12.2 

CTB-N U-lA 5.1 4469.0 30.6 38.4 23.1 15.3 

CT3-N UolB "S.7 4468.4 30.1 41.3 22.5 18.8 0.68 100.6 77.3 1.20 1.7 3.00 8.0 

CTB-N U-ID _ 4467.4 46.6 50.8 23.1 27.7 

CTB-N U,1 E 6.9 4467.2 67.7 

CTS.N- U-2A 7.1 4467.0 69.0 74.2 45.4 28.8 

CTB• 111 U-213 4466.4 65.4 0.64 74.6 45.1 2.76 1.7 2.41 13.0 

CrB-' u-20( 8.3 465.8 52.6 0.71 86.3 56.5 2.01 

,=.-N U-2D "-& _4465.4 63.0 60.6 36.8 23.8 0.68 78.8 48.4 2.51 6.1 0.37 0.020 1.31 0.07 

CrT-W U-2. . 8.8 4465.3 52.1 

-TN U-3A 9.0 4465.1 53.7 

CTB-9 -- 3C 1/40 ý 4464.2 -47.1 0.67 86.1 58.5 1.90 

C3N U-3D 10.5 ý4463.6 52.2 61.1 30.8 30.3 0.72 2.71 86.3 56.7 1.98 1.7 2.73 7.0 

CTr.l U-3E 10.9 4463.2 53.1 

eTB-S U-IA 5.1 4469.4 85.5 

CTB3- U-1AA 'ý5.3 \4469.2 84.1 82.7 44.8 37.9 0.70 73.2 39.8 3.28 

CTD-S U-IB I 5.8 h468.7 73.6 66.2 40.9 25.3 0.72 78.0 44.9 2.78 1.7 2.05 12.0 

CToIs U-1D 6. 4467.9 60.7 0.74 84.8 52.8 2.22 

CT U-1S 61.9 4467.6 56.4 

CTB-S U-2D 8. 4466.1 54.6 57.9 28.9 29.0 0.77 90.0 58.2 1.92 1.7 2.40 5.0 

CT ,-S U-2B3 4465.7 56.7 ..  

0.B-S U-3C 10.1 )4464.4 72.2 66.0 37.8 28.2 0.87 99.2 2.72 89.5 51.9 2.27 8.4 0.36 0.020 1.17 0.07 

CTB-S U-3F '4463.6 31.2
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STONE & WEBsTr=R ENGINEERING CORPORATION 

CALCULATION SHEET

CALCULATION IDENTIFICATION NUMBER 

J.O. OR W.O. NO. DIVISION & GROUP I CALCULATION NO. IOPTIONAL TASK CODE PAGE 251 

05996.02 G(B) 05-x 2_

TABLE 4 

CTB Borings - Laboratoxy Test Results on Sands in 8 - 20 ft Depth 

Average Water Satur- USC % Specific Wet Dry Void 

Boring Sample Depth Elevation Content ation Code Fines Gravity Density Density Ratio 

= -) (f)p (fpcf) 

CTB-1 8-6 16.0 4456.4 10.7 ML 

crI-3 8-6 Itop) 15.4 4457.5 14.6 SM.  

CTB-4 U-7E 13.2 4461.8 10.2 SP 

CTB-4 S8. (bot) 15.4 4459.6 5.4 SM 37.5 

CTB-4 U-9A 16.0 4459.0 4.6 ML 

TB-4 U-9D • 4458.3 4.5 SM 2.69 

CTB-41 U-9E 16. 4458.1 5.2 0.18 SM 16.7 98.4 %93.5 0.80 

CT=-4 U-9F 17.1 4457.9 9.7 0.32 SM 34.2 101.0 92.1 0.82 

CTB-4 U-9H 17.5 4457.5 6.6 SM 

CTB-5 S-7 13.0 4461.8 4.1 SM 21.6 

CTB-5 U-SA 4460.8 3.7 SM _ __ 

CTR-S U-8D ,'15.4' 59.4 3.4 0.14 SM 105.8 102.4 0.64 

CTh-5 U-SE '-S.6 4459.2 6.5 SM - ---

cTB-6 S-s ibot) ,§.2 4460.0 5.6 sM 

CTB-7 U-3D 8.3 4464.8 2.7 0.11 SP 8.7 2.69( 102.3 !9.6 0.69 

CTB-7 U-3E 4464.6 2.6 SP 

CTB-7 S-4 11.0 4462.1 6.4 SM 

CTB-7 8-5 (top) 15.2 4457.9 7.4 ML 

CTB-8 8-4 10.0 4463.9 3.6 SM 14.8 

CTB-8 9-5 12.0 4461.9 3.0 SM 

CTB-S 5-6 6.0 4457.9 5.5 SM 34.8 

0TB-S U-3D( 10.4 ,)4464.1 10.0 0.23 SM 18.9 84.7. 7.0 1.18

count 

17.5 max 

8.3 min 

14.1 avg" 
15.4 mean

22 

14.6
2.6 

6.2 
5.5

5 
0.32 

0.11 

0.19 
0.18

37.5 

8.7 

23.4 
20.3

2 5 5 
2.69 105.8 102.4 1.18 

2.69 84.7 77.0 0.64 

2.69 98.4 92.9 0.83 
2.69 101.0 93.5 0.80

I \DOCSAFE\4000S\4790\4790.0I\SV-SSI9M-A. DOC

5010.65
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CONETEC
Seismic Wave Velocity Calculations

Job No.: 99-315 

Client: Stone & Webster 

Location Private Fuel Storage Facility 
Date: 4/24/99 
CPT No.: CPT-1

Geophone Offset (m): 
Source Offset (m):

0.20 
0.56

IADOC SAFE\4000S\4790\479001 \SV-SS199-A.DOC

-Vs Vs Vp Vp 

Test Ray Incremental Interval Interval Interval Interval Interval 

Depth Path Distance Depth Time Velocity "Time Velocity 

(Mn) (M) (M) (M) . (MS (mis) i(ms) (m/s) 

0.90 0.90 

1.90 1.79 0.89 1.2 4.92 181.6 2.56 349.0 

2.90 2.76 0.97 2.2 7.02 137.8 3.00 322.5 

3.90 3.74 0.98 3.2 5.44 181.0 2.97 331.5 

4.90 4.73 0.99 4,2 3.79 261.5 2.18 454.6 

S.90 5.73 0.99 5.2 4.10 242.5 2.08 478.0 

6.90 6.72 1.C0 6.2 3.62 275.1 2.51 396.8 

7.90 7.72 1.00 7.2 3.83 260.3 2.56 389.4 

8.90 8.72 1.00 8.2 2.87 347.6 1.82 548.2

Vs Vp 
Interval Interval Interval Y 

Depth Velocity Velocity Parameter 

(ft) (fl's) (ft/s) 

3.9 596 1145 180 

7.2 452 1058 134 

10.5 594 1087 154 

13.8 858 1491 195 

17.1 795 1568 175 

20.3 902 1301 207 

23.6 854 1277 191 

26.9 1140 1798 188 

- i



05996.02-G(PO18)-2 (Rev 1) 
Attachment A Page 17 of 40

CONET EC
Seismic Wave VelocityjCalculations

Job No.: 99-315 
Client: Stone & Webster 
Location Private Fuel Storage Facility 
Date: 4/24/99 
CPT No.: CPT-3

Geophone Offset (m): 
Source Offset (m).

0.20 
0.63

[:\DOCSAFE\4000S\4790W4790.0 \SV-SS199-A. DOC

Vs Vs Vp VP 

Test Ray Incremental Interval Interval Interval Interval Interval 

Depth Path Distance Depth Time Velocity Time Velocity 

(m) (M) (M) (m) (ms) (m/s) (ms) (mis) 

0.75 0.84 
1.75 1.67 0.84 1.05 4.26 196.4 2.16 387.4 

2.75 2.63 0.95 2.05 6.85 139.2 2.97 321.1 

3.75 3.61 0.98 3.05 4.96 197.3 3.00 326.3 

4.75 4.59 0.99 4.05 4.59 215.2 2.59 381.4 

5.75 5.59 0.99 5.05 3.77 263.2 1.87 530.6 

6.75 6.58 0.99 6.05 3.64 273.2 2.71 367.0 

7.75 7.58 1,00 7.05 3.23 308.4 2.15 463.3 

8.75 8.57 1.00 8.05 3.04 327.9 1.74 573.0

Vs Vp 
Interval Interval Interval Y 
Depth Velocity Velocity Parameter 

(ft) (O s) (ft/s) 

3.4 644 1271 209 

6.7 457 1053 136 

10.0 647 1070 171 
13.3 706 1251 152 
16.6 863 1740 169 
19.8 596 1204 201 
23.1 1011 1519 206 
26.4 1076 1879 156
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CONET EC 
-I

Job No.: 
Client: 
Location

Seismic Wave Velocity Calculations

99-315 
Stone & Webster 
Private Fuel Storage Facility

Date: 4/24199 
CPT No.: CPT-6 

Geophone Offset (m): 

Source Offset (m):
0.20 
0.63

Vs Vs Vp Vp 
Test Ray Incremental interval Interval Interval Interval Interval 
Depth Path Distance Depth Time Velocity Time Velocity 
(M) (M) (M) (M) (ms) (m/s) (Ms) (mis) 

- S ~ I -I 

0.75 0.84 
1.75 1.67 0.84 1.05 5.04 166.0 2.61 320.6 
2.75 2.63 0.95 2.05 5.48 174.0 2.53 376.9 
3.75 3.81 0.98 3.05 4.07 240.5 2.60 376.5 
4.75 4.59 0.99 4.05 4.63 213.4 2.50 395.2 
5.75 5.59 0.99 5.05 3.88 255.7 2.45 405.0 
6.75 6.58 0.99 6.05 3.72 267.4 1.55 641.7

I\DOC SAFE\4000S\4790\4790.0 .SV-SS199-A. DOC

Vs Vp 
Interval Interval Interval Y 
Depth Velocity Velocity Parameter 
(ft) (fts) (fts) 

3.4 545 1052 186 
6.7 571 1236 163 
10.0 789 1235 194 
13.3 700 1296 116 
16.6 839 1328 204 
19.8 877 2105 210



05996.02-G(PO 18)-2 (Rev 1) 
Attachment A Page 19 of 40

Seismic Wave Velocity Calculations

Job No.: 99-315 
Client: Stone & Webster 
Location Private Fuel Storage Facility 
Date: 4/27/99 
CPT No.: CPT-13

Geophcne Offset (m): 
Source Offset (m):

0.20 
0.74

CONET C 
- -

Vs Vs Vp Vp 

Test Ray Incremental Interval 4nterval Interval interval Interval 

Depth Path Distance Depth Time Velocity Time Velocity 

(M) (Mi) (m) (m) (ms) (m/s) (ms) (M/s) 

0.75 0.92 

1.75 1.72 0.80 1,05 4.41 180.4 2.54 313.2 

2.75 2.66 0.94 2.05 5.76 162.8 3.03 309.4 

3.75 3.63 0.97 3.05 4.88 199.0 2.50 388.4 

4.75 4.61 0.98 4.05 3.60 273.2 2.17 453.2 

5.75 5.60 0.99 5.05 3.55 278.7 2.25 439.7 
6.75 6.59 0.99 6.05 3.70 268.3 2.25 441.1 

7.75 7.59 0.99 7.05 3.68 270.2 2.44 407.6 

- I ---

Vs Vp 
Interval Interval Interval Y 
Depth Velocity Velocity Parameter 

(ft) (Ofts) (ftis) _ 

3.4 592 1027 194 
6.7 534 1015 155 
10.0 653 1274 165 
13.3 896 1487 183 

16.6 914 1442 195 

19.8 880 1447 193 
23.1 886 1337 189 

- - I~

[: DOC_SAFE\4000S'4790\4790.0 I\SV-SS199-A. DOC
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Seismic Wave Velocity Calculations

Job No.: 99-315 

Client: Stone & Webster 
Location Private Fuel Storage Facility 
Date: 4127/99 
CPT No.: CPT-15

Geophone Offset (m): 
Source Offsat (m):

0.20 
0.56

CONETEC

Vs Vs Vp vp 
Test Ray Incremental Interval Interval Interval Interval Interval 

Depth Path Distance Depth Time Velocity Time Velocity 
(m) (M) (m) (M) (Ms) (mis) (ms) (rnvs) 

0.85 0.86 
1.85 1.74 0.88 1.15 5.85 151.2 2.13 415.2 
2.85 2.71 0.97 2.15 5.81 166.3 2.40 402.5 

3.85 3.69 0.98 3.15 5.74 171.5 2.78 354.0 
4.85 4.68 0.99 4.15 3.48 284.7 2.28 438.4 

5.85 5.68 0.99 5.15 3.93 252.9 2.24 443.8 

6.85 6.67 1.00 6.15 3.63 274.3 2.40 414.9 

7.85 7.67 1.00 7.15 3.75 265.8 2.29 435.3 

-- II - - - -

Vs Vp 
Interval Interval Interval Y 
Depth Velocity Velocity Parameter 

(ft) (ftls) (tis) 

3.8 496 1362 184 
7.1 545 1320 171 
10.3 562 1161 156 
13.6 934 1438 206 
16.9 830 1456 189 

20.2 900 1361 202 
23.5 872 1428 196 

- I

[ADOCSAFE\4000S\4790\4790.01\SV-SS199-A.DOC
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CONETEC
Seismic Wave Velocity Calculations

Job No.: 99-315 
Client: Stone & Webster 

Location Private Fuel Storage Facility 

Date: 4/27/99 
CPT No.: CPT-18

Geophone Offset (m): 

Source Offset (m):
0.20 
0.61

I:\DOCSAFE\4000S\4790\4790.0 1\SV-SS199-A DOC

Vs Vs Vp VP 
Test Ray Incremental Interval Interval Interval Interval Interval 

Depth Path Distance Depth Time Velocity Time Velocity 

(M) (M) (M) (m) (ms) (rm/s) (Ms) (m/s) 

0.80 0.88 
1.80 1.71 0.86 1.1 5.63 152.2 2.50 342.7 

2.80 -2.67 0.96 2.1 6.63 144.5 2.76 347.2 

3.80 3.65 0.98 3.1 4.95 198.1 2.12 462.6 

4.80 4.64 0.99 4.1 4.15 238.3 2.47 400.4 

5.80 5.63 0.99 5.1 4.39 226.2 2.15 461.8 

6.80 6.63 1.00 6.1 3.72 267.5 1.93 515.5 

7.80 7.62 1.00 7.1 3.79 262.9 2.34 425.8 

- -- - - -

Vs Vp 

Interval Interval Interval Y 
Depth Velocity Velocity Parameter 
(ft) (ft/s) (fins) _____ 

3.6 499 1124 177 

6.9 474 1139 155 

10.2 650 1517 180 

13.4 782 1313 187 
16.7 742 1515 171 
20.0 877 1691 212 
23.3 862 1397 193
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CONETEC 
-I

Seismic Wave Velocity Calculations

Job No.: 99-315 
Client: Stone & Webster 

Location Private Fuel Storage Facility 

Date: 4128/99 

CPT No.: CPT-20

Geophone Offset (m): 
Source Offset (m):

0.20 
0.71

Vs Vs Vp. Vp 

Test Ray Incremental Interval Interval Interval interval Interval 

Depth Path Distance Depth Time Velocity Time Velocity 

(M) (M) (M) (M) (ms) (m/s) (ms) (m/s) 

0.80 0.93 

1.80 1.75 0.82 1.1 5.13 160.0 3.31 248.0 

2.80 2.70 0.94 2.1 6.31 149.7 2.19 431.4 

3.80 3.67 0.97 3.1 4.05 240.5 2.10 463.9 

4.80 4.65 0.99 4.1 3.16 311.7 1.97 500.1 

5.80 5.64 0.99 5.1 3.68 269.1 2.27 436.3 

6.80 6.64 0,99 6.1 3.71 267.7 2.35 422.7 

7.80 7.63 1.00 7.1 3.55 280.3 2.16 460.7

[\:DOCSAFE\4000S\790\4790.0 1SV-SS199-A.DOC

Vs Vp 

Interval Interval Interval Y 

Depth Velocity Velocity Parameter 

(ft) (ft/3) (Itts) 

3.6 525 813 171 

6.9 491 1415 148 

10.2 789 1522 194 

13.4 1023 1640 212 

16.7 883 1431 194 

20.0 878 1386 187 

23.3 919 1511 201
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Seismic Wave Velocity Calculations

Job No.: 99-315 
Client: Stone & Webster 
Location Private Fuel Storage Facility 
Date: 4/28/99 
CPT No.: CPT-21

Gecphone Offset (m): 
Source Offset (m):

0.20 
0.41

Vs Vp 

Interval Interval Interval Y 
Depth Velocity Velocity Parameter 

(ft) (O s) (ft/s) 

3.8 625 1128 230 
7.1 434 1110 138 
10.3 702 1170 187 
13.6 904 1525 205 
16.9 813 1643 177 
20.2 894 13a7 199 
23.5 835 1430 189 
26.7 1021 1962 176

I :DOCSAFE\4000S\4790W4790.01 \SV-SS199-A. DOC

CONETEC

Vs Vs Vp Vp 

Test Ray Incremental Interval Interval Interval Interval Interval 

Depth Path Distance Depth Time Velocity Time Velocity 
(M) (Mi) (M) (M) (mS) (m/s) (ms) (m/,s) 

0.85 a.77 .  
1.85 1.70 0.93 1.15 4.89 190.5 2.71 343.8 

2.85 2.68 0.98 2.15 7.42 132.3 2.90 338.4 

3.85 3.67 0.99 3.15 4.63 214.1 2.78 356.6 
4.85 4.67 1.00 4.15 3.61 275.6 2.14 465.0 
5.85 5.66 1.00 5.15 4.02 248.0 1.99 500.9 

6.85 6.65 1.00 6.15 3.66 272.6 2.36 422.8 

7.85 7,66 1.00 7.15 3.92 254.7 2.29 436.0 

8.85 8.66 1.00 8.15 3.21 311.1 1.67 598.0 

- * S a C
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CONET EC 
tý Seismic Wave Velocity Calculations 

Job No.: 99-315 
Client: Stone & Webster 
Location Private Fuel Storage Facility 
Date: 4/28/99 
CPT No.: CPT-22 

Geophone Offset (m): 0.20 
Source Offset (m): 0.69

[:DOCSAFE\4000S\4790\4790.0 I\SV-SS199-A. DOC

VS Vs Vp Vp 
Test Ray Incremental Interval lnterval Interval Interval Interval 

Depth Path Distance Depth Time Velocity Time Velocity 

(m) (m) (M) (M) (ms) (m/s), (ms) (m/s) 

0.85 0.95 

1.85 1.79 0.84 1.15 4.58 184.3 2.15 390.9 

2.85 2.74 0.95 2.15- 6.01 158.1 2.26 420.3 

3.85 3.71 0.98 3.15 4.2.2 231.3 2.79 349.9 

4.85 4.70 0.99 4.15 4.02 245.3 2.37 416.1 

5.85 5.69 0.99 5.15 3.31 299.4 2.20 450.5 

6.85 6.69 0.99 6.15 4.00 248.4 2.60 382.2 

7.85 7.68 1.00 7.15 4.05 245.8 2.39 416.5S

Vs Vp 

Interval Interval Interval Y 

Depth Velocity Velocity Parameter 
(ft) (fts) (fts) 

3.8 605 1282 191 

7.1 518 1379 154 

10.3 759 1148 184 
13.6 805 1365 183 
16.9 982 1478 189 
20.2 815 1254 165 
23.5 806 1366 167 

- S
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CoNET EC 
O-..,.I-LC Seismic Wave Velocity Calculations

Job No.: 99-315 
Client: Stone & Webster 

Location Private Fuel Storage Facility

Date: 4129199

CPT No.: CPT-31 

Geophone Offset (m): 0.20 
Source Offset (m): 0.41 

Vs Vs Vp Vp 

Test Ray Incremental Interval Interval Interval Interval interval 

Depth Path Distance Depth Time Velocity Time Velocity 
•m) (m) (M) (M) (ms) (m/s) (ms) (m/s) 

0.80 0.73 

1,80 1.65 0.92 1.1 5.43 170.3 3.56 259.8 

2.80 2.63 0.98 2.1 6.11 160.5 2.82 347.7 

3.80 3.62 0.99 3.1 3-59 276.1 2.54 390.2 

4.80 4.62 0.99 4.1 3.69 269.6 1.97 505.1 

5.80 5.61 1.00 5.1 3.47 287.2 1.90 524.6 

6.80 6.61 1.00 6.1 3.63 274.9 2.13 468.4 

7.80 7.81. 1.00 7.1 3.63 275.0 1.90 525.4

[:DOC-SAFE\4000S\4790\4
7 9

0.01 SV-SS199-A. DOC

Vs Vp 
Interval interval Interval Y 
Depth Velocity Ve[loity Parameter 

(ft) (fl/s) (fus) 

3.6 559 852 208 
6,9 526 1140 161 
10.2 906 1280 212 
13.4 884 1657 188 

16.7 942 1721 203 

20.0 902 1536 193 

23.3 902 1723 186
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CONETEC 

Job No.: 99-315

Seismic Wave Velocity Calculations

Client: Stone & Webster 

Location Private Fuel Storage Facility 
Date: 4/29199 
CPT No.: CPT-33 

Geophone Offset (m): 0.20 
Source Offset (m): 0.79

I:\DOCSAFE\4000S\4790\4790.0 1SV-SS199-A. DOC

Vs Vs Vp vp 

Test Ray Incremental Interval Interval Interval Interval Interval 

Depth Path Distance Depth Time Velocity Time Velocity 

(m) (m) (M) (M) (ms) (m/s) (ms) (mis) 

0.90 1.06 

i.90 1.87 0.82 1.2 5.29 154.8 2.54 322.5 
2.90 2.81 0.94 2.2 5.51 170.3 3.01 311.8 

3.90 3.78 0.g7 3.2 3.66 265.1 2.38 407.6 

4.90 4.77 0.98 4.2 3.57 275.2 1.93 509.1 

5.90 5.75 0.99 5.2 3.59 275.4 2.20 449.3 

5.90 6.75 0.99 6.2 3.74 265.2 2.40 413.3 

7.90 7.74 0.99 7.2 3.65 272.3 2.71 366.8 

8.90 8.74 1.CO 8.2 3.31 300.7 2.05 485.5 

- * - *

vs Vp 

Interval Interval Interval Y 
Depth Velocity Velocity Parameter 

(ft) .(Ils) (ft/s) 

3.9 508 1058 172 
7.2 559 1023 168 
10.5 869 1337 209 
13.8 903 1670 185 
17.1 903 1474 190 
20.3 870 1356 193 
23.6 893 1203 200 
26.9 986 1593 180
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CONETEC
Seismic Wave Velocity Calculations

Job No.: 99-315 
Client: Stone & Webster 
Location Private Fuel Storage Facility 
Date: 4/29/99 
CPT No.: CPT-34 

Geophons Offset (m): 0.20 
Source Offset (m): 0.86

Vs Vs Vp Vp 
Test Ray Incremental Interval Interval Interval Interval Interval 

Depth Path Distance Depth Time Velocity Time Velccity 
(M) (Mi) (M) (M) (ms) (MIs) (ins) (MIs) 

0.80 1.05 

1.80 1.82 0.77 1.1 5.68 135.2 2.51 305.9 
2.80 2.74 0.92 2.1 6.73 137.0 2.89 319.1 
3.80 3.70 0.96 3.1 4.65 207.0 2.62 367.5 
4.80 4.68 0.98 4.1 3.55 275.6 2.51 389.8 
5.80 5.67 0.99 5.1 3.62 272.4 1.77 557.0 
6.50 6.66 0.99 6.1 3.84 257.8 2.45 404.1 
7.80 7.65 0.99 7.1 3.61 276.0 2.48 400.3 

- U - T ~ -

I \DOC SAFE\4000S\4790M4790.0 \SV-SS199-A. DOC

Vs Vp 
Interval Interval Interval Y 
Depth Velocity Velocity Parameter 

(M) (f/s) (lws) 

3.6 443 1003 181 
6.9 449 1046 153 
10.2 679 1205 170 
13.4 904 1279 192 
16.7 893 1827 184 
20.0 846 1326 188 
23.3 902 1313 206
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CONET C m1 Seismic Wave Velocity Calculations

Job No.: 99-315 
Client: Stone & Webster 

Location Private Fuel Storage Facility 
Date: 4129/99 

CPT No.: CPT-36

Geophone Offset (m): 
Source Offset (m):

0.20 
0.55

Vs Vs Vp Vp 

Test Ray Incremental Interval Interval Interval Interval Interval 

Depth Path Distance Depth Time Velocity Time Velccity 

(M)) (i) (m) (M) (ms) (mis) (ms) (m/s) 

0.80 0.83 

1.80 1.70 0.87 1.1 4.65 186.5 2.08 417.0 

2.80 •2.66 0.96 2.1 4.51 213.3 3.29 292.4 

3.80 3.65 0.98 3.1 4.41 222.8 2.34 419.9 

4.80 4.64 0.99 4 1 4.06 243.8 2.46 402.4 

5.80 5.63 0.99 5.1 3.25 305.7 2.14 464.3 

6.80 6.63 1,00 6.1 4.12 241.6 2.33 427.2 

7.80 7.62 1.00 7.1 3.89 256.2 2.21 451.0 

- I - - - - -

I:\DOC SAFE'4000S\4790\4790.01 SV-SS199-A.DOC

Vs Vp 

Interval Interval Interval Y 
Depth Velocity Velocity Parameter 

(ft) (f/s) (is) 

3.6 612 1368 196 
a,9 700 959 197 

10.2 731 1377 171 

13.4 800 1320 175 

16,7 1003 1523 200 

20.0 793 1401 165 

23.3 840 1479 179
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Seismic Wave Velocity Calculations

Job No.: 99-315 
Client: Stone & Webster 
Location Private Fuel Storage Facility 
Date: 4/29/99 
CPT No.: CPT-37

Geophone Offset (m): 
Source Offset (m).

0.20 
0.58

Vs Vp 
Interval Interval Interval Y 
Depth Velocity Velocity Parameter 

(ft) MI~S) (fe(s).  

5.4 553 1073 171 
8.7 611 1093 184 
12.0 741 1182 215 
15.3 839 1312 204 
18.5 856 1450 156 
21.8 878 1302 201 
25.1 759 1211 182 
28.4 912 1461 198

I:\DOC SAFE\4000S\4790\4790.01\SV-SS]99-A.DOC

CONET EC

Vs Vs Vp Vp 

Test Ray Incremental Interval Interval Inzervai Interval Interval 
Depth Path Distance Depth Time Velocity Time Velocity 
(Mi) (m) (M) (M) (Ms) (Mls) (is) (rrns) 

1.35 1.29 

2.35 2.23 0.94 1.65 5.57 168.6 2.87 327.1 
3.35 3.20 0.98 2.65 5.24 186.3 2.93 333.1 
4.35 4.19 0.99 3,65 4.37 225.9 2.74 360.4 
5.35 5.18 0.99 4.65 3.88 255.7 2.48 400.1 
5.35 6.18 0.99 5.65 3.81 261.1 2.25 442.1 

7.35 7.17 1.00 6.65 3.72 267.8 2.51 396.9 
8.35 8.17 1.00 7.65 4.31 231.4 2.70 369.3 

9.35 9.17 1.00 8.65 3.59 277.9 2.24 445.4 

I -~ -
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CONET EC .L Seismic Wave Velocity Calculations

Job No.: 99-315 

Client: Stone & Webster 

Location Private Fuel Storage Facility 

Date: 4/29/99 

CPT No.: CPT-38

Gecohone Offset (m): 
Source Offset (m):

0.20 
0.53

[:DOC_SAFE\4000S790M4790.0 IlSV-SS199-A DOC

Vs Vs Vp Vp 

Test Ray Incremental Interval Interval Interval Interval Interval 

Depth Path Distance Depth Time Velocity Time Velocity 

(m) (M) (M) (M) (Ms) (mts) (Ms) (mIs) 

1.30 1.22 
2.30 2.17 0.94 1.6 6.63 142.5 2.45 385.8 

3.30 3.1A 0.98 2.6 5.99 163.5 2.96 330.8 

4.30 4.13 0.99 3.6 4.04 244.8 2.4A 405.4 

5.30 5.13 0.99 4.6 4.03 246.5 2.12 468.6 

6.30 6.12 1.00 5.6 3.62 275.0 2.34 425.4 

7.30 7.12 1.00 6.6 4.03 247.3 2.16 461.5 

8.30 8.12 1.00 7.6 3.69 270.3 2.79 357.6 

9.30 9.12 1.00 8.6 3.42 291.8 2.13 468.6 

- I

Vs Vp 

Interval Interval Interval Y 
Depth Velocity Velocity Parameter 

( fi) (if/s) (It /s) 

5.2 467 1265 151 

8.5 536 108S 180 

11.8 803 1330 220 

15.1 808 1537 152 

18.4 902 1395 161 

21.6 811 1514 182 

24.9 887 1173 211 

28.2 957 1537 203 

- -U-i
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Interval Depth S-wave Velocity 
(feet bgs) (feet I sec) 

0.8-3.3 584 
3.3-5.8 569 

5.8 - 8.3 595 

8.3 - 10.8 694 

10.8-13.3 787 

13.3-15.8 822 
15.8-18.3 847 

18.3-20.8 847 

20.8 - 23.3 817 

23.3 - 25.8 867 

25.8 - 28.3 999 

28.3-30.8 1068 

30.8 - 33.3 1051 

33.3 - 35.8 1081 

35.8-38.3 1129 
38.3-40.8 1215 
40.8 - 43.3 1238 

43.3 - 45.8 1123 

45.8 - 48.3 1159 

48.3-50.8 1257

I:0OC SAFE\4000S\4790\4790.0 ISV-SS199-A.DOC

Table 5 

DIFFERENTIAL SHEAR-WAVE VELOCITY 

(5 Interval Velocity Averaged Over 2.5' Intervals) 

Boring CTB-5(OW) 

PRIVATE FUEL STORAGE FACILITY
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Table 6 

DIFFERENTIAL SHEAR-WAVE VELOCITY 

(5' Interval Velocity Averaged Over 2.5' Intervals) 

Boring CTB-5A 

PRIVATE FUEL STORAGE FACILITY

Interval Depth S-wave Velocity 
(feet bgs) (feet / sec) 

44.0-46.5 1423 
46.5-49.0 1356 
49.0-51.5 1387 

51.5-54.0 1677 
54.0-56.5 1667 
56.5-59.0 1427 
59.0-61.5 1611 
61.5-64.0 1950 
64.0-66.5 1933 
66.5-69.0 1724 
69.0-71.5 1686 
71.5-74.0 1900 
74.0 - 76.5 1985 

76.5 - 79.0 1622 

79.0-181.5 1539 
81.5-184.0 1855 
84.0 - 86.5 1822 
86.5 -89.0 1753 

89.0 -91.5 1663 

91.5 -94.0 1586 

94.0 -96.5 2565 

96.5 -* 99.0 3794 
99.0-101.5 3243 

,z101.5 - 104.0 2278 
104.0 - 106.5 2221

I \DOC SAFE\4000S,4790\4790.01\SV-SS[99-A. DOC
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Interval Depth P-wave Velocity 
(feet bgs) (feet I sec) 

0.8 - 5.8 735 

5.8-10.8 1165 
10.8-35.8 1490 
35.8 - 50.8 2100

1:kDOCSAFE\4000S\4790W790.0 I\SV-SS199-A.DOC

Table 7 

AVERAGE COMPRESSION-WAVE VELOCITY 

Boring CTB.5(OW) 

PRIVATE FUEL STORAGE FACILITY
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IFrom: James C. Pechmann ipechmann@seis.utah.edu] 
Sent:- Monday, January 25, 1999 1:45 PM 
Tc: byculgs-@geomatflx.com 
Cc: arabasz~uuss.seis.utah.edu; pechmann~uuss.seis.utah.edu 
Subject: Velocity Model 

Bob, 

The best velocity model for your purposes is probably the velocity model that we routinely use 

for locating earthquakes in the Wasatch Front region. This model is given in the first three 

colurfns below: 
p Velocity S Velocity Depth to Top I S Velocity from 

- (km/sec) -- (km/sec)- - (km)-.-I Kelleretal.(1975 .  
(kin/sec) 

3.40 1.95 0.0 I 3.4 
5.90 3.39 1.4 I 3.5 

6.40 3.68 15.5 I 3.2 

7.50 4.31 25.4 1 4.0 
7.90 4.54 42.0 

The P-wave model was modified from rhiodel B of Keller et al. (1975, JGR 80, 1093-1098) bW 

adding the 7.9 km/sec layer at the bottom based on the work of Loeb and Pechmann (1986, 

Earthquake Notes 57 (1), 10). The S-wave model was calculated from the P-wave model using 

an empirically-determined P/S velocity ration of 1.74.  

The Keller et al. P-wave model is from an unreversed vertical component refraction profile 

extending due south from the Bingham Canyon Copper Mine. Keller et al. (1974) also derived an 

S-wave model from transverse-component refraction data (velocities at right, above). However, 

their S-wave data were not very good (probably because the sources they used were quarry 

blasts), and they don't sound very confident about the S-wave model in their paper.  

-Jim Pechmann

[:\DOCSAFE\4000S\4790\4790.01 \SV-SS199-A.DOC
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Salt Lake City Airport East (EAP) 

DEPTH LITHOLOGY Vs 3 
(M) (m/sec) (g/"m 3) 

Soft Clay 129 1.78 
8.0 

Soft Clay 175 1.78 
14.0 

Stiff Clay 223 2.00 
22.0 

Stiff Clay 23 20 
342.0.0 

Stiff Clay 304 2.00 
52.0 

Stiff Clay 571 2.00 
58.0* 

Unconsolidated 
Sediments 620 2.10 

200 
Unconsolidated 
Sediments 668 2.10 

400 
Unconsolidated 
Sediments 820 2.15 

590 

Semi-Consolidated 1 
Sediments 1310 2.20 

1050- _______ _ 

Consolidated 
Sediments 2890 2.65 

2600 
Bedrock 3460 2.75

Bottom of borehole 
Proposed layer boundaries 
Top of water table

Laird Park (LAI) 

DEPTH VeTHOLOGY Vs (/3 (m) ITHOOGY (trfsec) (g/cm3 

Interbedded Sand 
and Gravel 336 2.00 

Tufa - Cemented 
Gravel 944 2.15 

18 

Stiff Clay, Sand or 
536 2.00 

24 Gravel___ 
_I 

24 

Semi-Consolidated 992 2.15 

Sem-Cosoidaed 63 2.30 
Sediments 

Semi-Consolidated 

Sediments - 10 .  
56 

Semi-Consolidated 170 23 
* Sediments~ ]•.  

Weathered 2600 2.50 
Limestone 2600 ____0 

70 

Limestone 3000 -1 2.75 

City and County Building (CCH) 

DEPTH LITHOLOY Vs p 
(M) I (m/sec) (glcm 

Clay 242 2.00 
28 

Clay with 384 2.00 

some Gravel 
68" 

Stiff Clay 820 2.15 
83 

Semi-Consolidated 1310 2.20 
Sediments 

270 1 
Shale 3000 2.75

Figure 5. GEOLOGIC AND SHEAR-WAVE VELOCITY PROFILES

[:•OC-SAFE'4000S\4790\4790.0 I\SV-SS199-A DOC
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SITE RESPONSE ESTIMATES IN SALT LAKE VALLEY, UTAH 879 

0.5 CCH 'A WAPuR K5LbUC 
BEN. "MAG * " " , 
FOR • ROO 

WES 

(D_0.4 
WAST* 

Z UGM LI 'V 
(I) O. SUN " 
00) 

0 
n.. BON 

Ll 0.2 ROS 

LUJ 

<0.1 

1 t I l 

0.00 2 4 6 8 -10 12 4 

DISTANCE FROM MOUNTAIN FRONT (km) 

Fir. 11. Weighted average Poisson ratio (derived from, borehole measurements) for each borehole 
as a function ofrdistance from the Wasatch Mountains. More Poisson ratio variation and, enerally, 
a lower value is aparent among boreholes located less than 5 km from the mountains. Borenoles 
are identified on te graph by their site name annotated above the data poin.  

Site Response Versus Shear Wave Velocity CV,) 

The similar areal distribution of borehole average V, and site response 

variations described in the previous section led us to compare site response and 

V, directly. As shown in the four graphs of Figure 13, a good nonlinear inverse 

relationship exists between V, and site response with V, decreasing as site 

response increases. Because a theoretical power-law relationship exists between 

seismic wave amplitude and impedance (e.g., Carter et al., 1984), this type of 

relation was used to regress known site response against the V, shown in Table 

2. The goodness of fit for these regressions was measured. by the correlation 

coefficient r. Using a power curve fit to the data, the highest degree of.  
correlation (r - 0.92) occurs in the 1.0- to 2.0-sec period band, and the lowest 

(r = 0.70) occurs in 2.0- to 3.3-sec band. Three notable outlying values in the 

upper two graphs of Figure 13 are the data from sites 11, 8, and 1, which 

correspond to sites KSL, DUC, and AIR, respectively. These stations are located 

in the northwest part of the valley and are coincident with the greatest 

accumulation of Cenozoic sediment in the Salt Lake Valley (Mattick, 1970). The

:\DOCSAFE\4000S\4790\4790.01\SV-SS199-A.DOC
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From: thomas.chang@swec.com fmailto:thomas.chanq(Dswec.comI 
Sent: Friday, March 23, 2001 10:11 AM 
To: Bob Youngs 
Cc: Jerry. Cooper@swec.com; paul.trudeau@swec.com 
Subject: Re: Needed references for SSI calc package 

Bob, 

This is to confirm that the 5 ft of soil cement at the Skull Valley site which 
will be designed to have a minimum unit weight 100 pcf and low strain shear wave 
velocity to exceed 1,500 fps. As Paul Trudeau's fax of January 22, 2001 to you 
indicated that the soil cement around the Canister Trnsfer Building and between 
and around Storage Pads will be designed to have minimum unconfined compressive 
strength of 250 psi and shear wave velocity approximately 2,700 fps. The 2 ft 
thick layer of soil cement below the storage pads will be designed to have the 
unconfined comprressive strength not to exceed 100 psi in order to meet the 
casks tipover analysis requirement with static modulus less than 75,000 psi.  
This 2 ft thick layer soil cement which uniform across the storage pad area will 
have shear wave velocity greater than 1,500 fps.  
Your earlier e-mail listing the g/gmax reduction and damping curves for the top 
25 ft shallow soils that you and Paul worked will be documented in our revised 
Geotechnical Design Criteria Calc.  

Tom Chang

I \DOC SAFE\4000S\4790\4790.01SV-SS199-A. DOC
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From: thomas.chang@swec.com fmailto:thomas.chanq(cswec.comI 
Sent: Thursday, March 22, 2001 1:46 PM 
To: Bob Youngs 
Cc: Jerry.Cooper@swec.com 
Subject: Re: FW: G/Gmax and damping curves 

Bob, 

I have checked the g/gmax and damping values you used in Appendix F and the SSI 

properties calc. and confirmed that they are the same as those that will appear 

in our revised geotech design criteria calc. I hope this statement will 
satisfy your requirement for the completion of your calc.  

Regards 

Tom Chang 

Bob Youngs <BYoungs@geomatrix.com> on 03/20/2001 12:44:14 PM 

To: Thomas Chang/Transportation/SWEC@SWEC 

cc: Jerry Cooper/Mechanical/SWEC@SWEC 

Subject: FW: G/Gmax and damping curves 

Tom: 

This is a message I sent to Paul last Friday listing the final G/Gmax and 

damping curves we worked out for the 9 and 20 ft samples. Paul indicated 
that he was placing them in the revised geotech calc so that I could 
reference them in my calc.  

> ----- Original Message ----
> From: Bob Youngs 
> Sent: Friday, March 16, 2001 1:16 PM 
> To: 'Paul Trudeau' 
> Subject: G/Gmax and damping curves

ILADOCSAFE\4000S\4790\4790.0 I\SV-SS199-A. DOC
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> Paul: 

"> listed below are the g/gmax and damping values I used in Appendix F and 
"> the SSI properties Calc. Would you make sure that they are the same as 
"> those that will appear in your revised geotech calc 

> Thanks 

> Bob Y.

>12 Skull Valley RC test results

0.0001 0.000316 

1.000 3.160 

1.000 1.000 

0.120 0.060 

12 Skull Valley 

0.0001 0.000316 

1.000 3.160 

0.900 0.900 

15.00 22.50 

12 Skull Valley 

0.0001 0.000316 

1.000 3.160 

1.000 1.000 

0.150 0.070 

12 Skull Valley 

0.0001 0.000316 

1.000 3.160 

0.800 0.800 

14.20 21.70

0.001 

10.00 

1.000 

0.040 

RC test 

0.001 

10.00 

0.900 

26.50 

RC test 

0.001 

10.00 

1.000 

0.050 

RC test 

0.001 

10.00 

0.800 

26.00

0.00316 

31.60 

0.990 

0.03 

tesults 

0.00316 

31.60 

1.000 

28.00 

results 

0.00316 

31.60 

0.990 

0.030 

tesults 

0.00316 

31.60 

0.900 

27.50

: 0 - 12 FT 

0.010 0.0316 0.100 0.316 

0.950 0.800 0.550 0.300

: 0 - 12 ft 

0.010 0.0316 0.100 0.316

1.500 2.900 5.500 9.300

:18 - 25 FT 

0.010 0.0316 0.100 0.316

0.960 0.820 0.610 0.350

:18 - 25 ft 

0.010 0.0316 0.100 0.316

1.100 2.400 4.600 8.200

I:\DOCSAFE\4000S\4790\4790.01\SV-SS199-A.DOC
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Calculation 05996.02-G(PO18)-2, Rev. 1 
Attachment B 

Analysis of Site Velocity Data 

This attachment contains the listing of the computer programs, input, and output files for the 

statistical analysis of the velocity data at the Skull Valley site. The programs are VSSTATH for 

shear wave velocities and VPSTATH for compression wave velocities. The programs together 

with the input and output files are located in directory \CONESTAT on the accompanying disk.  

The programs read in the layer designation then loop over the individual velocity profiles. For 

each profile the harmonic mean of all velocity measurements in a layer is computed and stored.  

The programs then compute the mean velocity in each layer and the covariance matrix.  

** File: VSSTATH.FOR 
program vsstath 

c .................. layer averages for a profile computed as 

harmonic mean 
parameter (mxl =4 0) 
character title*70,head*20,ofile*40,ifile*40 
real 

dr(0:mxl),mvs(mxl),svs(mxl),cov(mxl,mxl),lvs(mxl,mxl), 
err(mxl,mxl) 

integer npl (mxl) ,ndl (mxl,mxl) 
c 

99 print*,' enter ofile (q to quit) : 

read(5, (a)') ofile 
if(ofile.eq.'q'.or.ofile.eq.'Q') STOP 
print*,' enter title :
read(5,' (a)') title 
print*,' enter np,nl, dr limits(0..nl): 
read(5,*) np, nl, (dr(i),i=1,nl) 
dr(0) =0.0 
DO 10 i=l,nl 

mvs (i) =0.0 
svs (i) =0.0 
npl (i)=0 
DO 10 j=l,nl 

cov(i,j)=0.0 
10 CONTINUE 

DO 50 ip=l,np 
read(5, 1(a) r) ifile 

open (7, file=ifile) 
read(7, '(a)') head 
read(7,*) n

i.\DOC-SAFEA4000S\4790\4790 0 I\CALCPKG2\REV I\SV-SSIO -ATTB. DOC
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DO 15 i=lnl 
ndl(ipi)=O 

lvs(ipi)=O.O 

15 CONTINUE 

DO 25 j=ln 

read (7, *) kt, d, vs 

DO 20 i=lnl 

IF(d.ge.dr(i-1).and.d.1t.dr(i)) then 

ndl(ipi)=ndl(ipi)+l 

lvs(ipi)=lvs(ipi)+1.0/vs 

go to 25 

ENDif 

20 CONTINUE 

25 CONTINUE 

close(7) 

DO 30 i=lnl 

C print*,ndl(ipi) 

IF(ndl(ipi).gt.0) then 

npl(i)=npl(i)+l 

lvs(ipi)=ndl(ipi)/lvs(ipi) 

Mvs W =MVs W +lVs (ip, i) 
svs(i)=svs(i)+lvs(ipi)**2 

C printl(2i5,flO.1)1,ipilvs(ipi) 
ENDIF 

30 CONTINUE 

50 CONTINUE 

C 
DO 60 i=lnl 

write(18,1(25i6)1) nint(dr(i-1)),nint(dr(i)), 

(nint(lvs(ipi)),ip=lnp) 

mvs (i) =mvs (i) /npl (i) 

IF (npl (i) . gt. 1) then 

varvs=(svs(i)-mvs(i)*mvs(i)*real(npl(i)))/real(npl(i)

ELSE 

varvs=0.0 

ENDIF 
svs(i)=sqrt(max(varvs,0.0)) 

DO 60 ip=lnp 

IF(ndl(ipi).gt.0.0) then 

err(ipi)=lvs(ipi)-mvs(i) 

ELSE 

err(ipi)=err(ipi-1) 

ENDIF 

60 CONTINUE 

DO 65 i=lnl 

DO 65 j=lnl

[:\DOC-SAFE\4000S\4790\4790.01\CALCPKG2\REVI\SV-SS101-ATTB.DOC
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DO 65 ip=l,np 

65 cov(i,j)=cov(i,j) +err(ip,i) *err(ip,j) 
DO 70 i=l,nl 

DO 70 j=l,i-l 

70 cov(i,j)=cov(i,j)/sqrt(cov(i,i)*cov(j,j)) 
DO 75 i=l,nl 

75 cov(i,i)=1.0 
open(8, file=ofile) 
write (8,' (a) ') title 

write(8, '('' Statistics of Layer Velocities'')') 

write(8,'('' Dmin Dmax n Avg Vs Sig Vs 90cimVs 
CoV,')') 

DO 80 i=l,nl 
sigmvs=svs (i) /sqrt (real (npl (i))) 
write(8,i) dr(i

i) ,dr (i) ,npl (i) ,mvs (i) ,svs (i) ,i. 645*sigmvs, 

(cov(i, j) ,j=1,i) 
80 CONTINUE 

close (8) 
go to 99 

1 format (2f5.1,iS,3f8.1,12f8.3) 
END 

** File: vs7l-all.in 
vs7l-all.out 
Skull Valley layer statistics, all profiles 

17 7 5 9.9 12.1 18.1 26.1 35 55 
CPT01 
CPT03 
CPT06 
CPT13 
CPT15 
CPT16 
CPT18 
CPT20 
CPT21 
CPT22 
CPT31 
CPT33 
CPT34 
CPT36 
CPT37 
CPT38 
CTB05 
q 

** File: CPT01

I:ADOCSAFE\4000SM4790M4790.0 1\CALCPKG2\REV ISV-SS01I -ATTB.DOC
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0.314 
0.388 
0.287 
0.252 
0.327 
0.037 
0.095 
0.164

File: CPT03

0.327 
0.384 
0.212 
0.266 
0.337 

-0.121 
0.102 
0.255

File: CPT06
CTP 6

6 
6 
6 
6 
6 
6

3.4 
6.7 

10 
13 .3 

16.6 
19.8

File: CPT13
CPT13

7 
13 
13 
13 
13 
13 
13 
13 

**** File: 

CPT 15 
7

h\DOC SAFE\4000S\4790\4790.01\CALCPKG2\REV I\SV-SSIOI -ATTB.DOC

CPT 1 
8

1 
1 
1 
1 
1 
1 
i 
1

3.9 
7.2 

10.5 
13. 8 
17.1 
20.3 
23.6 
26.9

596 
452 
594 
858 
795 
902 
854 

1140

1145 
1058 
1087 
1491 
1568 
1301 
1277 
1798

CPT 3 
8

3 
3 
3 
3 
3 
3 
3 
3

3.4 
6.7 

10 
13.3 
16.6 
19.8 
23.1 
26.4

644 
457 
647 
706 
863 
896 

1011 
1078

1271 
1053 
1070 
1251 
1740 
1204 
1519 
1879

545 
571 
789 
700 
839 
877

1052 
1236 
1235 
1296 
1328 
2105

0.317 
0.364 
0.155 
0.294 
0.168 
0.395

3.4 
6.7 

10 
13.3 
16.6 
19.8 
23.1 

CPT15

592 
534 
653 

896 
914 
880 
886

1027 
1015 
1274 
1487 
1442 
1447 
1337

0.251 
0.309 
0.322 
0.215 
0.164 
0.207 
0.109
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15 
15 

15 
15 
15 
15 
15 

**** File: 

CPT16 
7 

16 
16 
16 
16 
16 
16 
16 

**** File: 

CPT 18 
6 

18 
18 
18 
18 
18 
18 

**** File: 
CPT20 
7 

20 

20 
20 
20 
20 

20 
20 

**** File: 

CPT 21 
8 

21 
21 
21 
21

3.8 
7.1 

10.3 
13. 6 
16.9 

20.2 
23.5 

CPT16 

3.6 
6.9 

10.2 
13.4 
16.7 

20 

23.3 

CPT18 

3.6 
6.9 

10.2 
13.4 
16.7 

20 

CPT20 

3.6 
6.9 

10.2 
13.4 
16.7 

20 

23.3 

CPT21

3.8 
7.1 

10.3 
13.6

I:\DOCSAFE\4000S\4790\4790.01\CALCPKG2\REVI\SV-SSIOI-ATTB.DOC

496 
545 
562 
934 
830 
900 
872

588 
543 
623 
867 
830 
808 
874

499 
474 
650 
782 
742 

877

525 
491 
789 

1023 
883 
878 
919

625 
434 
702 
904

1362 
1320 
1161 
1438 

1456 
1361 
1428

1272 
1094 
1083 
1446 
1398 
1391 
1305

1124 
1139 
1517 
1313 
1515 
1691

813 
1415 
1522 
1640 
1431 
1386 
1511

1128 
1110 
1170 
1525

0 .424 
0.397 

0.347 

0.135 

0.259 

0.111 
0.203

0.364 
0.337 
0.253 

0.219 

0.228 

0.245 

0.093

0.377 
0.395 
0.388 
0.225 
0.342 
0.316

0.142 
0.432 
0.316 
0.182 
0. 193 
0.165 
0.206

0.278 
0.410 
0.219 

0.229
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21 
21 
21 
21 

**** File: 

CPT 22 
7 

22 
22 
22 
22 
22 
22 
22 

**** File: 

CPT 31 
7 

31 
31 
31 
31 
31 
31 
31

CPT33 
8

16.9 
20.2 
23.5 
26.7 

CPT22 

3.8 
7.1 

10.3 
13.6 
16.9 
20.2 
23.5 

CPT31 

3.6 
6.9 

10.2 
13.4 
16.7 

20 
23.3

File: CPT33 

33 3.9 
33 7.2 
33 10.5 
33 13.8 
33 17.1 
33 20.3 
33 23.6 
33 26.9 

File: CPT34

CPT34 
7

34 
34 
34 
34 
34

3.6 
6.9 

10.2 
13.4 
16.7

I\DOC-SAFE\4000S\47904790.0 I\CALCPKG2\REV 1\SV-SS I0 t-ATTB.DOC

813 
894 
835 

1021

605 
518 
759 
805 
982 
815 
806

559 
526 
906 
884 
942 
902 
902

508 
559 
869 
903 
903 
870 
893 
986

1643 
1387 
1430 
1962

1282 
1379 
1148 
1365 
1478 
1254 
1366

852 
1140 
1280 
1657 
1721 
1536 
1723

1058 
1023 
1337 
1670 
1474 
1356 

1203 
1593

0.338 
0.145 
0.241 
0.314

0.357 
0.418 
0.112 
0.233 
0.105 
0.134 
0.233

0.122 
0.365 

-0.002 
0.301 
0.286 
0.237 
0.311

0.350 
0.287 
0.134 

0.293 
0.200 

0.150 

-0.114 
0.189

443 
449 
679 
904 
893

1003 
1046 
1205 
1279 
1827

0.379 
0.387 
0.267 
0.001 
0.343
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846 
902

1326 
1313

File: CPT36

CPT36 
7

612 
700 
731 
800 

1003 
893 
840

1368 
959 

1377 
1320 
1523 
1401 
1479

File: CPT37

CPT37 
8

37 
37 
37 
37 
37 
37 
37 
37

5.4 
8.7 

12 

15. 3 
18.5 
21.8 
25.1 
28.4

File: CPT38
CPT38 
8

38 
38 
38 
38 
38 
38 
38 
38

5.2 
8.5 

11.8 

15. 1 
18.4 

21.6 

24. 9 
28.2

File: CTB05

CTBOS 

20

5 
5 
5 

5 
5 
5

2 
4.5 

7 

9.5 
12 

14.5

1:\DOCSAFE\4000S\4790\4790.0 I\CALCPKG2\REV Il\SV-SSIOI -ATTB-DOC

34 
34

20 
23.3

0.157 
0.053

36 
36 
36 
36 
36 
36 
36

3.6 
6.9 

10.2 
13.4 
16.7 

20 
23.3

0.375 
-0.070 
0.304 
0.210 
0.117 
0.158 
0.262

553 
611 
741 
839 
856 
878 
759 
912

1073 
1093 
1182 
1312 
1450 
1302 
1211 
1461

0.319 
0 .273 
0 .176 
0. 154 
0.233 
0.083 

0.177 
0.181

467 
536 
803 
808 
902 
811 
887 
957

1265 
1085 
1330 
1537 
1395 
1514 
1173 
1537

0.421 
0.339 
0.213 
0.309 
0.141 
0.299 

-0.168 
0.183

680 
513 
603 
673 
853 
791

990 
990 
990 
990 

1440 
1440

0.053 
0.316 

0.205 
0.070 

0.230 
0 .284
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**** File: vs7l-all . out

Skull Valley layer statistics,
Statistics ol 
Dmin Dmax 

0.0 5.0 
5.0 9.9 
9.9 12.1 

12.1 18.1 
1.000 

18.1 26.1 
-0.046 1.000 

26.1 35.0 
-0.079 0.582 

35.0 55.0 
-0.054 0.643

E Layer Velocities 
n Avg Vs Sig Vs 

15 561.5 56.9 
17 527.6 70.0 
17 726.5 99.8 
17 854.2 55.3

17 871.3 

7 1021.9 
1.000 

1 1191.2 
0.984

32.1 

77.5 

0.0 
1.000

all profiles

90cimVs 
24.2 
27.9 
39.8 
22.1

COV 
1.000 
0.126 

-0.039 
-0.196

12.8 -0.046

1.000 
0.342 
0.109

1.000 
0.212

-0.356 -0.119

48.2 0.122 -0.269 -0.266 

0.0 0.104 -0.345 -0.329

**** File: VPSTATH.FOR 
program vpstath

c .................. layer averages for a profile comput 

harmonic mean 
parameter(mxl=40) 
character title*70,head*20,ofile*40,ifile*40 
real 

dr (o0:mxl ) ,mvp (mxl) ,svp (mxl) ,coy (mxl, mxl ), ivp (mxl, mxl) , 

err (mxl,mxl) 
integer npl (mxl) ,ndl(mxl,mxl) 

c 
99 print*,' enter ofile (q to quit): 

read(5,1'(a)') ofile 
if(ofile.eq.'q'.or.ofile.eq.'Q') STOP 

print*,' enter title :
read(5,'(a)') title

I:)OCSAFE\4000S\4790\4790.0 I\CALCPKG2\REV lSV-SS[O I -ATTB.DOC

5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5

17 
19.5 

22 
24.5 

27 

29.5 
32 

34.5 

37 
39.5 

42 
44. 5 

47 
49.5

858 
885 
768 
862 
992 

1176 
965 

1134 
1106 
1173 
1438 
1007 
1121 
1429

1440 
1440 
1440 
1440 
1440 
1440 
1440 
1440 
2085 
2085 
2085 
2085 
2085 
2085

0.225 
0.197 
0.301 
0.221 
0.048 

-0.501 
0.092 

-0.316 
0.304 
0.268 
0 .046 

0.348 
0.297 
0.057

ed as
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print*,' enter npnl, dr limits(l..6): 

read(5,*) np, nl, (dr(i),i=lnl) 

dr(O)=O.O 

DO 10 i=lnl 

Mvp(i)=0.0 

svp(i)=O.o 

npl(i)=o 

DO 10 j=lnl 

CoV(ij)=0.0 

10 CONTINUE 

DO 50 ip=lnp 

read (5, 1 (a) I) if i 1 e 

open(7,file=ifile) 

read (7, 1 (a) I) head 

read(7,*) n 

DO 15 i=lnl 

ndl(ipi)=o 

lvp(ipi)=O.o 

15 CONTINUE 

DO 25 j=ln 

read (7, *) kt, d, vs, vp 

DO 20 i=lnl 

IF(d.ge.dr(i-1).and.d.1t.dr(i)) then 

ndl(ipi)=ndl(ipi)+l 

lvp(ipi)=lvp(ipi)+1.0/vp 

go to 25 

ENDif 

20 CONTINUE 

25 CONTINUE 

close(7) 

DO 30 i=lnl 

C print*,ndl(ipi) 

IF(ndl(ipi).gt.0) then 

npl(i)=npl(i)+l 

lvp(ipi)=ndl(ipi)/lvp(ipi) 

MVp(i)=MVP(i)+lVp(ipi) 
svp(i)=svp(i)+lvp(ipi)**2 

C printl(2i5,flO.1)1,ipilvp(ipi) 

ENDIF 

30 CONTINUE 

50 CONTINUE 

C 

DO 60 i=lnl 

write(19,1(25i6)1) nint(dr(i-1)),nint(dr(i)), 

(nint (lvp (ip, i) ) , ip=1, np) 

mvp W =mvp W /npl W 

IF(npl(i).gt.1) then

1AD0C-SAFE\4000S\4790W90.0 IICALCPKG2\REV RSV-SS10 I -ATTB. DOC
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varvp= (svp (i) -mvp (i) *mvp (i) *real (npl (i) ) /real (npl (i) 
1) 

ELSE 
varvp=0 0 

END IF 
svp (i) =sqrt (max (varvp, 0.0)) 
DO 60 ip=l,np 

IF(ndl(ip,i).gt.0.0) then 
err(ip, i) =lvp (ip, i) -mvp (i) 

ELSE 
err (ip, i) =err (ip, i-!) 

ENDIF 
60 CONTINUE 

DO 65 i=l,nl 
DO 65 j=l,nl 

DO 65 ip=l,np 
65 cov(i,j)=cov(i,j)+err(ip,i)*err(ip,j) 

DO 70 i=l,nl 
DO 70 j=l,i-1 

70 cov(i,j)=cov(i,j)/sqrt(cov(i,i)*cov(j,J ) 

DO 75 i=l,nl 
75 cov(i,i)=I.0 

open (8, file=ofile) 
write(8, '(a) ) title 
write(8, '('' Statistics of Layer Velocities''),) 

write(8,'('' Dmin Dmax n Avg vp Sig vp 90cimvp 

COV'')') 
DO 80 i=1,ni 

sigmvp=svp (i)/sqrt(real(npl (i))) 
write(8,1) dr(i

i) ,dr(i) ,npl (i) ,mvp i) ,svp(i) ,l.645*sigmvp, 

(cov(i, j) ,j=1,i) 
80 CONTINUE 

close (8) 
go to 99 

1 format (2f5.1,i5,3f8.1,12f8.3) 
END 

* File: vo7l-all.in 
vp7l-all .out 
Skull Valley layer statistics, all profiles 

17 7 5 9.9 12.1 18.1 26.1 35 55 
CPT01 
CPT03 
CPT06 
CPT13 
CPT15

I:\DOC SAFE,4000Sý4790A790.0 I\CALCPKG2\REV ISV-SSI0 I-ATTB. DOC
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CPT16 

CPT18 
CPT20 
CPT21 
CPT22 
CPT31 
CPT33 
CPT34 
CPT36 
CPT37 
CPT3 8 
CTBO5 
q

**** File: vp7l-all.out 

Skull Valley layer statistics, all 

Statistics of Layer Velocities

Dmax 
5.0 
9.9 

12.1 
18.1 

26.1 
1.000 

35.0 
0.776 

55.0 
0.801

n 
15 
17 
17 
17

Avg vp 
1116.5 

1131.1 
1259.9 
1472.2

17 1439.8 

7 1667.1 
1.000 

1 2085.0 
0.969

Sig Vp 
170.4 
134.1 
143.6 

95.4 

204.6

profiles

90cimvp 
72.4 
53.5 
57.3 
38.0

COV 
1.000 

-0.079 
-0.491 
-0.435

81.6 -0.252

210.3 130.8 -0.082

0.0 
1.000

0.0 -0.135

1.000 
0.062 

-0.039
1.000 
0.077

I DOC SAFEk4OOOS',4790\4790 0 ICALCPKG2\PEVI\S.V-SSIOI-AT-rB DOC

Dmin 
0.0 
5.0 
9.9 

12.1 

1.000 
18.1 

-0.273 
26.1 

-0.035 
35.0 

-0.058

0.212 0.282 

0.134 -0.064 

0.071 0.013
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Calculation 05996.02-G(PO18)-2 Rev 1 
Attachment C 

Site Response Analyses 

This attachment summarizes the site response analyses. The input (*.in), output (*.out), and 
final properties (*.pun) files are contained in the self-extracting zip file SITERESP.EXE located 
on the accompanying disk in directory \SITERESP. The files are designated by xx-Fy.*, where y 
refers to the input motion (N = 2,000-year fault-normal and P = 2,000-year fault-parallel), and xx 
refers to the velocity profile (HV = high range, MV = best estimate constant Tertiary velocity, 
MG = best estimate increasing Tertiary velocity, and LV = low range).  

The results were then processed in the following manner.  

Computer routine REWRTP.FOR was used to reforniat the *.pun files for plotting. The input 
file REW.IN, and output files, *SCP, are listed below and are located on the accompanying disk 
in directory \RESULTS. Then computer routine PSTAT.FOR was used to compute the 
geometric mean shear modulus and average damping for each layer for the high range, best 
estimate, and low range velocity profiles. This routine and the input and output files are listed 
below and are located on the accompanying disk in directory \RESULTS. These values are the 
used in the spreadsheet SV-SSI-FEB01 .XLS described in Attachment D.  

*** File: REWRTP.FOR 
program REWRTp 
character ifile*40 

c 
99 read(5,1'(a)') ifile 

IF(ifile.eq.'q'.or.ifile.eq.'Q') STOP 
open(7,file='..\siteresp\'//ifile(l:5)//'.pun') 
open(8,file=ifile(1:5)//'.scp') 
write(8, 1(a)') ifile 
read(7,*) k,nl 
write(8,'(i5,'' Depth Vsmax Vs Damping 

G'T 

)') nl-i 
d=0.0 
DO 20 i=l,nl-l 

read(7,*) k,j,j,h,g,damp,uw,gmax 
v=sqrt (g*32 . 2/uw) 

vmax=sqrt (gmax*32 . 2/uw) 

dmp=d+h/2.0 
d=d+h 
write(8,'(i5,flO.2,2f10.3,flO.4,flO.2)') 

i, dmp, vmax, v, damp, g 
20 CONTINTUE

1:\DOC_S.-dEE\4000S\4790,4790.01 \CALCPKG2\REV 1\1SV-SSIOI -ATTC.DOC
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close (7) 

close (8) 
print' ('' completed ' ,a8) ,,ifile 

go to 99 

END 

** File: REW.IN 

HV-FN 
HV-FP 
LV-FN 
LV- FP 
MV-FN 
MV-FP 
mg - FN 

mg- FP 

q 

** File: HV-FN.SCP

Vsmax 
2121.000 
2121.000 

647.000 
647.000 
890.000 

1046.000 
1046.000 
1068.000 
1068.000 
1250.000 
1250.000 
1250.000 
1683.000 
1683.000 
1683.000 
2546.000 
2546.000 
2546.000 
2546.000 
2546.000 
2546.000 
2546.000 
2546.000 

4101.000 
4101.000 
4101.000 
4101.000

Vs 
2121.005 
2118.802 

573.097 
545.388 

809.985 
993.443 
978.420 
983 .724 
971.460 

1072.753 
1056.049 
1041.902 
1505.244 
1483.321 
1464.322 
2496.513 
2492.641 
2488 .924 

2485.526 
2482.339 
2476.170 
2469.170 
2462.805 
4100.998 
4100.998 
4100 .998 

4100.997

Damping 
0.0090 
0.0092 
0.0306 
0.0383 
0.0264 
0.0164 
0.0189 
0.0214 
0.0233 
0.0469 
0.0501 
0.0528 
0.0379 
0.0412 
0.0440 
0 .0109 

0.0112 
0.0115 
0.0117 
0.0119 
0.0126 
0.0132 
0.0139 
0.0428 
0.0428 
0.0428 
0.0428

G 
13971.00 
13942.00 

816.00 
739.00 

1630.00 
3065.00 
2973.00 
2825.00 
2755.00 
4110.00 
3983.00 
3877.00 
8092.00 
7858.00 
7658.00 

23227.00 
23155.00 
23086.00 
23023.00 
22964.00 
22850.00 
22721.00 
22604.00 
70511.00 
70511.00 
70511.00 
75734.00

hADOCSAFE\4000S\4790- 790.01 \CALCPKG2\REV I \SV-SSIOI -ATTC.DOC

HV-FN 
41 
1 

2 
3 
4 
5 
6 
7 
8 
9 

10 

11 

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

25 
26 
27

Depth 
1.25 

3.75 

6.25 

8 .75 

11.00 

13 .50 
16.50 
20.00 
24.00 
27.50 
30.50 
33.50 
37.50 
42.50 
47.50 
52.50 
57.50 
62.50 
67.50 
72 .50 

77.50 
82.50 
87.50 
95 .83 

107.50 
119.17 
134 .73
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28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41

154 .17 

173.61 
193 .05 
212.49 
231.93 
251.37 
270.81 
290.25 
324.97 
374.97 
424 .97 

474.97 
549.97 

649.97

4101.000 
4101.000 
4101.000 
4101.000 
4101.000 
4101.000 
4101.000 
4101.000 
5657.000 
5657.000 
5657.000 
5657.000 
6398.000 
6398.000

4100.997 
4100.997 
4100.997 
4100.997 

4100.997 
4100.997 
4100.997 
4100.997 
5657.004 
5657.004 
5657.004 
5657.004 
6398.001 
6398.001

File: HV-FP.SCP

Vsmax 
2121.000 
2121.000 
647.000 
647.000 
890.000 

1046.000 
1046.000 
1068.000 
1068.000 
1250.000 
1250.000 
1250.000 
1683.000 
1683.000 
1683 .000 
2546.000 
2546.000 
2546.000 
2546.000 
2546.000 
2546.000 
2546.000 
2546.000 

4101.000 
4101.000 
4101.000 
4101.000 
4101.000 
4101.000

Vs 
2121.005 
2119.031 

572.746 
540.197 
804.500 
987.429 
972.313 
976.033 
960.645 

1058.962 
1047.397 
1038.942 
1513.037 
1493.198 
1470.714 
2496.675 

2492.318 
2488.493 
2484.986 
2481.744 
2474.598 
2468.192 
2462.750 
4100.998 
4100.998 
4100.998 
4100.997 
4100.997 
4100.997

Damping 
0.0090 
0.0092 
0.0307 
0.0397 
0.0274 
0.0174 
0 .0199 

0.0226 
0.0251 
0.0496 
0.0518 
0.0534 
0.0367 
0.0397 
0.0431 
0.0109 
0.0112 
0.0115 
0.0117 
0.0120 
0.0127 
0.0133 
0.0139 
0.0428 
0.0428 
0.0428 
0.0428

G 
13971.00 
13945.00 

815.00 
725.00 

1608.00 
3028.00 
2936.00 
2781.00 
2694.00 
4005.00 
3918.00 
3855.00 
8176.00 
7963 .00 
7725.00 

23230.00 
23149.00 
23078.00 
23013.00 
22953.00 
22821.00 
22703.00 
22603.00 
70511.00 
70511.00 
70511.00 
75734.00

HV-FP 
41 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

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

24 

25 
26 
27 
28 
29

I \DOC_SAFE4000S 4790M4790.01 \CALCPKG2\REV I \SV-SSIOI -ATTC.DOC

0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0310 
0.0310 
0.0310 
0.0310 
0. 0253 

0.0253

75734 .00 
75734.00 
75734 .00 
75734.00 
75734.00 
75734.00 
75734.00 
75734.00 

144107.00 
144107.00 
144107.00 
144107.00 
184332 .00 

184332.00

Depth 
1.25 
3.75 

6.25 

8 .75 

11.00 

13.50 

16.50 
20.00 
24.00 
27.50 
30.50 
33.50 
37.50 
42.50 
47.50 
52.50 
57.50 
62.50 
67.50 
72.50 
77.50 
82 .50 
87.50 

95. 83 

107.50 
119.17 

134 .73 

154 .17 
173.61

0.0428 75734.00 
0.0428 75734.00
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4101.000 
4101.000 
4101.000 
4101.000 
4101.000 
4101.000 
5657.000 
5657.000 
5657.000 
5657.000 
6398.000 
6398.000

4100.997 
4100.997 
4100.997 
4100.997 
4100.997 
4100.997 
5657.004 
5657.004 
5657.004 
5657.004 
6398.001 
6398.001

0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0310 
0.0310 
0.0310 
0.0310 
0. 0253 

0.0253

75734 .00 
75734 .00 

75734.00 
75734.00 
75734.00 
75734 .00 

144107 .00 

144107.00 
144107 00 
144107.00 
184332.00 
184332.00

**** File: LV-FN.SCP

Vsmax 
1061.000 
1061.000 
431.000 
431.000 
594.000 
697.000 
697.000 
712.000 
712.000 
834.000 
834.000 
834.000 
841.000 
841.000 
841.000 

1273.000 
1273.000 
1273.000 
1273 .000 

1273.000 
1273.000 
1273.000 
1273 .000 
2051.000 
2051.000 

2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000

Vs 
1058.565 
1046.635 
315.305 
292.801 
475.187 
620.833 
599.728 
594.859 
584.109 
624.532 
607.947 
592.554 
582.786 
565.473 
551.688 

1198.718 
1196.926 
1196.478 
1197.374 
1198.158 
1194.907 
1191.083 
1188.376 
2050.979 
2050.979 
2050.979 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013

Damping 
0.0095 
0.0121 
0.0573 
0 .0685 
0 .0457 

0.0268 
0.0323 
0.0367 
0.0394 
0.0774 
0.0829 
0.0879 
0.0925 
0.0978 
0.1020 
0.0204 
0.0208 
0.0208 
0.0207 
0.0205 
0.0211 
0.0219 
0.0224 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397

G 
3480.00 
3402.00 
247.00 
213.00 
561.00 

1197.00 
1117.00 
1033 .00 
996.00 

1393 .00 
1320.00 
1254.00 
1213.00 
1142.00 
1087.00 
5355.00 
5339.00 
5335.00 
5343.00 
5350.00 
5321.00 
5287.00 
5263.00 

17636.00 
17636.00 

17636 .00 
18943 .00 

18943.00 
18943.00 
18943.00 
18943.00

IA:D)OC_SAFE\4000S\4790\4790.01 \CALCPKG 2\REV I \SV-SSOI1 -ATTC.DOC

30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41

193 .05 

212.49 
231.93 
251.37 
270.81 
290.25 
324.97 
374.97 
424.97 
474. 97 
549.97 
649.97

LV- FN 
41 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 

12 
13 

14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

31

Depth 
1.25 
3 .75 

6.25 

8.75 

11.00 

13.50 
16.50 
20.00 
24.00 
27.50 
30.50 
33.50 
37.50 
42.50 
47.50 
52 .50 

57.50 
62 50 
67.50 
72.50 
77.50 
82.50 
87.50 
95. 83 

107.50 
119.17 
134.73 
154.17 
173.61 
193.05 
212.49
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2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000

2051.013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013

0.0397 
0.0397 
0.0397 
0.0397 

0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397

18943.00 
18943.00 
18943.00 
18943.00 
18943.00 
18943.00 
18943.00 
18943.00 
18943.00 
18943.00

**** File: LV-FP.SCP

LV- FP 
41 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

31 
32 
33

Vs 
1058.717 
1046.942 
308.204 
276.541 
461.435 
614 .054 
604.541 
602 .014 
590 .814 
633 .656 

617.544 
607.487 
593.262 
558 .999 

539.110 

1190 .632 

1185.890 
1183.398 
1183.512 
1185.551 
1188.602 
1192.546 
1191.421 
2050.979 
2050.979 
2050.979 
2051. 013 

2051.013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013

Damping 
0 .0094 

0.0120 
0.0608 
0.0759 
0.0495 
0.0286 
0.0311 
0.0350 
0 .0378 
0.0742 
0.0797 
0.0830 
0 .0893 

0.0997 

0.1077 
0.0220 
0.0229 
0.0234 
0.0234 
0.0230 
0 .0224 
0.0216 
0.0218 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397

G 
3481.00 
3404.00 

236.00 
190.00 
529.00 

1171.00 
1135.00 
1058.00 
1019.00 
1434.00 
1362.00 
1318.00 
1257.00 
1116.00 
1038.00 
5283.00 
5241.00 
5219.00 
5220.00 
5238.00 
5265.00 
5300.00 
5290.00 

17636.00 
17636.00 
17636.00 
18943 .00 

18943.00 
18943.00 
18943.00 
18943.00 
18943.00 
18943.00

IA:DOC SAFE\4000S\4790\4790.01\CALCPKG2\REVINSV-SSIOI -ATTC.DOC

32 
33 
34 
35 
36 
37 
38 
39 
40 
41

231.93 
251.37 
270.81 
290.25 
324.97 
374.97 
424 .97 

474 .97 

549.97 
649.97

Vsmax 
1061.000 
1061.000 
431.000 
431.000 
594.000 
697.000 
697 .000 

712.000 

712.000 
834.000 
834.000 
834.000 
841.000 
841.000 
841 .000 

1273.000 
1273.000 
1273.000 
1273.000 
1273.000 
1273.000 
1273.000 
1273.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000

Depth 
1.25 

3 .75 
6.25 
8 .75 

11.00 

13 .50 

16.50 
20.00 
24 .00 
27.50 

30.50 
33.50 
37.50 
42.50 
47.50 
52.50 
57.50 
62.50 
67.50 
72 .50 
77.50 
82 .50 
87.50 
95.83 

107 .50 
119. 17 

134 .73 
154 .17 
173.61 
193.05 
212.49 
231.93 
251.37
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2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000 
2051.000

2051. 013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013

0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397

18943 .00 
18943 .00 

18943.00 
18943.00 
18943.00 
18943.00 
18943.00 
18943.00

**** File: MG-FN.SCP
mg-FN 

41 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35

Depth 
1.25 

3 .75 

6.25 
8 .75 

11.00 

13 .50 
16.50 
20.00 
24.00 
27 50 

30.50 
33.50 
37.50 
42.50 
47 .50 

52.50 
57.50 
62.50 
67.50 
72.50 
77.50 
82 .50 
87.50 
95.83 

107.50 
119.17 
134.73 
154 .17 

173 .61 

193 .05 

212.49 
231.93 
251.37 
270 .81 
290.25

Vsmax 
1500.000 
1500.000 

528.000 
528.000 
727.000 
854.000 
854.000 
871.000 
871.000 

1022.000 
1022.000 
1022 .000 

1190.000 
1190.000 
1190.000 
1800.000 
1800.000 
1800.000 
1800.000 
1800.000 
1800.000 
1800.000 
1800.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000

Vs 
1500.045 
1493.915 
430.758 
406.728 
628.373 
788.327 
777.428 
771. 150 

753.399 
829. 940 
814.445 
799.175 
978.713 
953.792 
931.966 

1733.977 
1727.154 
1721.240 
1716.323 
1712.096 
1708.095 
1704.006 
1699.749 
2899.987 
2899.987 
2899.987 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996

I:\DOCSAFE\4000S\4790\4790.01 \CALCPKG2\REV I \SV-SSIOI -ATTC.DOC

34 
35 
36 
37 
38 
39 
40 
41

270.81 
290.25 
324.97 
374.97 
424 .97 

474.97 
549. 97 

649. 97

Damping 
0.0090 
0 .0098 

0.0430 
0.0504 
0.0345 
0.0210 
0.0232 
0.0278 
0.0315 
0.0588 
0.0634 
0.0678 
0.0556 
0.0620 
0.0675 
0.0149 
0.0159 
0.0167 
0.0174 
0.0180 
0.0186 
0.0191 
0.0197 
0.0470 
0.0470 
0.0470 
0.0470 
0.0470 
0.0470 
0.0470 
0.0470 
0.0470 
0.0470 
0 .0470 

0.0470

G 
6988.00 
6931.00 
461.00 
411.00 
981.00 

1930.00 
1877.00 
1736.00 
1657.00 
2460 .00 
2369.00 
2281.00 
3421.00 
3249.00 
3102.00 

11205.00 
11117.00 
11041.00 
10978.00 
10924.00 
10873.00 
10821.00 
10767.00 
35259.00 
35259.00 
35259.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00
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4000.000 

4000.000 
4000.000 
4000.000 
5000.000 
5000.000

4000. 009 
4000.009 
4000.009 
4000.009 
5000.008 
5000.008

0.0340 
0.0340 
0.0340 
0.0340 
0.0272 
0.0272

72050.00 
72050.00 
72050.00 
72050.00 

112578.00 
112578 .00

**** File: MG-FP.SCP

mg-FP 
41 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

31 
32 
33 
34 
35 
36 
37

Depth 
1.25 

3 .75 
6.25 
8 .75 

11.00 

13 .50 
16.50 
20.00 
24.00 
27.50 
30.50 

33.50 
37.50 
42.50 
47.50 
52 .50 

57.50 
62.50 
67.50 
72.50 
77.50 
82 .50 
87.50 
95 .83 

107.50 
119.17 
134 .73 
154.17 
173.61 
193 .05 
212.49 
231.93 
251 .37 
270.81 
290.25 
324 .97 

374 .97

Vsmax 
1500.000 
1500.000 
528.000 
528.000 
727.000 
854.000 
854.000 
871.000 
871.000 

1022.000 
1022.000 
1022.000 
1190.000 
1190.000 
1190.000 
1800.000 
1800.000 
1800.000 
1800.000 
1800.000 
1800.000 
1800.000 
1800.000 
2900.000 
2900.000 
2900.000 
2900 .000 

2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
4000.000 
4000.000

Vs 
1500.045 
1494.023 
427.475 
396.201 
616. 409 
782 .176 

767. 633 
763 .337 
753 .172 

842.995 
824.184 
800.924 
978 .857 
957.455 
936.312 

1735.910 
1732 .970 
1727.465 
1720.383 
1714.446 
1708.488 
1702.036 
1696.035 
2899.987 
2899.987 
2899.987 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
4000.009 
4000.009 0.0340 72050.00

I :\DOCSAFE\4000S,4790\4790.01 \CALCPKG2\REV I \SV-SSIOI -ATTC.DOC

36 
37 
38 
39 
40 
41

324.97 
374.97 
424 .97 

474.97 
549.97 

649.97

Damping 
0.0090 
0.0098 
0.0441 

0.0536 
0.0374 
0.0222 
0.0253 
0.0295 
0.0316 
0.0548 
0.0605 
0.0673 
0 .0555 

0.0611 
0.0664 
0.0147 
0.0151 
0.0158 
0.0169 
0.0177 
0.0185 
0.0194 
0.0202 
0.0470 

0.0470 
0.0470 
0.0470 
0.0470 
0.0470 
0.0470 
0.0470 
0.0470 
0 .0470 

0.0470 
0 .0470 

0.0340

G 
6988.00 
6932.00 
454.00 
390.00 
944 .00 

1900.00 
1830.00 
1701.00 
1656.00 
2538.00 
2426.00 
2291.00 
3422.00 
3274.00 
3131.00 

11230.00 
11192 .00 
11121.00 
11030.00 
10954 .00 
10878.00 
10796.00 
10720.00 
35259.00 
35259.00 
35259. 00 

37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
72050.00
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4000.000 
4000.000 
5000.000 
5000.000

4000.009 
4000.009 
5000.008 
5000.008

0.0340 
0.0340 
0. 0272 

0.0272

72050.00 
72050.00 

112578.00 
112578.00

**** File: MV-FN.SCP
MV-FN 

41 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39

Depth 
1.25 
3.75 
6.25 
8 .75 

11.00 

13 .50 

16.50 
20.00 
24.00 
27.50 
30.50 
33.50 
37.50 
42 .50 
47.50 
52 .50 

57.50 
62 .50 

67.50 
72.50 
77.50 
82.50 
87.50 
95.83 

107.50 
119.17 
134 .73 

154 .17 
173 .61 

193 .05 
212.49 
231.93 
251.37 
270.81 
290.25 
324.97 
374.97 
424.97 
474.97

Vsmax 
1500.000 
1500.000 
528.000 
528.000 
727.000 
854.000 
854.000 
871.000 
871.000 

1022 .000 

1022 .000 

1022.000 
1190.000 
1190.000 
1190.000 
1800.000 
1800.000 
1800.000 
1800.000 
1800.000 
1800.000 
1800.000 
1800.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000

Vs 
1500.045 
1493.915 
430.758 
406.728 
628.373 
788.327 
777. 428 
771.150 
753 .399 
829.940 
814.445 
799.175 
978.713 
953.792 
931.966 

1733.977 
1727 .154 
1721.240 
1716 .323 
1712.096 
1708.095 
1704.006 
1699.749 
2899.987 
2899.987 
2899.987 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899. 996 
2899.996 
2899.996 

2899.996 
2899.996

I:\DOCSAFE\4000S\4790\4790.01 \CALCPKG2\REV I \SV-SSIO I -ATTC.DOC

38 
39 
40 
41

424.97 
474.97 
549.97 
649.97

Damping 
0.0090 
0.0098 
0.0430 
0 .0504 

0.0345 
0.0210 
0. 0232 
0.0278 
0.0315 
0.0588 
0.0634 
0.0678 
0 .0556 

0.0620 
0.0675 
0.0149 
0 .0159 

0.0167 
0.0174 
0.0180 
0.0186 
0.0191 
0.0197 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394

G 
6988.00 
6931.00 
461.00 
411.00 
981.00 

1930.00 

1877.00 
1736.00 
1657.00 
2460.00 
2369.00 
2281.00 
3421.00 
3249.00 
3102.00 

11205.00 
11117.00 
11041.00 
10978.00 
10924 .00 

10873.00 
10821.00 
10767.00 
35259.00 
35259.00 
35259.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00
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549.97 2900.000 

649.97 2900.000
2899.996 
2899.996

0.0394 37871.00 
0.0394 37871.00

**** File: MV-FP.SCP

MV-FP 
41 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 

12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41

Depth 
1.25 
3.75 
6.25 
8.75 

11.00 
13.50 
16.50 
20.00 
24 .00 

27.50 
30.50 
33.50 
37.50 
42 .50 
47.50 
52.50 
57.50 
62 .50 

67.50 
72 .50 

77.50 
82 .50 
87.50 
95.83 

107.50 
119.17 
134.73 
154.17 
173.61 
193.05 
212.49 
231.93 
251.37 
270.81 
290.25 
324 .97 

374.97 
424 .97 

474.97 
549.97 
649.97

Vsmax 
1500 .000 

1500.000 
528.000 
528.000 
727.000 
854.000 

854.000 
871.000 
871.000 

1022.000 
1022.000 
1022.000 
1190.000 
1190.000 
1190. 000 

1800.000 
1800.000 
1800.000 
1800.000 
1800 .000 
1800.000 
1800.000 
1800.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000 
2900.000

Vs 
1500.045 
1494.023 
427.475 
396.201 
616.409 
782.176 
767.633 
763.337 
753.172 
842. 995 
824 .184 

800.924 
978.857 
957.455 
936.312 

1735.910 
1732.970 
1727.465 
1720.383 
1714.446 
1708.488 
1702.036 
1696.035 
2899.987 
2899.987 
2899.987 
2899.996 
2899.996 
2899. 996 
2899. 996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899.996 
2899. 996 
2899.996 
2899.996 
2899.996

I:ADOC SAFE\4000S\4790A4790.01\CALCPKG2\REVI\SV-SSIOI-ATTC.DOC

40 
41

Damping 
0.0090 
0.0098 
0.0441 
0.0536 
0.0374 
0 .0222 

0.0253 
0.0295 
0.0316 
0.0548 
0. 0605 
0.0673 
0.0555 
0.0611 
0.0664 
0.0147 
0 .0151 

0.0158 
0 .0169 
0.0177 
0.0185 
0.0194 
0.0202 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0 .0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394 
0.0394

G 
6988.00 
6932.00 
454.00 
390.00 
944.00 

1900.00 
1830.00 
1701.00 
1656 .00 

2538.00 
2426.00 
2291.00 
3422 .00 
3274.00 
3131.00 

11230.00 
11192 .00 

11121.00 
11030 .00 

10954.00 
10878.00 
10796.00 
10720.00 
35259.00 
35259.00 
35259.00 
37871. 00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871.00 
37871. 00 
37871. 00 
37871.00 
37871.00 
37871.00 
37871.00



05996.02-G(PO18)-2 (Rev 1) 
Attachment C Page 10 of 14 

**** File: PSTAT.FOR 
program PSTAT2 
character ifile*40,ofile*40,title*70 
real mlg(100),md(100),dmp(100),uw(100) 

c 
99 print*, ' enter ifile: 

read(5, '(a)') ifile 
IF(ifile.eq.'q'.or.ifile.eq.'Q') STOP 
open(7, file=ifile) 
read(7, '(a) ') ofile 
open(9, file=ofile) 
read(7,' (a) ') title 
write(9, '(a) ') title 
DO 10 i=l,100 

mlg (i) =0.0 
md(i) =0.0 

10 CONTINUE 
read(7,*) nout 
DO 30 iout=1,nout 

read (7,' (a) ') ifile 
open(8,file='..\siteresp\'//ifile(l:5)//'.pun') 
read (8, *) k,nl 
d=0.0 
DO 20 i=l,nl-l 

read(8,*) k,j,j,h,g,damp,uw(i) ,gmax 
mlg (i) =mlg (i) +log (g) 
md (i) =md (i) +damp 
dmp (i) =d+h/2. 0 
d=d+h 

20 CONTINUE 
close (8) 
print' (' ' completed ' ',a8) ',ifile 

30 CONTINUE 
close (7) 
write(9,'(i5,t12,''H MPD Vs UW 

Damping' ', 
1' G'1')1) nl-i 

db=0.0 
DO 40 i=l,nl-l 

h=2.0* (dmp (i) -db) 
db=db+h 
g=exp (mlg (i)/real (nout)) 
damp=md(i) /real (nout) 
v=sqrt (g*32.2/uw(i)) 
write(9,'(i5,2f8.2,flO.3,2f10.4,flO.2)') i,h,dmp(i),v, 
uw(i) , damp, g

I:\DOC SAFE\4000S\4790\4790.01 \CALCPKG2\REVI\SV-SSI01-ATTC.DOC
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40 CONTINUE 
close(9) 
go to 99 
END 

** File: STAT-HVS.IN 

stat-hvs.out 
Statistics High Vs 

2 
hV-FN 
hV-FP 

q 

** File: STAT-HVS.OUT

Statistics High 
41 H 

1 2.50 
2 2.50 
3 2.50 
4 2.50 
5 2.00 

6 3.00 
7 3.00 

8 4.00 
9 4.00 

10 3.00 
11 3.00 

12 3.00 

13 5.00 
14 5.00 
15 5.00 
16 5.00 
17 5.00 

18 5.00 

19 5.00 
20 5.00 

21 5.00 
22 5.00 

23 5.00 

24 11.67 

25 11.67 
26 11.67 

27 19.44 
28 19.44 

29 19.44 

30 19.44 
31 19.44

Vs 
MPD 

1.25 
3.75 
6.25 
8.75 
11.00 

13.50 
16.50 
20.00 
24.00 
27.50 
30.50 
33.50 
37.50 
42.50 
47.50 
52.50 
57 .50 

62 .50 

67.50 
72.50 
77.50 
82.50 
87.50 
95 .83 

107.50 
119.17 
134.73 
154.17 
173.61 

193.05 
212.49

Vs 
2121.005 
2118.916 
572.921 
542.786 
807.237 
990.432 
975.362 
979.871 
966.037 

1065.836 
1051.714 
1040.421 
1509.135 
1488.251 
1467.515 
2496.595 
2492.479 
2488 .708 

2485.255 
2482.042 
2475.383 
2468.681 
2462 .777 
4100.997 
4100.997 
4100.997 
4100.997 
4100.997 
4100.997 
4100.997 
4100.997

UW 
0.1000 

0.1000 

0.0800 
0.0800 
0.0800 
0.1000 

0.1000 

0.0940 
0.0940 
0.1150 
0.1150 
0 .1150 

0.1150 
0.1150 
0.1150 
0.1200 
0.1200 
0.1200 
0.1200 
0.1200 
0.1200 
0.1200 
0.1200 
0.1350 
0.1350 
0.1350 
0.1450 
0.1450 
0.1450 
0 .1450 

0.1450

Damping 
0.0090 
0.0092 
0.0306 
0.0390 
0.0269 
0 .0169 
0.0194 
0.0220 
0.0242 
0.0482 
0 .0509 

0.0531 
0.0373 
0.0405 
0.0435 
0.0109 
0.0112 
0.0115 
0.0117 
0.0120 
0.0126 

0.0133 
0.0139 
0.0428 
0.0428 
0 .0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0428

G 
13971.00 
13943.50 

815.50 
731.97 

1618.96 
3046.44 
2954.44 
2802.91 
2724.33 
4057.16 
3950.37 
3865.98 
8133.89 
7910.33 
7691.43 

23228.51 
23151.99 
23082.00 
23017.98 
22958.51 
22835.48 
22711.99 
22603.50 
70510.98 
70510.98 
70510 .98 
75734 .00 

75734.00 
75734.00 
75734.00 
75734.00

[:\DOCSAFE\4000S\4790\4790.01\CALCPKG2\REV I \SV-SSIOI-ATTC.DOC
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231.93 
251.37 
270.81 
290.25 
324.97 
374.97 
424.97 
474.97 
549.97 
649.97

4100.997 
4100.997 
4100.997 
4100 .997 
5657.003 
5657.003 
5657. 003 
5657.003 
6398.000 
6398.000

**** File: STAT-LVS.IN 

stat-lvs.out 
Statistics Low Vs 
2 
LV-FN 
LV-FP 

q 

** File: STAT-LVS.OUT 

Statistics Low Vs
MPD 

1.25 
3 .75 
6.25 
8.75 

11.00 
13.50 
16.50 
20.00 
24.00 
27.50 
30.50 
33.50 
37.50 
42.50 
47.50 
52.50 
57.50 
62.50 
67.50 
72.50 
77.50 
82.50 
87.50 
95.83 

107.50

Vs 
1058.641 
1046.789 
311.735 
284.555 
468.261 
617.434 
602.130 
598.426 
587.452 
629.077 
612.727 
599.974 
588.001 
562 .227 
545.363 

1194.668 
1191.395 
1189.920 
1190.423 
1191.838 
1191.750 
1191.814 
1189.898 
2050.979 
2050.979

0.1450 
0.1450 
0.1450 
0 .1450 

0.1450 
0. 1450 
0.1450 
0.1450 
0.1450 
0.1450

uw 
0.1000 
0.1000 
0 .0800 
0.0800 
0.0800 
0.1000 
0 .1000 
0.0940 
0.0940 
0.1150 
0.1150 
0.1150 
0.1150 
0.1150 
0.1150 
0.1200 
0.1200 
0.1200 
0.1200 
0.1200 
0.1200 
0.1200 
0.1200 
0.1350 
0.1350

0.0428 
0.0428 
0.0428 
0.0428 
0.0310 
0.0310 
0.0310 
0.0310 
0.0253 
0.0253

Damping 
0.0094 
0.0121 
0.0591 
0.0722 
0.0476 
0.0277 
0.0317 
0.0359 
0.0386 
0.0758 
0.0813 
0.0855 
0.0909 
0.0988 
0.1049 
0.0212 

0.0218 
0.0221 
0.0220 
0.0217 
0.0218 
0.0217 
0.0221 
0.0397 
0.0397

75734.00 
75734.00 
75734.00 
75734.00 

144106.97 
144106.97 
144106.97 
144106.97 
184331.97 
184331.97

G 
3480.50 
3403.00 
241.44 
201.17 
544.77 

1183.93 
1125.96 
1045.43 
1007.43 
1413.35 
1340.84 
1285 .60 
1234.80 
1128.93 
1062 .22 
5318.88 
5289.77 
5276.68 
5281.14 
5293.71 
5292.92 
5293.50 

5276.48 
17636.00 
17636.00

32 
33 
34 
35 
36 
37 
38 
39 
40 
41

19.44 
19.44 
19.44 
19.44 
50.00 
50.00 
50.00 
50.00 

100.00 
100.00

41 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

19 
20 
21 
22 
23 
24 
25

H 
2.50 
2.50 
2.50 
2.50 
2.00 
3.00 
3 .00 
4.00 
4.00 
3.00 
3.00 
3.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 
5.00 

11.67 
11. 67
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26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41

11.67 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19 .44 
50.00 
50.00 
50.00 
50.00 

100.00 
100.00

119.17 
134 .73 
154.17 
173 .61 
193 .05 

212 .49 
231.93 
251.37 
270.81 
290.25 
324 .97 

374.97 
424.97 
474.97 
549.97 
649.97

2050.979 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013 
2051. 013 
2051.013 
2051.013 
2051.013 
2051.013 
2051.013

0.1350 
0.1450 
0.1450 
0.1450 

0. 1450 

0.1450 
0. 1450 
0.1450 
0.1450 
0.1450 
0 .1450 

0 .1450 

0.1450 
0 .1450 

0.1450 
0.1450

**** File: STAT-MVS.IN 

stat-mvs.out 

Statistics Mean Vs 
4 
mV-FN 
mV-FP 
mg-FN 
mg-FP 

q 

** File: STAT-MVS.OUT

Statistics Mean Vs 
41 H MPD 

1 2.50 1.25 
2 2.50 3.75 

3 2.50 6.25 

4 2.50 8.75 
5 2.00 11.00 

6 3.00 13.50 

7 3.00 16.50 
8 4.00 20.00 

9 4.00 24.00 

10 3.00 27.50 
11 3.00 30.50 

12 3.00 33.50 

13 5.00 37.50 

14 5.00 42.50 
15 5.00 47.50 
16 5.00 52.50 

17 5.00 57.50

Vs 
1500.045 
1493.969 
429.113 
401.430 
622.362 
785.246 
772 .515 
767.233 

753.286 
836.442 
819.300 
800.049 
978.785 
955.622 

934.136 
1734.943 
1730.060

UW Damping
0.1000 
0.1000 
0.0800 
0.0800 
0.0800 
0 .1000 

0.1000 
0.0940 
0.0940 
0.1150 
0.1150 
0.1150 
0.1150 
0.1150 
0.1150 
0.1200 
0.1200

0.0090 
0.0098 
0.0435 
0.0520 
0.0360 
0.0216 
0.0242 
0.0286 
0.0315 
0.0568 
0 .0619 
0.0676 
0 .0555 
0. 0615 

0.0669 
0.0148 
0 .0155

G 
6988.00 
6931.50 
457.49 
400.36 
962 .32 

1914 .94 

1853.35 
1718.41 
1656.50 
2498.70 
2397.33 
2286.00 
3421.50 
3261.48 
3116.47 

11217.49 
11154.44

i[ADOC SAFE\4000S\4790\4790.01\CALCPKG2\REVI\SV-SSIOI -ATTC.DOC

0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397

17636 .00 
18943.00 
18943.00 
18943.00 
18943.00 
18943.00 
18943.00 
18943.00 
18943.00 
18943.00 
18943 .00 
18943.00 
18943.00 
18943.00 
18943.00 
18943.00
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18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41

5.00 

5.00 

5.00 

5.00 

5 .00 
5.00 

11.67 
11.67 
11.67 

19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
50.00 

50.00 

50.00 

50 .00 

100.00 

100.00

62.50 
67.50 
72 .50 
77.50 
82 .50 
87.50 
95.83 

107.50 
119.17 
134 .73 
154 .17 

173.61 
193 .05 

212.49 
231.93 
251.37 
270.81 
290.25 
324 .97 

374 .97 

424 .97 

474.97 
549.97 
649.97

1724.350 
1718.351 
1713.271 
1708.291 
1703.020 

1697.891 
2899. 987 
2899.987 
2899. 987 
2899.995 
2899.995 
2899.995 
2899.995 
2899.995 
2899.995 
2899. 995 
2899.995 
2899.995 
3405.878 
3405.878 
3405.878 
3405.878 
3807.886 
3807.886
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0.1200 
0.1200 
0.1200 
0.1200 
0.1200 
0.1200 
0.1350 
0.1350 
0.1350 
0 .1450 

0.1450 
0.1450 
0.1450 
0.1450 
0.1450 
0.1450 
0.1450 
0 .1450 

0.1450 
0.1450 
0.1450 
0. 1450 

0.1450 
0.1450

0.0163 
0.0171 
0.0178 
0 .0185 
0.0193 
0.0200 
0 .0432 

0 .0432 

0.0432 
0 .0432 

0 .0432 
0.0432 
0.0432 

0.0432 
0.0432 
0 .0432 
0 .0432 

0 .0432 
0.0367 
0.0367 
0.0367 
0.0367 
0.0333 
0.0333

11080.93 
11003 .97 
10938.99 
10875 .50 

10808 .49 

10743 .48 
35259.00 
35259.00 
35259.00 
37870.99 
37870.99 
37870.99 
37870.99 
37870.99 
37870.99 
37870.99 
37870.99 
37870 .99 

52236.05 
52236.05 
52236.05 
52236.05 
65295.01 
65295.01
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Calculation 05996.02-G(PO18)-2, Rev. 01 
Attachment D 

Development of Dynamic Soil Properties 

This attachment contains a printout of EXCEL spreadsheet SV-SSI-FEB01.XLS in which the 

results of the site response analyses are used to compute the dynamic soil properties for the 

SASSI model and the spring-dashpot-lumped mass model. The spreadsheet is located on the 

accompanying disk in directory \RESULTS. The spreadsheet contains five sheets.  

SHEETS 1, 2, and 3 
Sheets 1, 2, and 3 contain the results of averaging the SHAKE output files for the high range, 

best estimate, and low range velocity models, respectively. Columns A through G contain the 

average results of the SHAKE analyses as calculated in Attachment C. Column H contains the 

low-strain compression wave velocities from Tables 1, 5a, and 5b. The weighted average 

velocities, unit weight, and damping within the top 30 feet are computed on these sheets in cells 

JI:023. Column J computes the depth-weighting factor using the equation 

fac(d) = (30 + ped - d)/30 

where d is the depth of the layer midpoint from Column C and ped is a factor to account for the 

storage pad embedment depth. On average, the pads are to be embedded approximately 3 feet, 

leaving 2 feet of soil cement beneath them. Thus for the best estimate case, ped was set to 3 feet.  

For the high range profile, it was assumed that the soil cement would have a maximum thickness 

of about 7 feet, resulting in 4 feet of soil cement beneath the pad. To account for this effect, ped 

was set to 1 foot, so that 4 feet of the soil cement properties would be included in the depth

averaged results, maximizing the soil stiffness. For the low range profile, it was assumed that 

the soil cement would have the minimum thickness beneath the pad of 1 foot. To account for 

this effect, ped was set to 4 foot, so that 1 feet of the soil cement properties would be included in 

the depth-averaged results, minimizing the soil stiffness.  

Column K computes the depth factor, Equation (D-1) times the layer thickness from Column B 

(note that the layer thickness for the first two layers in Columns B and C have been adjusted 

from the results in Attachment C to account for the variability in soil cement thickness discussed 

above). These are the weighting factors for the properties in each layer. Columns L, M, N, and 

O list the layer values for shear modulus, damping, unit weight, and compression wave velocity 

from columns G, F, E, and H multiplied by the weighting factors in column K. The compression 

wave velocities are squared to approximate bulk modulus. Cells L21:021 list the sums of the 

values in the corresponding columns divided by the sum of the weighting factors in cell K2 1.  

These are the depth-weighted average values for each parameter. Cell M23 computes the 

equivalent shear wave velocity from the average shear modulus G in Cell M21 and the average 

unit weight y in cell N21 using the equation: 

V 3G 

VS /ý32.2ftlsec
2
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Cell 023 computes the average compression wave velocity as the square root of the depth
weighted average of the layer velocities squared.  

SHEET 4 
Sheet four contains the simplified SASSI profiles derived from the SHAKE output files.  
Column A indicates the SHAKE analysis layers on sheets 1, 2, or 3 that are combined to form a 
single layer in the SASSI model profile. Column B takes the depth to the lop of each layer group 
from bottom depth of the higher layer in Column C, and column C sums the layer thicknesses 
from the appropriate results on Sheets 1, 2, or 3, and adds them to the top depth to get the bottom 
depth. Column D computes the unit weight as the average values for the appropriate layers on 
sheets 1, 2, or 3. Columns E and F compute the wave velocities as the harmonic mean of the 
values for the appropriate layers on sheets 1, 2, or 3. Column G computes the Poisson's ratio 
using the relationship: 

2[(výI j2 ] !s 

Sheet 5 
Sheet 5 contains the calculation of the spring, dashpot, and lumped mass parameters following 
the procedure used in calculation 05996.01 G(P05)-l. A copy of the previous calculation is 

attached to provide the basis for the calculations in the spreadsheet. The values in cells B5 :D 12 

are taken from cells L21:023 on sheets 1, 2, or 3. The values in cells A18:D37 are computed 
using Equations (4), (5), and (6). Interpolation of the required constants is performed in cells 

A39:D53 using values taken from the tables attached to calculation 05996.01 G(P05)-1.
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velocity of Love waves lies between these two shear velocities and is a function 

of the frequency. Using primes to denote the stratum, the velocity of Love 

waves st, can be found from 

-,(1_ (,t [ )t/,tan Keu(,. i)"-1 = 0 (3.57) t

0 

4 N -_W 7 -T'"

Figure 3.15. Combined wave.  

very long wave that envelops tite motions corresponding to the first factor, as 

shown by the dashed line in Fig. 3.15. This envelope moves in tile direction of 

tlse waves with a velocity equtal to (Ao/2)/(Ax/2) or A(wlAK. In tlse limtit, when 

* there is a continuous spectrum of wave frequencies, we may write for tile group 

velocity 

doTK i Kx 

or, introducing the symbol A 2n1K for wavelength, 

v, = v -- AA dA

where K cou/uV. We see tht as K - 0, or when we deal with long waves, 

it - P,, and as . - -o, for short waves, V, - tr'.  

Solutions are available for Rayleigh. Love, and other types of waves under 

a variety of stratification conditions. In many such solutions the velocity of 

wave propagation is a function of the wave frequency. When this happens, 

unless we are dealing with sinusoidal, steady-state conditions, we find that the 

shape of a disturbance changes as it travels along the medium in question.  

Sharp disturbances become trains of waves, each train containing oscillations 

of essentially equal frequency. Further, the velocity of a group of waves under 

these conditions differs from the velocity of an individual wave. This type of 

dispersion does not necessarily combine in additive manner with the dispersion 

due to internal damping' and accounts partly for the increase in duration of 

earthquake motions with focal distance.  

3.14 Group Velocity 

We have seen that in viscoelastic materials, wave velocities are functions of 

the frequency of tile waves, Even in a perfectly elastic solid, Love waves, among 

others, travel with a velocity that depends on the frequency and hence, ordinar

ily, ott wavelength. The phenomenon, known as dispersion, gives rise to rein

forcement and interference of waves having nearly the same velocities. This 

causes the appearatce of clusters of waves of essentially equal wavelengths.  

"Tlhe location of these clusters in space moves with a velocity, called group 

velocity. that differs from the velocities of the waves.  

Some idea of the effect of dispersion in this context may be gleaned from the 

study of the combination of two on--dimensional waves of the same amplitude 

hbit slighlty different frequencies and velocities. Let us consider, then, the 

combined wave 

x = a sin lK(X - t1) "+ sin (K +I AK)[X - (V + Av)r] 

where Kv = co. the circular frequency. This we can write in tie form 

x 2a sin (IX _.2o " (C-s - Y 

"lite sine function in this expression represents a wave with a frequency and a 

lengthl equal to the averages of tie original waves. Tile cosine function is a 

$ This remark is proved for waves traveling along a linearly damped cylindrical rod 

(Ijurter, 1960).

Only when v does not depend on ftie wavelength dines the group velocity coincide 
with the wave velocity, and no clusters develop.  

It can be shown that, when dispersed waves undergo reflection and refraction 

at an interface, tlie angles that the'corresponding paths form with the interface 

are functions of the individual wave velocities as for nondispersed waves, while 

tile velocities of transmission of energy follow the law of the group velocities.' 

3.15 Soil-Foundation Interaction 

Tite same contact stresses between soil and foundation that may be held 

responsible for earthquake effects on structures also cause deformations in 

the soil. especially in the vicinity of every structural foundation. Tlhe phenoite.  

non constitutes one form of dynamic soil-structurc inleraction, It is also known 

itt the literature as "energy feedback to ilhe ground," "foundatiot yielding," 

and '.foundation compliance." It has received considerable attention with a 

A more Ihorough explanation of the natter of group vCeltity. a ascd on a Fourier ihtcgral 

representation of dispersed waves. is found in liulltn (19t51, pp. 58-66, 9)-95, and 107 to).

/ 2,÷x 1. /ta, 

2X"% -A X --w --- ,I

0 

'eoo 005 

0 (00-.•<

m• I-

Sec: 3.15

rj: 

z 

(.  

0 

(D 

rt 
ID 
C---



SOIL -FOUNDATION INTERACTI. 95
94 LINEAR SYSTEMS WITH DISTRIBUTED MASS

0

view to application bolr to seismic problems and to the study of vibrations of 

machine fonndations. Yet no entirely satisfactory solution is available for cases 

other titan circular foundations, even under the assumption of perfectly elastic 

soil behavior.  
A rigid body resting on soil has six degrees of freedom: for example, ars 

up-and-dowin motion, torsion about a vertical axis, two degrees in rocking, and 

two degrees of horizontal translation. Suppose that the responses in all modes 

were known for a massless body subjected either to an instantaneous pulse or to 

a Ilaraoaic. steady-state disturbance along each component. Then appropriate 

use of either convolution integrals, Laplace (Sandi, 1960), or Fourier (Monge 

and Rosenberg. 1964) transforms would permit calculation of the responses of 

any structure of linear behavior resting on a rigid foundation supported in turn 
by a soil of linear behavior.  

Most of tire solutions available concern a rigid plate, either circular or 

rectangular, resting on ans isotropic, homogeneous, linearly elastic halfspace, 

under steady-state vibration and have been obtained assuming that ih; distribri

tion of contact stresses is tIhe same as under static loading, independently of 

the frequency of vibration. Actually tle distribution of contact stresses depends 

on the frequrency. Lysmer (1965) has succeeded in solving the problem of a 

rigid plate under steady-state vertical oscillation taking into account the proper 

distribution of contact stresses. To this end he has taken the solution for a flex

jble plate tihat applies a vibratory uniform pressure on the ground (Sung, 1953).  

By stbtracling the effects of a smaller concentric plate lie has obtained the 

responses to a ring that applies urniformly distributed vibratory pressures; by 

replacing the rigid plate with a set of 20 concentric rings and equating their 

vertical displacencattr at every instant he has obtained a numerical solution.  

Using a somewhat similar approach. Elorduy (1967) has developed a method 

applicoble to the vibrations of a rigid plate of arbitrary shape resting on an 

elastic hailfspice. lie ,makes use of the known solution for the free-field effects 

of/a vertical (Pekeris, 1955) or a horizontal (Chao, 1960) concentrated pulse 

applied at a point of the free sturface of the elastic halfspace. He then solves 

two sets of simultaneous equations to satisfy the boundary condition at the 

base of tIe plate. Elordny's application to rectangular plates is beset with tire 

simplifying assumption mthat tIe phase lag between force and displacement is 

the same at all points of contact between Ihe plate and the halfspace. Never

theless, his solution for tire oscillations of a square plate agrees well with the 

solution due to Kobori (1962), which was obtained by a different procedure.  

Elorduy's approach, after removing the simplifying assumption and incorpo

rating an explicit consideration of coupling between vertical and horizontal 

displacements, catl give results as accurate as desired for plates of arbitrary 

shape. However, as in Lysmer's treatment, the metlhod gives rise to sets of very 

ill-conditioned equations in sonse range of the variables. This difficulty was 

obviated by Robertson (1966) througlh a transformation of tlse integral equa

tion from which thlese sets of equaations are derived. lie was thts able to arrive 

it ise exact solution for tihe vertical oscillations of a rigid circular plate on an

I

elastic lhalfspace. Ilis method can be adapted to tile analysis of the rocking, 
torsional, and translational oscillations of rigid circular plates and to the vibra

lions of infinitely long rigid band plates. I lowever. it is not applicable in ally 

form to finite square or rectangular plates.  

Tajimi (1969) has been able to solve the problem of rocking anti irtslational 

oscillations of a rigid, circular, cylindrical pier embedded in an elastic stratum 

when both the stratutn and the pier rest oil an elastic halfspace.  

-A comparison of the exact solutibn for a rigid circular plate on an elastic 

halfspace with the solution based on the same distribution as under static 

conditions shows that the latter is satisfactory tp to and somewhat beyond the 

resonant frequency, but not much beyond. For very high frequencies the solu

lion obtained by assuming a static pressure distribution even predicts ant equiva

lent negative damping, which makes it unacceptable. In the study of tile vibra

tion of machine fonndatiins, such high frequencies are often of interest; in 

problems of earthquake-resistant design this is not necessarily the case. Since 

many problems have been solved only. under tIne simplifying assumption in 

question, we shall retain it in the presentation of sonic solutions.  

Our lack of concern with very high frequencies stems from tie following 

consideration. It is well known that soil-foundation interaction may affect the 

fundamental mode and period of vibration appreciably but that its effects are 

small on the second mode and period and negligible oat the higher harmonics.  

As an illustratiot consider a flexaral two-mass system. Let the flexibilities be 

concentrated at the base and at the first mass, the masses be equal to each other, 

the flexibilities also be equal to each other, antd the masses be equally spaced.  

If we introduce a spring,at the foundation to simulate rocking, with tile same 

flexibility as the spring elemenls at the joints, the fundamental period will 

increase 36 percent while the second natural period increases 8 percent. Indeed, 

it follows from the orthogonality of natural modes that if the fundamental 

mode of vibration of a building is a straight line, there can be no base overturn

ing moment in any of tIe higher modes (IBielak. 1969) antd hence these.are not 

affected by the possibility of interaction with rocking motion of the base. Since 

the fundamental mode is almost always approximately straight, interaction 

cat rarely have an important effect on the higher modes and periods. (Tlhis 

conclusion is apparently contradicted in papers by Parmelee (1967 and 1969), 

bilt the corresponding solutions fail to take into account vibration in other 

natural modes when analyzing the response in any given mode.) 

Now, tire fundamental period of the soil-structure system is not smaller thtan 

that of an infinitely rigid structure resting on the saire soil and having tire same 

masses and geometry as (lie structure in question. Because the seconrd natural 

period in buildings is of tie order of one half to one third of the fundamental 

(except when soil-foundation interaction is such as to make tIhe fundamental 

rmode nmch more significant titan the hartnonics). we are not interested in alr 

accutrate evaluation ofthe phenomenon of foundalaon compliance much beyond a 

frequency equal to about twice the first resornant freqanencyassociated with a rigid 

block resting on soil, and usually not much beyond the fist resonant frequuency.
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6;

K =4-pr 

C = 0.85Kr 
V,'

(3.58) 

(3.59)

where K is tile spring'constant, v and a are Poisson's ratio and modulus of 

rigidity. r is the radius of the plate, C the dashpot constant, and u, the velocity 

of shear waves in tile soil (,'•I7~). The spring constant in Eq. 3.58 is that for 

static loading. Tihe dashpot constant iu Eq. 3.59 is chosen such that in time entire 

range of possible Poisson ratios, 0 < It < 0.5 and forcing frequencies 0 • as < 

co. the computed amplitude of the response does not differ from the exact

In principle, once tile solutions were available for instantaneous pulses or 

steady-state disturbances, integral transforms would solve every problem of 

interest. The approach would be impractical, however, and would preclude 

analyzing nonlinear structures. A more attractive even if only approximate 

treatment replaces the soil will% a virtual mass fixed to the foundation, a massless 

spring, and a massless dashpot in parallel with the spring. The three parameters 

mIulst be defined for every degree of freedom and may be so placed as to include 

correctly coupling between tile various degrees. In this manner we have no 

dilliculty in applying'the standard methods of analysis for multidegrec systems 

to a new system, whose degrees of freedom include those of the structure 

proper plus six of tie foundation, and we may even deal with nonlinear struc
tural behavior.  

A rigorous treatment of this sort would require having two of the parameters 

in every degree of freedom vary with the frequency of vibration because we 

would have to adjust for two quantities at each frequency: the amplitude of 

response and its phase shift with respect to a harmonic excitation. If, as pro

posed, we take the parameters as independent of frequency, we must fulfill 

certain conditions. In it simple system, as we saw in Chapter I. the response at 

low frequency is essentially sensitive to tile spring constant. Hence, if our model 

is to cover a range of low frequencies, the spring stiffncsses must coincide with 

the values derived from static loading. (in a real soil this is to be interpreted as 

a rapid, quasistatic loading in which consolidation and creep are not given the 

opportunity to occur to an appreciable extent.) In the ranges of the resonant 

frequencies the dynamic magnifications of responses are sensitive only to the 

percentages of damping: these ranges will fix the dashpot constants. For high 

frequencies, only the masses are significant. Lysmer points out that, as the 

frequency of excitation tends to infinity, the wavelengths of the disturbances 

emanating from the foundation tend to zero; hence the virtual masses must 

also tend to zero, and if we wish our solution to hold for all possible frequencies, 

we must take the virtual mass in every natural mode as zero.  

Reasoning along these lines and adjusting to ithe exact solution we mentioned 

earlier for the vertical oscillations of a circular plate, so as to minimize the error 

in tile amplitude of tile responses to a harmonic force applied at the center of 

the plate, Lysmer proposes tile following parameters for this degree of freedom

C 1.35Kh 
5,.  

A comparison with the "exact" solution is shown in Fig. 3.17.  

T17_

Figure 3.16. Virtual mass in vertical oscillations of circular plate.  

Using a similar type of adjustment together with available information on 

spring constants and solutions for circular and rectangular rigid plates, Table 

3.1 has been constructed (Nieto, Rosenbluseth, anti Rasc6n, 1965; flarkan, 

1962). It is a partial list of stiffnesses, virtual masses, anti dashpot constants 

for various degrees of freedom of plates of Ilsesc shapes.  

Tise.positions of tie springs and dashpois are important to reflect the proper 

coupling between various degrees of freedom. Owing to symmetry, in circular 

and rectangular plates with uniformly distributed mase, there is coupling only 

between the rocking and transverse-displacement degrees. In plates tif other

solution by more than about 30 percent; in the rangc of greatest interest, it 
differs by less titan 20 percent. The phase change between the force and the 

response is automatically approximated also in a rough manner.  

The model described is the simplest that replaces the soil with a small nsumber 

of elements having parameters independent of tile frequency and yet gives the 

correct order of magnitude of the responses. lut tile condition that tile model 

be acceptable for very high frequencies causes a loss of accuracy in tile lower 

frequency range, and this loss is unnecessary in the analysis of responses to 

earthquakes. By introducing a virtual mass of soil we have one additional 

parameter that permits a better adjustment over a limited range of frequencies.  

When we do this, the computed responses will be smaller than in the absence of 

tile virtual mass if we retain the dashpot constant as given by Eq. 3.59. Henc.  

we must compensate by adopting a smaller dashpot constant. The fiolowing 

constants (Nieto, Rosenbldeth, and Rascn, 1965) give response amplitudes 

that check with the "exact" solution [which assumes tile same contact stress 

distribution as under static loading (Sezawa, 1927a; Reissner, 1936; Arnold, 

Ilycroft, and Warburton, 1955; Richart, 1962)1 within a few percent at least up 

to forcing frequencies equal to twice Ihat of resonance: K as in Eq. 3.58, the 

virtual mass equal to that of a cylindrical body of soil having the same base as 

the plate and a" height h equal to 0.27 times the square root of the base area A 

(Fig. 3.16), and a dashpot constant 

C - 0.64Kr 

I", 

The iattler can be pitt in tile more convenient form
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Figure 3.17. Comparison of responses of circular plates to vertical 

excitation.  

TASLE 3.1. STIrNiESSES, VIRTUAL MASSES, AND DAhINPOT CONSTANTS 

Stillness 

Degree of Ilciglht of Dashpol 

freedom soil prism constant Circular base Rectangular base* 

Vertical 0.27./.4 5.42,f 4,1( -- ,) £Cr"c,l(l - vy) 

IHorizontal 0.05 /r- 411.1V"p 5,Sx.u'(I - v)1)(2 - r), Ev/kr1(t - V2) 

Rockintlt O.35viJ 0.97V•pT 2.7.rr(v - 0) E1k#,lrA(I - y') 

Torsion 0.25.,/1 1.76V/-X"I 1
6

1.r)3 I.SEAkNl2(I -- vs) 

Aspect 
ki 

ratio c, V- 0.1 0.2 0.3 0.4 0.5 

1 1.06 1.00 0.935 0.868 0,792 0.704 1.984 

1.5 1.07 1.01 0.942 0.864 0.770 0.692 2.254 

2.0 1.09 1.02 0.945 0.170 0.784 0.686 2.510 

3.0 1.13 1.05 0.975 0.906 0.906 0.700 2.955 

5.0 1.22 1.15 1.050 0.950 0.850 0.732 3.700 

10.0 1.41 1.23 1.160 1.040 0.940 0.940 4.981 

-Coeficinits c,. kr. and ke ISbulaled In subsequent columns.  

tTake moments of inertia with respect to ax.s at wl-fodmidedon Interface.  

Rocking parcalel to lons side.  

shapes or with other mass distributions, there may be coupling with otherdegrees 

of freedom or among all six or them. The same situation sometimes stems from 

asymmetric distribution of stiffnesses'in the superstructure.

SOIL.FOUNDATION INTERACT, 99

Comparisons (Nicto, Rosenblucth, and Rasc6n, 1965) are shown in Figs.  
3.18-3.20 between the response amplitudes obtained from the models described 

in Table 3.1 and the "exact" solutions for steady-state harmonic excitation 

(Sung, 1953; Richart, 1962). We notice that the agreement for horizontal 

vibrations is comparable to that for vertical oscillations in Fig. 3.17. Agreement 

is adequate for torsional and rocking motion throughout most of the range of 

excitation frequencies covered in the figures. except in the neighborhood of the
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Figure 3.18. Comiparison of responses of circular plates to horizontal 
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FIguto 3.20. Comparison of responses of cIrcular plates to torsional 

excitation.  

resonant values when these are very small or very large. The discrepancy is 

important in these short inlecrals and should not be disregarded in the analysis 

of machine fotndations or in the calculation of responses to earthquakes hiving 

well-defined, prevailing frequencies when these frequencies lie close to the 

rocking or torsional natural frequencies of the machine foundations. For most 

purposes in earthquake-resistant design, however, these discrepancies may well 

be overlooked because they affect only the contributions of short intervals in 

the entire range of significant frequencies of the motion.  

Matters would improve if we varied one or two parameters in the models as 

a function of frequency. No doubt this should be done in the cases of narrow

band excitation that we quoted in the foregoing paragraph. Apparently, we 

could always proceed in this manner when using modal analysis. By trial and 

error or iteration we could find the values of parameters giving the best adjust

ment in the neighborhood of the natural frequencies of the soil.structure 

"--mi and recompute these frequencies in terms of those parameters. But 

]al analysis does not apply strictly when we include soil-structure interac

n because the combined system lacks classical natural modes. Hence, if we 

-sort to modal analysis at all, great refinements are unwarranted. And if we 

wish to attain great accuracy there will be little advantage in adopting the sim

plified models proposed in this article, and we shall do well to return to the 

".exact" solutions. These allow us to compute the transferfunctions of the system 

(its responses to instantaneous pulses), from which we can find the effects of 

various types of earthquakes on systems of linear behavior, as will be done in 

Chapters 9 and 10.  
Ordinarily. analysis of pronouncedly nonlinear systems with soil-structure 

interaction will be formulated validly in terms of the models that Table 3.1 

proposes, since nonlinearity will ensure that a vast range of frequencies will enter 

into play.

For other shapes of foundation the constants K for vertical oscillations are 
obtaincd readily by making reasonable assumptions about the contact pressure 

distribution, using charts (Newmark, 1947) to find the settlement of various 

points as though the foundation were flexible and to compute the foundation's 

average contact pressure and average settlement. Ordinarily the ratio of the two 

will give a satisfactory approximation to K. For example, under a circular 

plate subjected to a central vertical load the obviously wrong assumption that 

the contact pressure is uniform gives an error of only 5 percent (Timoshenko 

and Goodier, 1951). The spring constants that correspond to rocking oscil

lations can be obtained in similar fashion, while those for torsional and hori

zontal motions require integration of Cerrutti's equation for displacements at 

the ground surface. Once K has been obtained, the data in Table 3.1 can be 

used as a guide to estimate.the dashpot constant and the virtual mass of soil.  

Studies are needed to allow reasonable estimates to be made of these parameters 

for deep, compensated foundations and for foundations on piles.  

Numerical solutions have been obtained using high-speed computers for 

specific two.dimensional cases using lumped-parametcr models and finite 

elements (Parmelee, 1969; Wilson, 1969). Some solutions correspond to surface 

foundations on a halfspace; others correspond to a foundation on a soil layer 

that in turn rests on a bedrock halfspace Oylhitman. 1969). to partially compen

sated foundations (J. K. Minami and Sakurai, 1969), to a circular pier in a 

layered halfspace (Tajimi, 1969). and to foundations on point bearing piles 

(Penzien, Scheffey, and Parmelee, 1964; Kobori, Minai, and Inoue, 1969).  

Essentially the same remarks apply as the ones made on the problem of multiple 

wave reflection (Sections 3.5) concerning "radiation damping" and the correct 

specification of boundary conditions where the soil or rock is assumed to 

terminate.  

PROBLEMS' 

3.1". Compute the fundamental period of a cylindrical chimney stack of steel 

with circular cross section 6 ft In diameter, whose height is 90 ft, and whose thickness 

is I in. (Fig. 3.21). Neglect shear deformations, rotary inertia, damping, gravity effects, 

and soil-foundatIon interaction.  
Ams. 0.406 sec.  

3.2. The unit weight and modulus of elasticity of a soil formation are 2.0 ton/m
3 

and 2 x 10n ton/mr. Compute the velobitics of dilatatlonal, rotational, and Rayleigh 

waves in this material. Assume that Poisson's relation applies.  
Ans. v, - 1085 m/sec. v. - 626 m/sec, i, = 576 m/sec.  

3.3". A 30-in layer of the material specifiedt in Problem 3.2 rests on what may be 

idealized as a scoiinfinite rock formation having a unit weight of 2.8 ton/mi, a 

modulus of elasticity of 3 x t0' ton/in', and a Poisson's ratio of 0.25. Compute the 

I Solution of problems marked with an aslcrisk is Icngity.
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2,000-yr DB 
Results for High Velocity

Layer Thickness 
(ft)

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41

High Vs
SV-ssi-febOl (AttD).XLS

1 
4 

2.5 
2.5 

2 
3 
3 
4 
4 
3 
3 
3 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

11.67 
11.67 
11.67 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 

50 
50 
50 
50 

100 
100

Ratio
Midpoint 

Depth Vs 
(ft) (fps) 

0.5 2121.005 
3 2118.916 

6.25 572.921 

8.75 542.786 
11 807.237 

13.5 990.432 

16.5 975.362 

20 979.871 

24 966.037 

27.5 1065.836 
30.5 1051.714 

33.5 1040.421 

37.5 1509.135 
42.5 1488.251 

47.5 1467.515 

52.5 2496.595 

57.5 2492.479 

62.5 2488.708 

67.5 2485.255 
72.5 2482.042 

77.5 2475.383 

82.5 2468.681 

87.5 2462.777 

95.83 4100.997 
107.5 4100.997 

119.17 4100.997 

134.73 4100.997 

154.17 4100.997 

173.61 4100.997 

193.05 4100.997 

212.49 4100.997 

231.93 4100.997 

251.37 4100.997 

270.81 4100.997 
290.25 4100.997 

324.97 5657.003 
374.97 5657.003 

424.97 5657.003 

474.97 5657.003 

549.97 6398 

649.97 6398

Weight 
(kcf) 

0.1 
0.1 

0.08 
0.08 
0.08 

0.1 
0.1 

0.094 
0.094 
0.115 
0.115 
0.115 
0.115 
0.115 
0.115 

0.12 
0.12 
0.12 
0.12 
0.12 
0.12 
0.12 
0.12 

0.135 
0.135 
0.135 
0.145 
0.145 
0.145 
0.145 
0.145 

0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 

0.145 
0.145 
0.145

0.009 
0.0092 
0.0306 

0.039 
0.0269 
0.0169 
0.0194 
0.022 

0.0242 
0.0482 
0.0509 
0.0531 
0.0373 
0.0405 
0.0435 
0.0109 
0.0112 
0.0115 
0.0117 

0.012 

0.0126 
0.0133 
0.0139 
0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.0428 
0.031 
0.031 
0.031 
0.031 

0.0253 
0.0253

G 

13971 
13943.5 

815.5 
731.97 

1618.96 
3046.44 
2954.44 
2802.91 
2724.33 
4057.16 
3950.37 

3865.98 
8133.89 
7910.33 
7691.43 

23228.51 
23151.99 

23082 

23017.98 
22958.51 
22835.48 
22711.99 
22603.5 

70510.98 
70510.98 
70510.98 

75734 
75734 
75734 
75734 
75734 
75734 
75734 
75734 
75734 

144106.97 
144106.97 
144106.97 
144106.97 
184331.97 
184331.97

Vp (fps) 
3380 
3380 
1385 
1385 
1543 
1803 
1803 
1764 
1764 
2042 
2042 
2042 
2949 
2949 
2949 
4808 
4808 
4808 
4808 
4808 
4808 
4808 
4808 
7104 
7104 
7104 
7104 
7104 
7104 
7104 
7104 
7104 
7104 
7104 
7104 
9798 
9798 
9798 
9798 

11155 
11155

Unit Damping

1 of 2
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Equivalent Properties for Top 30 Feet (minus top I ft) -High Range

Depth 
Factor x 

Thickness

3.7333 
2.0625 
1.8542 
1.3333 
1.7500 
1.4500 
1.4667 
0.9333 
0.3500 
0.0500

G 
contrib.  

(ksf) 
52055.733 

1681.969 
1357.194 
2158.613 
5331.270 
4283.938 
4110.935 
2542.708 
1420.006 
197.519

Damping 
contrib.  

(%) 
3.43 
6.31 
7.23 
3.59 
2.96 
2.81 
3.23 
2.26 
1.69 
0.25

Unit Wt.  
contrib.  

(kcf) 
0.3733 
0.1650 
0.1483 
0.1067 
0.1750 
0.1450 
0.1379 
0.0877 
0.0403 
0.0058

VpA2 
contrib.  
(fpsA2) 

42651093.3 
3956339.06 
3556708.85 
3174465.33 
5688915.75 
4713673.05 

4563820.8 
2904249.6 
1459417.4 
208488.2

14.9833 5014.898 

Equiv Vs

2.25 0.0924 4863882.41 

1321.75 Avg Vp 2205.42114

High VsSV-ssi-febOl (AttD).XLS

Depth 
Factor 

(30-MPD) 
0.9333 
0.8250 
0.7417 
0.6667 
0.5833 
0.4833 
0.3667 
0.2333 
0.1167 
0.0167

2 of 2
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Layer Thickness 
(ft)

1 
2 
3 
4 
5 
6 
7 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 

33 
34 
35 
36 
37 
38 
39 
40 
41

Midpoint 
Depth

(fl
3 
2 

2.5 
2.5 

2 
3 
3 
4 
4 
3 
3 
3 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

11.67 
11.67 
11.67 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 

50 
50 
50 
50 

100 
100

2,000-yr DB 
Results for Best Estimate Velocity 

Unit Damping 
Vs Weight Ratio

t) (fps) 
1.5 1500.045 

4 1493.969 

6.25 429.113 

8.75 401.43 
11 622.362 

13.5 785.246 

16.5 772.515 

20 767.233 
24 753.286 

27.5 836.442 
30.5 819.3 

33.5 800.049 

37.5 978.785 
42.5 955.622 
47.5 934.136 
52.5 1734.943 
57.5 1730.06 

62.5 1724.35 

67.5 1718.351 
72.5 1713.271 
77.5 1708.291 

82.5 1703.02 

87.5 1697.891 
95.83 2899.987 
107.5 2899.987 

119.17 2899.987 
134.73 2899.995 

154.17 2899.995 
173.61 2899.995 

193.05 2899.995 
212.49 2899.995 

231.93 2899.995 

251.37 2899.995 
270.81 2899.995 
290.25 2899.995 
324.97 3405.878 
374.97 3405.878 
424.97 3405.878 

474.97 3405.878 
549.97 3807.886 
649.97 3807.886

(kcf) 
0.1 
0.1 

0.08 
0.08 
0.08 

0.1 
0.1 

0.094 
0.094 
0.115 
0.115 
0.115 
0.115 
0.115 
0.115 

0.12 
0.12 
0.12 
0.12 
0.12 
0.12 
0.12 
0.12 

0.135 
0.135 
0.135 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145

G

0.009 6988 
0.0098 6931.5 

0.0435 457.49 
0.052 400.36 

0.036 962.32 

0.0216 1914.94 

0.0242 1853.35 

0.0286 1718.41 
0.0315 1656.5 

0.0568 2498.7 

0.0619 2397.33 

0.0676 2286 

0.0555 3421.5 

0.0615 3261.48 

0.0669 3116.47 

0.0148 11217.49 

0.0155 11154.44 
0.0163 11080.93 

0.0171 11003.97 
0.0178 10938.99 

0.0185 10875.5 

0.0193 10808.49 

0.02 10743.48 

0.0432 35259 

0.0432 35259 

0.0432 35259 

0.0432 37870.99 

0.0432 37870.99 

0.0432 37870.99 
0.0432 37870.99 

0.0432 37870.99 

0.0432 37870.99 

0.0432 37870.99 

0.0432 37870.99 

0.0432 37870.99 
0.0367 52236.05 

0.0367 52236.05 
0.0367 52236.05 
0.0367 52236.05 
0.0333 65295.01 
0.0333 65295.01

Vp 
(fps) 

2390 
2390 
1131 
1131 
1260 
1472 
1472 
1440 
1440 
1667 
1667 
1667 
2085 
2085 
2085 
3400 
3400 
3400 
3400 
3400 
3400 
3400 
3400 
5023 
5023 
5023 
5023 
5023 
5023 
5023 
5023 
5023 
5023 
5023 
5023 

5975.5 
5975.5 
5975.5 
5975.5 
6841.5 
6841.5
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Equivalent Properties for Top 30 Feet (minus top 3 ft) -Best Estimate

Depth 
Factor x 

Thickness 

1.9333 
2.2292 
2.0208 
1.4667 
1.9500 
1.6500 
1.7333 
1.2000 
0.5500 
0.2500

G 
contrib.  

(ksf) 
13400.900 

1019.821 
809.061 

1411.403 
3734.133 
3058.028 
2978.577 
1987.800 
1374.285 
599.333

Damping 
contrib.  

(%) 
1.89 
9.70 

10.51 
5.28 
4.21 
3.99 
4.96 
3.78 
3.12 
1.55

Unit Wt.  
contrib.  

(kcf) 
0.1933 
0.1783 
0.1617 
0.1173 
0.1950 
0.1650 
0.1629 
0.1128 
0.0633 
0.0288

VpA2 
contrib.  
(fpsA2) 

11043393.33 
2851463.063 
2584971.188 

2328480 
4225228.8 
3575193.6 

3594240 
2488320 

1528388.95 
694722.25

14.9833 2027.142

Equiv Vs

3.27 0.0920 2330215.874 

842.34 Avg Vp 1526.504463

Depth 
Factor 

(33-MPD) 
0.9667 
0.8917 
0.8083 
0.7333 
0.6500 
0.5500 
0.4333 
0.3000 
0.1833 
0 0833
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2,000-yr DB 
Results for Low Velocity

Layer Thickness 

(ft)
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41

Unit Damping

4 

1 
2.5 
2.5 

2 
3 
3 
4 
4 
3 
3 
3 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 
5 

11.67 
11.67 
11.67 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 
19.44 

50 
50 
50 
50 

100 
100

Ratio
Midpoint 

Depth Vs 
(ft) (fps) 

2 1058.641 
4.5 1046.789 

6.25 311.735 

8.75 284.555 
11 468.261 

13.5 617.434 

16.5 602.13 
20 598.426 
24 587.452 

27.5 629.077 
30.5 612.727 

33.5 599.974 
37.5 588.001 

42.5 562.227 
47.5 545.363 

52.5 1194.668 

57.5 1191.395 
62.5 1189.92 

67.5 1190.423 
72.5 1191.838 

77.5 1191.75 
82.5 1191.814 
87.5 1189.898 

95.83 2050.979 
107.5 2050.979 

119.17 2050.979 
134.73 2051.013 

154.17 2051.013 

173.61 2051.013 

193.05 2051.013 
212.49 2051.013 
231.93 2051.013 
251.37 2051.013 
270.81 2051.013 
290.25 2051.013 
324.97 2051.013 

374.97 2051.013 

424.97 2051.013 
474.97 2051.013 

549.97 2051.013 

649.97 2051.013

Weight 
(kcf) 

0.1 
0.1 

0.08 
0.08 
0.08 
0.1 
0.1 

0.094 
0.094 
0.115 
0.115 
0.115 
0.115 
0.115 
0.115 

0.12 
0.12 
0.12 
0.12 
0.12 
0.12 
0.12 
0.12 

0.135 
0.135 
0.135 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145 
0.145

0.0094 
0.0121 
0.0591 
0.0722 
0.0476 
0.0277 
0.0317 
0.0359 
0.0386 
0.0758 
0.0813 
0.0855 
0.0909 
0.0988 
0.1049 
0.0212 
0.0218 
0.0221 

0.022 
0.0217 
0.0218 
0.0217 
0.0221 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397 
0.0397

G 

3480.5 
3403 

241.44 
201.17 
544.77 

1183.93 
1125.96 
1045.43 
1007.43 
1413.35 
1340.84 
1285.6 
1234.8 

1128.93 
1062.22 
5318.88 
5289.77 
5276.68 
5281.14 
5293.71 
5292.92 

5293.5 
5276.48 

17636 
17636 

17636 
18943 
18943 
18943 
18943 
18943 
18943 
18943 
18943 
18943 
18943 
18943 
18943 
18943 
18943 
18943

Vp 
(fps) 

1690 
1690 
923 
923 

1029 
1202 
1202 
1176 
1176 
1361 
1361 
1361 
1474 
1474 
1474 
2404 
2404 
2404 
2404 
2404 
2404 
2404 
2404 
3552 
3552 
3552 
3552 
3552 
3552 
3552 
3552 
3552 
3552 
3552 
3552 
3552 
3552 
3552 
3552 
3552 
3552
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Equivalent Properties for Top 30 Feet (minus top 4 ft) - Low Range 

Depth 

Depth Factor x G Damping Unit Wt. VpA2 

Factor Thickness contrib. contrib. contrib. contrib.  

(34-MPD) (ksf) (%) (kcf) (fpsA2) 

0.9833 0.9833 3346.283 1.19 0.0983 2808449.167 

0.9250 2.3125 558.330 13.67 0.1850 1970085.813 

0.8417 2.1042 423.295 15.19 0.1683 1792600.604 

0.7667 1.5333 835.314 7.30 0.1227 1622880 

0.6833 2.0500 2427.057 5.68 0.2050 2961848.2 

0.5833 1.7500 1970.430 5.55 0.1750 2528407 

0.4667 1.8667 1951.469 6.70 0.1755 2581555.2 

0.3333 1.3333 1343.240 5.15 0.1253 1843968 

0.2167 0.6500 918.678 4.93 0.0748 1204008.65 

0.1167 0.3500 469.294 2.85 0.0403 648312.35 

0.0167 0.0500 64.280 0.43 0.0058 92616.05 

14.9833 954.906 4.58 0.0918 1338469.257

578.66 Avg Vp 1156.922321Equiv Vs
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Table 6 

Dynamic Soil Properties for SASSI Model 

High Range Properties

Wave Velocity 
Density Vs 

(pcf) (fps) 
100 2120 

80 557 

80 807 

100 983 

94 973 

115 1053 

115 1488 

120 2481 

135 4101 

145 4101 

145 5657 

145 6398 

170 6398

Shake 
Layers 

1-2 
3-4 

5 

6-7 
8-9 

10-12 
13-15 
16-23 
24-26 
27-35 
36-39 
40-41 

Shake 
Layers 

1-2 

3-4 
5 

6-7 
8-9 

10-12 
13-15 
16-23 
24-26 
27-35 
36-39 
40-41

Density Vs 
(pcf) (fps) 

100 1497 

80 415 

80 622 

100 779 
94 760 

115 818 

115 956 

120 1716 

135 2900 

145 2900 
145 3450 

145 3950 

170 6398

Vp 
(fps) 

3380 
1385 
1543 
1803 
1764 
2042 
2949 
4808 
7104 
7104 

9798 
11155 

-11155

Vp 
(fps) 

2390 
1131 
1260 
1472 
1440 
1667 
2085 
3400 
5023 
5023 
5976 
6842 

11155

Damping Ratio
Shear Compression 

(%) (%)

0.91 
3.48 

2.69 
1.82 

2.31 
5.07 
4.04 
1.21 
4.28 
4.28 
3.10 
2.53 

2.16

0.91 
3.48 
2.69 
1.82 
2.31 
5.07 
4.04 
1.21 
4.28 
4.28 

3.10 
2.53 

1.00

Damping Ratio 
Shear Compression

(%) 
0.94 
4.78 
3.60 
2.29 

3.01 
6.21 

6.13 
1.74 
4.32 
4.32 
3.67 
3.33 
1.76

(%)
0.94 
4.78 
3.60 
2.29 
3.01 

6.21 
6.13 
1.74 
4.32 
4.32 
3.67 
3.33 
1.00

Shake Depth 

Layers Top 

(ft)
1-2 
3-4 

5 

6-7 
8-9 

10-12 

13-15 
16-23 
24-26 
27-35 
36-39 
40-41

0 
5 

10 
12 
18 
26 

35 
50 
90 

125 

300 
500 
700

Depth 
Bottom 

(f) 
5 

10 
12 
18 
26 
35 
50 
90 

125 
300 
500 
700

Low Range Properties 
Wave Velocity

Density Vs 
(pcf) (fps) 

100 1053 
80 298 
80 622 

100 610 

94 593 

115 614 

115 565 

120 1191 

135 2051 

145 2051 
145 2051 

145 2051 

170 6398

Vp 
(fps) 

1690 
923 

1260 
1202 
1176 
1361 
1474 
2404 
3552 
3552 
3552 
3552 

11155

Damping Ratio 
Shear Compression 

(%) (%)
1.08 
6.57 
3.60 
2.97 
3.73 

8.09 
9.82 
2.18 
3.97 
3.97 
3.97 
3.97 
2.16

1.08 
6.57 
3.60 

2.97 
3.73 

8.09 
9.82 
2.18 
3.97 
3.97 
3.97 
3.97 
1.00

Best Estimate Properties 
Wave Velocity

Depth 
Top 

(ft) 
0 
5 

10 
12 
18 
26 
35 
50 

90 
125 

300 
500 
700

Depth 
Top 

(ft) 
0 
5 

10 
12 
18 
26 

35 
50 
90 

125 
300 
500 
700

Depth 
Bottom 

(ft) 
5 

10 
12 
18 
26 
35 
50 
90 

125 
300 
500 
700

Depth 
Bottom 

(ft) 
5 

10 
12 
18 
26 
35 
50 
90 

125 

300 
500 
700

Poisson's 
Ratio

0.176 
0.403 
0.312 
0.289 
0.281 
0.319 
0.329 

0.318 
0.250 
0.250 
0.250 
0.255 

0.255

Poisson's 
Ratio

0.177 
0.422 
0.339 
0.306 
0.307 
0.341 
0.367 
0.329 
0.250 
0.250 
0.250 
0.250 
0.255

Poisson's 
Ratio

0.183 
0.442 
0.339 

0.327 
0.330 
0.372 
0.414 
0.337 

0.250 
0.250 
0.250 
0.250 
0.255
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Table 7 

Dynamic Soil Properties for Spring-Dashpot-Mass Model
Upper Range Best Estimate Lower Range

Vp 
Vs 
G (ksf) 
beta S (%) 
E (ksf) 
beta P (%) 
Poisson's Ratio 
Unit Wt. (pcf) 

A (30x67) sqft 
Aspect Ratio 

Vertical Mode 
h 
m (pcf-sec^2) 
kv (kcf) 
c (kcf-sec) 

Horizontal Mode 
h 
Kappa T 
m (pcf-secA2) 
kh (kcf) 
c (kcf-sec) 

Rocking Mode 
h 
Kr 
C 
m (pcf-secA2) 
kr (kcf) 
c (kcf-sec)

2205 
1322 
5015 

2.3 
12234 

2.3 
0.220 

92.4 

2010 
2.233

12.10 
34.75 

315.20 
4.84 

2.24 
0.937 

6.43 
268.79 

2.70

15.69 
112978035.57 

538785.878 
45.04 

736.87 
3.57

1527 
842 

2027 
3.3 

5194 
3.3 

0.281 
92.0 

2010 
2.233

12.10 
34.58 

138.29 
3.20 

2.24 
0.892 

6.40 
112.24 

1.74

15.69 
49565892.37 

356027.756 
44.83 

323.28 
2.36

1157 
579 
955 
4.6 

2546 
4.6 

0.333 
91.8 

2010 
2.233

12.10 
34.52 
70.23 
2.28 

2.24 
0.760 

6.39 
48.52 

1.14

15.69 
25172167.30 

253487.104 
44.75 

164.18 
1.68

mass/area (pcf-sec^2) 
spring constant/area (kcf) 
dashpot constant/area (kcf-sec)

mass/area (pcf-secA2) 
spring constant/area (kcf) 
dashpot constant/area (kcf-sec)

mass/area (pcf-secA2) 
spring constant/area (kcf) 
dashpot constant/area (kcf-sec)

Interpolation of constants 
Aspect Ratio Cs 

2.000 
2.233 
3.000

Aspect Ratio 
2.000 
2.233 
3.000 

Aspect Ratio 
2.000 
2.233 
3.000

Kappa T 
0.930 
0.937 
0.961 

kappa phi 
2.510 
2.614 
2.955

Kappa T 
0.884 
0.892 
0.919 

kappa phi 
2.510 
2.614 
2.955

Kappa T 
0.755 
0.760 
0.773 

kappa phi 
2.510 
2.614 
2.955

Cs
1.090 
1.099 
1.130

Cs
1.090 
1.099 
1.130

1.090 
1.099 
1.130
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PRIVATE FUEL STORAGE FACILITY 
SKULL VALLEY, UTAH 

DEVELOPMENT OF TIME HISTORIES 
FOR 2,000-YEAR RETURN PERIOD DESIGN SPECTRA 

Calculation 05996.02-G(PO18)-3 (Rev. 01) 

1.0 INTRODUCTION 

In this calculation a three-component set of artificial time histories were generated to match the 

2,000-year return-period design response spectra for the Private Fuel Storage Facility located in 

Skull Valley, Utah. The time histories were generated by selecting an actual ground motion 

recording from an earthquake and site compatible with the design event defined in Geomatrix 

(2001). The time histories were then scaled to meet the requirements for a single artificial time 

history specified in Section 3.7.1.2 of the U.S. Nuclear Regulatory Commission's Standard 

Review Plan (US Nuclear Regulatory Commission, 1989). Scaling was performed using both 

frequency domain and time domain techniques. Rev 01 of this calculation differs from Rev 00 

due to a change in the target design spectra.  

2.0 SELECTED RECORDING 

The design ground motions for the Skull Valley Private Fuel Storage Facility were developed 

from a probabilistic seismic hazard analysis. The 2,000-year return period equal-hazard response 

spectra represents earthquakes with a mean magnitude of M 6.4-6.5 and a mean (log) distance of 

5 to 6 km. The controlling fault is the Stansbury fault located 9 km east of the site with a mean 

maximum magnitude of M 7.0. The site is located in the hanging wall block of the fault and is 

underlain be shallow stiff soils overlying tertiary semi-consolidated sediments. The design 

response spectra developed in Geomatrix (2001) include the near-fault effects of directivity and 

systematic fault-normal to fault-parallel differences at frequencies less than 2 Hz (spectral 

periods > 0.5 sec).  

A strong motion recording that provides a good fit to these criteria is the Stumo recording of the 

November 23, 1980 M 6.9 Irpinia, Italy earthquake. The Stumo site is located approximately 11 

km from the northwest end of the fault rupture in the hanging wall block. The processed time 

history was obtained from Pacific Engineering and Analysis from a set of time histories 

processed for the US Geological Survey for the Yucca Mountain project. The Sturno site is 

indicated to be a rock site (Spudich et al., 1997). However, the spectral scaling will adjust the

I:\DOCSAFE\4000S\4790\4790.01\CALCPKG3\REVI\SV-2KTHC-REV I .DOC
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recording to achieve the desired frequency content. The original time histories were digitized at 

a time step of 0.00244 seconds. For this analysis they were interpolated to a time step of 0.005 

seconds. The band width of the processed accelerograms is 0.13 to 30 Hz for the horizontal 

components and 0.13 to 33 Hz for the vertical component. The horizontal components of the 

recording are oriented at azimuths of 000 and 270, while the strike of the main rupture was 

northwest. Therefore the two horizontal recordings were used to compute a fault-normal 

component at an azimuth of 045 and a fault-parallel component at azimuth 315. The parameters 

of the recording motions and the interpolated and rotated motions are given in the following 

table.  

5%-75% 5%-95% 

Energy Energy 

Component PGA PGV PGD V/A D/A ADNA2 Duration Duration 

(g) (cm/s) (cm) (cm/s/g) (cm/g) (sec) (sec) 

Original Processed Time Histories 
STUO0O 0.251 37.0 11.8 147.6 46.9 2.1 7.2 15.3 

STU270 0.358 52.7 33.1 147.3 92.5 4.2 6.3 15.5 

STUVRT 0.260 26.0 10.6 100.2 40.9 4.0 7.3 11.9 

Interpolated and Rotated Time Histories 
STU-fn 0.234 43.1 23.7 184.4 101.4 2.9 7.9 16.9 

STU-fp 0.302 46.5 23.4 154.0 77.4 3.2 6.1 12.3 

STUvrt 0.254 26.0 10.6 102.3 41.5 3.9 7.3 11.9 

Figure 1 shows the original accelerograms. Figure 2 shows the interpolated and rotated 

accelerograms, and Figures 3 and 4 show the integrated velocity and displacement time histories.  

Figure 5 compares the 5% damped response spectra for the interpolated and rotated 

accelerograms to the design ground motion response spectra from Geomatrix (2001).  

3.0 SCALING TO DESIGN SPECTRA 

The initial scaling of the accelerograms was performed using program RASCAL (Silva and Lee, 

1987). This program operates in the frequency domain. The stochastic ground motion model 

(e.g. Boore, 1983, 1986) is used to generate a Fourier amplitude spectrum for the appropriate 

magnitude earthquake that is used as an initial estimate. Random vibration theory (RVT) is then 

used to compute a response spectrum from the Fourier amplitude spectrum. The RVT response 

spectrum is compared to the target response spectrum and the Fourier amplitude spectrum is 

adjusted iteratively to minimize the difference between the target response spectrum and the 

RVT response spectrum. A time history (TH) is then created using the adjusted Fourier 

amplitude spectrum and the phase from the selected accelerogram. The resulting time history is

[:IDOC_SAFE\4000S\479O04790.01\CALCPKG3\REVI\SV-2KTHC-REV1 .DOC
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used to compute a response spectrum. The TH response spectrum is compared to the target 

response spectrum and the Fourier amplitude spectrum for the TH is adjusted iteratively to 

minimize the difference between the target response spectrum and the TH response spectrum.  

Figure 6 shows the developed from the initial frequency domain scaling and Figure 7 compares 

the response spectra for these time histories to the design response spectra.  

The final scaling was performed using the time-domain technique developed by Lilhanand and 

Tseng (1988). This approach scales the motion to match a target response spectrum by adjusting 

the time history in small increments in the vicinity of the time for the peak spectral response.  

Attachment A to Rev 00 of this calculation (Geomatrix 1999) contains a description of the 

technique and a computer program to implement it developed by Dr. Norm Abrahamson.  

One advantage of the approach is that the response spectra for multiple damping levels can be 

used as the target spectra. Matching the response spectra for multiple damping levels helps 

prevent development of "holes" in the frequency content of the resulting time history. The 

design ground motion spectra developed in Geomatrix (2001) are specified for 5% damping 

only. Abrahamson and Silva (1996) developed adjustment factors to scale 5% damped response 

spectra to other damping levels from the analysis of a large number of empirical response 

spectra. Figure 8 shows the adjustment factors for 2% and 10% damping for horizontal and 

vertical motions for an M 6.5 earthquake. These factors were used to create 2% and 10% 

damping response spectra consistent with the 5% damping design response spectra. The 2% and 

10% damping spectra were also used as target spectra to ensure that the resulting time histories 

are broad-banded. Figure 9 shows the developed from the time domain scaling. These time 

histories have been baseline corrected to remove displacement drift by subtracting a 6th order 

polynomial fit to the integrated displacement time history. Figure 10 compares the response 

spectra for these time histories to the 5% design response spectra and the associated 2% and 10% 

spectra created using the factors on Figure 8.  

The final steps in the processing were: shortening the total duration to 30 seconds by removing 

the long, low amplitude tail of the records; adjusting the PGA value to be more consistent with 

the design spectrum PGA; and scaling the time histories upward by a small factor to meet the 

response spectrum envelope criteria specified in Section 3.7.1.2 of the Standard Review Plan.  

The resulting time histories are shown on Figures 11, 12, and 13. The parameters of the design 

time histories are:

[:\DOC_SAFE4000S\4790W4790.0 I\CALCPKG3\REV 1I\SV-2KTHC-REV1.DOC
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Component 

fault-normal 
fault-parallel 
vertical

PGA 

(g) 
0.728 
0.707 
0.721

PGV 
(cm/s) 

43.9 
43.2 
26.5

PGD 
(cm) 

23.7 
14.2 

9.6

V/A 
(cm/s/g) 

60.3 
61.1 
36.7

D/A 
(cm/g) 

32.5 
20.0 
13.3

5%-75% 
Energy 

AD/NA2 Duration 
(sec) 

8.8 10.1 
5.3 9.2 
9.7 8.6

Figure 14 shows the time history of nonmalized cumulative energy Ta(i)2 a(i)j.  

Figue 14show thetimehistry o noralizd cuulatve eerg ai=a~)

4.0 COMPARISON WITH REGULATORY REQUIREMENTS

Envelop of Design Response Spectra 

Section 3.7.1 of the Standard Review Plan specifies that response spectral values computed from 

a single artificial time history must envelop the target design spectrum such that no more that 5 

points of the response spectrum obtained from the time history fall below the design spectrum, 

with none more than 10% below. Table 3.7.1-1 of the Standard Review Plan provides an 

acceptable set of frequencies for computation of the response spectrum. This table is reproduced 

below.

Frequency Range Frequency Increment 
(Hz) (Hz) 

0.2-3.0 0.1 
3.0-3.6 0.15 
3.6 - 5.0 0.2 
5.0 - 8.0 0.25 
8.0-15.0 0.5 
15.0-18.0 1.0 
18.0-22.0 2.0 
22.0 - 34.0 3.0

The result is a set of 75 frequencies. Table 1 lists these frequencies together with the control 

points of the design response spectra defined in Geomatrix (2001). The bold entries in Table 1 

indicate these control points. The design spectral values between the control points were 

obtained by linear interpolation of log(frequency) versus log(spectral acceleration). Also listed 

in Table 1 are the 5% damped spectral ordinates computed from the time histories. The spectral 

ordinates were computed using program SPECTRA. Verification of this program is in a 

separate report. The time histories and computed response spectra are located in directory 

\FINALIZE on the attached disk. The shaded entries in Table 1 indicate the points where the

I:\DOC SAFE\4000S\4790\4790.01 \CALCPKG3\REV I \SV-2KTHC-REVI .DOC

5%-95% 
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Duration 
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20.9 
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time history response spectrum falls below the design response spectrum. For the fault-parallel 

time history, only two points fall below the 5%-damped design spectrum because the fit at other 

damping levels controlled the time history scaling. The time histories meet the requirements for 

enveloping the design response spectra.  

Envelop of Target Power Spectral Density 

Section 3.7.1 of the Standard Review Plan specifies that if a single time history is to be used, 

then it must have a power spectral density (PSD) that exceeds 80% of a target PSD. The one

sided PSD, So(,,), is related to the Fourier amplitude spectrum, IF(o,) I by the relationship: 

- 2IFo~I2  (1) 
S0O(C) -ý 21F. 1 

2ffTD 

where TD is the duration of near maximum and near stationary power of an acceleration time 

history. Equation (2) in Appendix A of the Standard Review Plan Section 3.7.1 provides a target 

PSD for the Regulatory Guide 1.60 horizontal response spectrum anchored to 1.0 g PGA. The 

relationship is: 

For f < 2.5 Hz 

S0(W) = 650 in 2 /sec 3 (f/2.5) 0_
2 

For 2.5 < f <9 Hz 

S0(O, = 650 in 2 / see 3 (2.5 /f)a 8 

For 9 _ f <16 Hz 

S0(W) = 64.8 in 2 / sec 3 (9 / f) 3 

For f > 16 Hz 

SO(mO) = 11.5 in 2 /sec 3 (16/f)8 

Appendix A of the Standard Review Plan Section 3.7.1 indicates that a target PSD for the 

Regulatory Guide 1.60 horizontal response spectrum anchored to an other PGA value can be 

obtained by multiplying Equation (2) by the square of the design PGA. A target PSD for the 

Skull Valley 2,000-year design response spectra was obtained by extending this approach. At 

each frequencyf the target PSD for the Skull Valley design response spectrum, {So(,)} sv, is 

obtained by the expression:

I:DOCSAFE\4000S\4790\4790.01\CALCPKG3\REV1\SV-2KTHC-REV1 .DOC
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{S0(,) }sv = {So(,,}RG,.6o'[SA(f)SV/SA(f)Ra.6lo]2 (3) 

where SA(J) is the acceleration response spectral ordinate at frequencyf, and the subscripts SV 

and RG1.60 refer to the Skull Valley design spectrum and the Regulatory Guide 1.60 horizontal 

response spectrum anchored to 1.0 g PGA, respectively. A small computer code, TPSD, located 

in directory \TPSD on the attached disk was used to scale Equation (2) using Equation (3).  

The PSD for the time histories shown on Figures 11, 12, and 13 were computed using a small 

computer code, PSD, located in directory \PSD on the attached disk. The program uses as input 

a Fourier spectrum of the time history. Each frequency in the Fourier spectrum, So(,)) is 

computed using Equation (1). The appropriate duration for nearly constant power, TD , was set 

equal to the 5%-75% cumulative energy duration of the final time histories listed above. The 

values for the three time histories are somewhat longer than the values obtained for the original 

time histories. The Fourier spectra were computed using program FT located in directory \1T 

on the attached disk. The program outputs columns containing the frequency, real, imaginary, 

and absolute amplitude Fourier components. Testing of the program indicates that the Fourier 

amplitude spectrum must be scaled by At to obtain units of g-seconds when the input time history 

is in g's. The Fourier amplitudes output from program FT were scaled by a factor of 1.9311 = 

0.005*386.22 in/sece2/g with program PSD. Program PSD then smoothes the PSD by computing 

the average value over a frequency window of ±20% off, following the procedure described in 

Appendix A to Section 3.7.1 of the Standard Review Plan. Figures 19, 20, and 21 compare the 

PSD's computed for the time histories to 80% of the target PSDs shown on Figure 18. All of the 

target PSDs are enveloped at the 80% level.  

Component-to-Component Cross-Correlation 

ASCE Standard 4-86 (American Society of Civil Engineers, 1986) recommends that the cross

correlation between the three components of a time history set used in nuclear plant analysis be 

less that 0.3. EXCEL@ spreadsheet CC-RO1.XLS in directory \FINALIZE on the attached disk 

contains columns with the three time histories. The CORREL function was used to compute the 

zero-lag cross-correlation between the three time histories. The values are: 

Fault-normal to fault-parallel -0.06 
Fault-normal to vertical -0.02 
Fault-parallel to vertical 0.06

I:\DOCSAFE\4000S\4790\4790.01 \CALCPKG3\REV I \SV-2KTHC-REV I .DOC
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These values indicate that the time histories are uncorrelated.  
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Table I 

Comparison of Time History and Design Response Spectra 

5% 
Damping 

Fault- Fault- Vertical 
normal parallel 

Design Time Design Time Design Time 

Period Frequency Basis History Mismatch Basis History Mismatch Basis History Mismatch

(sec) 

0.01 

0.02 

1 0.0294 

2 0.0323 

3 0.0357 

4 0.0400 

5 0.0455 

6 0.0500 

7 0.0556 

8 0.0588 

9 0.0625 

10 0.0667 

11 0.0690 

12 0.0714 

13 0.0741 

0.0750 

14 0.0769 

15 0.0800 

16 0.0833 

17 0.0870 

18 0.0909 

19 0.0952 

20 0.100 

21 0.105 

22 0.111 

23 0.118 

24 0.125 

25 0.129 

26 0.133 

27 0.138 

28 0.143 

29 0.148 

0.150 

30 0.154 

31 0.160 

32 0.167

(%) (g) (g) (%) (g) 

0.711 0.695
(Hz) (g) (g) 

100.0 0.711 

50.0 

34.0 0.711 0.76927 

31.0 0.7526 0.77982 

28.0 0.8010 0.84131 

25.0 0.8588 0.9047 

22.0 0.9291 0.98317 

20.0 0.985 1.03022 

18.0 1.0471 1.06662 

17.0 .1.0823 1.12944 

16.0 1.1210 1.2124 

15.0 1.1638 1.29985 

14.5 1.1869 1.27762 

14.0 1.2113 1.27619 

13.5 1.2370 1.27427 

1.246 

13.0 1.2695 1.31321 

12.5 1.3068 1.36309 

12.0 1.3468 1.42453 

11.5 1.3899 1.44809 

11.0 1.4363 1.44918 

10.5 1.4865 1.58465 

10.0 1.541 1.58448 

9.5 1.5812 1.69622 

9.0 1.6247 1.74391 

8.5 1.6721 1.71854 

8.0 1.7237 1.84728 

7.8 1.7514 1.83035 

7.5 1.7805 1.77161 

7.3 1.8111 1.80989 

7.0 1.8433 1.89042 

6.7 1.8773 2.01524 

1.889 

6.5 1.8994 1.9722 

6.3 1.9157 2.04385 

6.0 1.9328 2.08635

(g) (%)

0.695 

10.7 0.9025 0.99628 

7.6 0.9609 1.00017 

8.5 1.0293 1.04885 

8.4 1.1116 1.19269 

10.0 1.2122 1.35589 

9.6 1.293 1.44014 

7.0 1.3750 1.50653 

9.8 1.4215 1.51701 

8.0 1.4727 1.55963 

6.4 1.5293 1.61816 

3.2 1.5598 1.59245 

4.8 1.5921 1.70303 

8.4 1.6261 1.78858 

1.638 

9.4 1.6485 1.69913 

4.5 1.6648 1.86983 

-1.0 1.6820 1.81249 

6.7 1.7001 1.77089 

9.3 1.7193 1.84069 

5.9 1.7395 1.96952 

4.2 1.761 2.00011 

9.2 1.7445 1.74355 

10.8 1.7274 1.94131 

1.6 1.7094 1.72835 

8.4 1.6905 1.79545 

7.4 1.6807 1.76637 

6.8 1.6707 1.79384 

7.7 1.6603 1.85589 

2.4 1.6497 1.73188 

4.1 1.6387 1.57356 

1.635 

-0.0 1.6154 1.56433 

7.3 1.5856 1.79473 

8.9 1.5551 1.61986
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8.2 0.711 0.78683 

3.6 0.7526 0.80991 

5.0 0.8010 0.86948 

5.3 0.8588 0.93079 

5.8 0.9291 1.02187 

4.6 0.985 1.08005 

1.9 1.0471 1.1203 

4.4 1.0823 1.18812 

8.2 1.1210 1.21054 

11.7 1.1638 1.23824 

7.6 1.1869 1.22454 

5.4 1.2113 1.2691 

3.0 1.2370 1.34037 

1.246 

3.4 1.2695 1.38925 

4.3 1.3068 1.36613 

5.8 1.3468 1.33278 

4.2 1.3899 1.48302 

0.9 1.4363 1.56928 

6.6 1.4865 1.5737 

2.8 1.541 1.60646 

7.3 1.5812 1.72729 

7.3 1.6247 1.79984 

2.8 1.6721 1.69923 

7.2 1.7237 1.86824 

4.5 1.7514 1.88174 

-0.5 1.7805 1.90084 

-0.1 1.8111 1.9507 

2.6 1.8433 1.88747 

7.3 1.8773 1.95493 

1.889 

3.8 1.8994 1.89939 

6.7 1.9157 2.05623 

7.9 1.9328 2.10562

10.4 
4.1 

1.9 

7.3 

11.8 

11.4 

9.6 

6.7 

5.9 

5.8 

2.1 

7.0 

10.0 

3.1 

12.3 

7.8 

4.2 

7.1 

13.2 

13.6 

-0.1 

12.4 

1.1 

6.2 

5.1 

7.4 

11.8 

5.0 

-4.0 

-3.2 

13.2 

4.2
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33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73

0.174 

0.182 

0.190 

0.200 

0.208 

0.217 

0.227 

0.238 

0.250 

0.263 

0.278 

0.290 

0.300 

0.303 

0.317 

0.333 

0.345 

0.357 

0.370 

0.385 

0.400 

0.417 

0.435 

0.455 

0.476 

0.500 

0.526 

0.556 

0.588 

0.625 

0.667 

0.714 

0.750 

0.769 

0.833 

0.909 

1.00 

1.11 

1.25 

1.43 

1.50 

1.67 

2.00 

2.50 

3.00

5.8 

5.5 

5.2 

5.0 

4.8 

4.6 

4.4 

4.2 

4.0 

3.8 

3.6 

3.4 

3.3 

3.2 

3.0 

2.9 

2.8 

2.7 

2.6 

2.5 

2.4 

2.3 

2.2 

2.1 

2.0 

1.9 

1.8 

1.7 

1.6 

1.5 

1.4 

1.3 

1.2 

1.1 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4

1.9508 2.0622 

1.9697 2.11064 

1.9898 2.05929 

2.011 2.14129 

1.9772 2.1528 

1.9425 2.11203 

1.9069 2.01372 

1.8704 2.04416 

1.8328 1.83278 

1.7941 1.9148 

1.7542 1.86855 

1.7235 1.87361 

1.699 

1.6828 1.80503 

1.6097 1.64734 

1.5364 1.61059 

1.4875 1.6184 

1.4385 1.59768 

1.3894 1.53479 

1.3402 1.43771 

1.291 1.29745 

1.2431 1.32383 

1.1951 1.29492 

1.1469 1.17245 

1.0985 1.14662 

1.050 1.07825 

0.9962 1.05154 

0.9425 0.8856 

0.8889 0.9198 

0.8354 0.88903 

0.7819 0.73934 

0.7285 0.78578 

0.693 

0.6763 0.75236 

0.6260 0.64803 

0.5756 0.5838 

0.525 0.58508 

0.4594 0.44851 

0.3956 0.4175 

0.3340 0.3604 

0.314 

0.2770 0.30842 

0.223 0.25 

0.1773 0.20195 

0.147
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7.2 1.9697 1.9581 

3.5 1.9898 2.13389 

6.5 2.011 2.18846 

8.9 1.9772 2.07742 

8.7 1.9425 2.09823 

5.6 1.9069 2.08812 

9.3 1.8704 1.95396 

-0.0 1.8328 1.91029 

6.7 1.7941 1.90854 

6.5 1.7542 1.85945 

8.7 1.7235 1.81318 

1.699 

7.3 1.6828 1.77131 

2.3 1.6097 1.74337 

4.8 1.5364 1.67163 

8.8 1.4875 1.64246 

11.1 1.4385 1.61483 

10.5 1.3894 1.56713 

7.3 1.3402 1.47974 

0.5 1.291 1.33766 

6.5 1.2431 1.36554 

8.4 1.1951 1.31723 

2.2 1.1469 1.29691 

4.4 1.0985 1.24187 

2.7 1.050 1.17603 

5.6 0.9962 1.16298 

-6.01 0.9425 1.12603 

3.5 0.8889 1.03206 

6.4 0.8354 0.92933 

-5.44 0.7819 0.94301 

7.9 0.7285 0.85834 

0.693 

11.3 0.6706 0.77482 

3.5 0.6044 0.71335 

1.4 0.5398 0.63656 

11.4 0.477 0.56703 

-2.4 0.4074 0.50923 

5.5 0.3416 0.44719 

7.9 0.2797 0.3794 

0.260 

11.3 0.2244 0.28255 

12.1 0.174 0.20892 

13.9 0.1281 0.14228 

0.0997

2.4 

-0.6 

7.2 

8.8 

5.1 

8.0 

9.5 

4.5 

4.2 

6.4 

6.0 

5.2 

5.3 

8.3 

8.8 

10.4 

12.3 

12.8 

10.4 

3.6 

9.8 

10.2 

13.1 

13.0 

12.0 

16.7 

19.5 

16.1 

11.2 

20.6 

17.8 

15.5 

18.0 

17.9 

18.9 

25.0 

30.9 

35.6 

25.9 

20.1 

11.1

1.5240 1.71253 

1.4921 1.60323 

1.4594 1.51181 

1.426 1.47945 

1.3702 1.55493 

1.3143 1.38905 

1.2584 1.38993 

1.2023 1.31668 

1.1463 1.26114 

1.0902 1.15981 

1.0340 1.11098 

0.9918 1.13626 

0.959 

0.9467 1.04903 

0.8919 0.96341 

0.8377 0.93903 

0.8021 0.88341 

0.7668 0.75297 

0.7318 0.80264 

0.6972 0.80324 

0.663 0.76616 

0.6317 0.66191 

0.6006 0.644 

0.5698 0.60888 

0.5393 0.59974 

0.509 0.56712 

0.4807 0.53385 

0.4526 0.47324 

0.4247 0.45997 

0.3970 0.42693 

0.3694 0.39032 

0.3421 0.38997 

0.324 

0.3152 0.30952 

0.2889 0.33617 

0.2629 0.28059 

0.237 0.26506 

0.2086 0.23842 

0.1808 0.20408 

0.1538 0.18618 

0.145 

0.1284 0.14389 

0.104 0.12739 

0.0815 0.09851 

0.0668

12.4 
7.4 

3.6 

3.7 

13.5 

5.7 

10.5 

9.5 

10.0 

6.4 

7.4 

14.6 

10.8 

8.0 

12.1 

10.1 

-1i .8 

9.7 

15.2 

15.6 

4.8 

7.2 

6.9 

11.2 

11.4 

11.1 

4.6 

8.3 

7.5 
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-1.8 

16.3 

6.7 

11.8 

14.3 

12.8 
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0.1290 0.14663 

0.103 

0.0811 0.08607 

Minimum

13.6 

6.1 

-6.0

0.0848 0.09173 
0.0640 

0.0457 0.05354 

Minimum

8.2 0.0586 0.07144 
0.0468 

17.2 0.0367 0.04509 

-1.0 Minimum

Bold values indicate control points in design ground response spectrum, intermediate values obtained by log(period)-log(SA) 

interpolation 

Shaded values indicate negative mismatch between time history spectrum and design response spectrum
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Figure 8 Response spectra damping 
from Abrahamson and Silva

adjustment factors 
(1996)
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Figure 16 Comparison of Design and Time 

for Fault-parallel Component
History Spectra
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The above periods of compete catalog reporting were used to estimate the recurrence parameters 

for each of the seismic source zones using the maximum likelihood technique (Weichart, 1980).  

Figure 6-8 shows the resulting recurrence relationships compared to the recorded seismicity 

within each source zone. The uncertainty in the recurrence relationship for each source zone was 

modeled by specifying a range of possible b-values and seismicity rates and computing the 

relative likelihood that each to the resulting recurrence relationships generated the observed 

earthquake catalog. These relative likelihoods were normalized into discrete probability 

distributions for the recurrence parameters (see Figure 6-3).  

6.2.2.2 Maximum Magnitude 

Most of the large earthquakes that have occurred in the Basin and Range province can be 

associated with specific faults. For this assessment, -we assess the maximum size of an 

earthquake that might occur on an unrecognizable fault and use this to assign maximum 

magnitudes to the seismic source zones. Because the hypothesized fault is unrecognized from 

surface geologic studies, its maximum magnitude is considered to be the largest earthquake that 

can occur without rupturing the surface (termed the threshold of surface faulting). Wells and 

Coppersmith (1993) have studied the presence or absence of surface faulting as a function of 

magnitude. Their studies have shown that the magnitude at which there is a 50% probability of 

surface faulting is magnitude 6; at magnitude 5.5 the probability is about 20% and at magnitude 

6.5 the probability is about 80%. Based on these analyses, we consider the maximum magnitude 

for an earthquake occurring in the seismic source zones to be uniformly distributed in the range 

of M 5.5 to 6.5, with a mean value of 6.0.  

6.3 GROUND MOTION ATTENUATION MODELS 

At present, strong motion data recorded in Utah are very limited. In the past, evaluations of 

seismic hazard, (e.g., Youngs and others, 1987) have typically concluded from examination of 

the limited strong and weak motion (i.e. seismographic network recordings) that strong ground 

motion attenuation relationships developed from analysis of California earthquake recordings 

can be used for Basin and Range sites. However, more recent studies have used examinations of 

world-wide normal faulting earthquake data together with a variety of modeling techniques to 

infer that there may be significant differences between strong ground motions in California and 

those from normal faulting earthquakes in extensional tectonic regimes, such as the Basin and 

Range region of north-central Utah. Much of this work was reviewed as part of the seismic 

hazard assessment for the proposed nuclear waste repository at Yucca Mountain, Nevada 

(CRWMS M&O, 1998). As part of that study, a panel of seven ground motion experts was 

assembled to provide assessments of the appropriate ground motion models for the Basin and
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Range region of southern Nevada. In that study, two basic approaches were used to develop 

ground motion attenuation relationships, one based on modifications to empirical California 

strong motion attenuation relationships and one based on numerical modeling. For this study, we 

utilize results of the Yucca mountain study to adapt California empirical ground motions to the 

conditions at Skull Valley, Utah. The modifications to the empirical attenuation relationships 

account for the effects of the characteristics of the earthquake source, the crustal wave 

propagation path, and the local site geology. The results of the numerical modeling conducted 

for Yucca Mountain are site-specific to the conditions there and are not directly transferable to 

the Skull Valley site. Therefore, they were not used in this study.  

Appendix F describes the selection and modification of the empirical attenuation models for this 

study. The Yucca Mountain Ground Motion Expert-Panel selected seven empirical ground 

motion attenuation relationships for modeling rock site motions from normal faulting 

earthquakes. As discussed in Appendix F, six these were selected to assess horizontal ground 

motions at the Skull Valley site. These are: Abrahamson and Silva (1997), Boore and others 

(1997), Campbell (1997), Idriss (1997), Sadigh and others (1997), and Spudich and others 

(1997). The relationships developed by Abrahamson and Silva (1997), Campbell (1997), and 

Sadigh and others (1997) also provide assessments of vertical ground motions.  

With the exception of the Spudich and others (1997) model, the selected empirical attenuation 

relationships were developed primarily from California strike-slip and reverse faulting 

earthquake data. The Yucca Mountain Ground Motion Expert Panel developed five alternative 

sets of scaling factors to adjust these relationships to normal faulting conditions. For this study 

we adopted these scaling factors, resulting in twenty alternative attenuation relationships for 

horizontal motions and eleven for vertical motions. We also adopted the averages of the relative 

weights assigned to these factors by the seven panel members (see Tables F-I and F-2).  

Following the approach used by the Yucca Mountain Ground Motion Expert Panel, we also 

adjust the selected attenuation relationships for the lower rate of ground motion attenuation 

(higher Q) in north-central Utah as compared to California, and for the expected difference in the 

response of the Skull Valley sediments compared to the California alluvial soils represented in 

the empirical data used to derive the attenuation relationships. These adjustments are described 

in Appendix F.  

Two alternative site adjustment factors are developed in Appendix F to adjust the rock site 

attenuation relationships to the subsurface conditions at the Skull Valley site. The first is based 

on site response modeling. The response of the Skull Valley profile is compared to the response
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of profiles appropriate to the rock site attenuation relationships. The second is based on 

comparing empirical strong motion data recorded on shallow soil sites (the conditions at Skull 

Valley) to ground motion levels predicted using the rock site attenuation relationships. As 

discussed in Appendix F, the site adjustment factors based on the site response model are given 

twice the weight assigned to the empirical site adjustment factors (0.67 versus 0.33 weight).  

Figure 6-9 compares the resulting attenuation relationships for horizontal ground motions.  

Shown on the plots are the estimated ground motions for peak ground acceleration and 5%

damped spectral acceleration at a period of 1.0 second. Each of the six attenuation relationships 

is shown with the multiple scaling factors for seismic source effects and the two alternative site 

adjustment factors. Figure 6-10 presents similar comparisons for the vertical attenuation 

relationships.  

6.4 PROBABILISTIC SEISMIC HAZARD RESULTS FOR GROUND SHAKING HAZARD 

Seismic hazard calculations were made for peak ground acceleration and 5%-damped response 

spectral accelerations at periods of 0.075, 0.1, 0.2, 0.3, 0.5, 1.0, 2.0, and 4.0 seconds for horizontal 

and vertical motions. For hazard computations, the fault-specific sources were modeled as 

segmented planar surfaces. The areal source zones were modeled as a set of closely spaced parallel 

fault planes occupying the source regions outlined in Figure 6-7. The probability density function 

for distance to earthquake rupture for each source was computed assuming earthquake ruptures 

were uniformly distributed along the length of the fault plane. The depth distribution for 

earthquakes was based on the observed depth distribution for well-located earthquakes shown on 

Figure 6-4. The distance density functions were computed consistent with the distance measure 

used in each of the attenuation relationships. A rectangular rupture area for a given size earthquake 

is located at a random point on the fault plane. The closest distance to this rectangle was used as the 

distance measure in the Abrahamson and Silva (1997), Idriss (1997), and Sadigh and others (1997) 

models. The same distance was used in the Campbell (1997) model, except that the rupture was not 

allowed to come shallower than two kIn. For the Boore and others (1997) and Spudich and others 

(1997) relationships, the rectangular rupture area on the fault was projected vertically to the surface 

and the closest distance to this surface projection was used.  

The rupture size of an event was specified by the relationship In(area) = 2.095M - 7.88 developed 

from the results presented in Wells and Coppersmith (1994). The specified relationship gives the 

mean rupture area for a specific magnitude rather than the median (mean log) rupture area. Studies 

by Bender (1984) have shown that the use of mean estimates of rupture size in the computation of 

hazard yields results nearly equal to those obtained when the statistical uncertainty in the size of 
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individual ruptures is incorporated in the analysis. The hazard was computed with the distribution 

in peak ground motion above the median attenuation relationships truncated at three standard 

deviations.  

Distributions for the annual frequency of exceeding various levels of peak ground acceleration and 

spectral acceleration were developed by performing hazard computations using Equation (6-2) with 

the input parameters defined by each end branch of the logic trees. The hazard was computed 

considering the contributions of earthquakes of magnitude M 5 and larger (m°=5). At each ground 

motion level, the complete set of results forms a discrete distribution for frequency of exceedance, 

v(z). The computed distributions were used to obtain the mean frequency of exceeding various 

levels of peak ground motion (mean hazard curve) as well as hazard curves representing various 

percentiles of the distributions. The logic trees represent our best judgement as to the uncertainty in 

defining the input parameters and thus the computed distributions represent our confidence in the 

estimated hazard.  

6.4.1 Computed Hazard for Horizontal Ground Motions 

Figure 6-11 presents the computed mean peak hazard and the 5th- to 95th-percentile hazard curves 

for peak horizontal acceleration and 5%-damped horizontal spectral acceleration at a period of 1.0 

second at the CTB site. The uncertainty band is about 3 of an order of magnitude in frequency of 

exceedance at low ground motion levels to an order of magnitude at large ground motion levels.  

The distribution in computed frequency of exceedance is somewhat skewed with the mean 

frequency of exceedance lying above the median.  

Figure 6-12 shows the contributions of the various seismic sources to the total hazard. The 

dominating sources are the Stansbury and the East-Springline faults. The relative contribution of 

the Stansbury fault increases for long period ground motions because of the potential for the 

occurrence of larger earthquakes on this fault compared to the Skull Valley faults (see Figure 6-6).  

Figure 6-13 shows the relative contribution of events in different magnitude intervals to the 

computed mean hazard. Each plot in the figure presents a histogram of the percent contributions of 

events in 0.25 magnitude unit-wide intervals separated by distance from the site. Histograms are 

presented for peak acceleration and spectral acceleration at a period of 1.0 seconds for mean annual 

frequencies of exceedance of 2x10 3 , 5xlO-4, and 10-4 (return periods of 500, 2,000 and 10,000 

years, respectively). The hazard is dominated by ground motions from nearby M 6 to 7 events, 

consistent with the dominance of the Stansbury and East-Springline faults.  
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The distributions in the computed hazard shown on Figure 6-11 represent the cumulative effect of 

all levels of parameter uncertainty included in the hazard model logic trees. The relative 

contribution of various components of the model to the overall uncertainty can be readily identified 

from the logic tree formulation. This is accomplished by selecting the node for the parameter to be 

examined and then computing the hazard, giving each branch in succession a weight of unity and all 

other branches at that node zero weight. For example, the contribution of uncertainty in selecting 

the appropriate attenuation relationship can be obtained by computing the mean hazard assuming 

each of the five attenuation relationships is, in turn, the "correct" relationship, with weight of 1.0, 

and the other five have zero weight. The resulting hazard curves are shown on Figure 6-14. In the 

plots, the heavy solid curve corresponds to the mean hazard and the light solid curves the 5th- and 

95 '-percentiles of the distribution in exceedance frequency from Figure 6-11. The six labeled 

curves are the resulting conditional mean hazard for each of the attenuation relationships. These are 

then mean results over the alternative source scaling relationships applied to each attenuation 

relationship (see Appendix F, Table F-1). The difference between the conditional means represent 

the uncertainty in the computed hazard due to uncertainty in selecting the appropriate attenuation 

relationship. The results shown on Figure 6-14 indicate that the choice of attenuation relationship is 

a major contributor to uncertainty in the hazard.  

Figures 6-15 and 6-16 show the effect of the alternative scaling factors applied to the empirical 

attenuation relationships on the computed hazard. Figure 6-15 shows the effect of the alternative 

source scaling factors on the hazard. It is expected that the "Q only" scaling would produce the 

highest hazard. However, for peak ground acceleration, the highest hazard results from the use of 

the Abrahamson and Silva (1997) attenuation relationship (Figure 6-14). The Yucca Mountain 

Ground Motion Expert Panel did not apply "Q only" scaling to this relationship. Thus the "Q only" 

scaling curves shown on Figure 6-15 are the weighted combination of the other five attenuation 

relationships with "Q only" scaling applied. If"Q only" scaling had been applied to the 

Abrahamson and Silva (1997) relationship, then the combined "Q only" scaling result would have 

been noticeably higher.  

Figure 6-16 shows the effect of the alternative site adjustment factors on the computed hazard.  

There is a significant effect on the peak acceleration hazard reflecting the significant difference in 

the two site adjustment factors defined in Appendix F. A low frequencies the two approaches yield 

similar site adjustment factors, and thus similar hazard levels.  

Figures 6-17, 6-18, and 6-19 show the effect of the alternative modeling of the Skull Valley 

faults (see Figure 6-5) on the hazard computed from these sources alone (the contribution from 
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the other sources shown on Figure 6-12 is not included). Figure 6-17 shows the effect of the 

alternative models for the geometry and extent of the West fault. As can be seen from the figure, 

the alternative models have little effect on the hazard. This is because the East fault dominates 

the hazard from the Skull Valley faults due to its higher assessed slip rate (see Figure 6-12) and 

the alternative models for the West fault have only a minor effect on the parameters for the East 

fault. Similarly, Figure 6-18 shows that consideration of the West fault as an independent source 

or as a secondary feature for the west fault has a minimal impact on the hazard. Figure 6-19 

shows the effect of considering the East and Springline faults to be separate segments or to be 

linked into a single fault. Considering them to be combined into a single fault produces slightly 

higher hazard at low probabilities of exceedance and for longer period motions because of the 

potential for large magnitude earthquakes to occur on the combined source than when they are 

considered to be separate segments.  

Figure 6-20 compares the computed hazard in the western portion of the site area to the hazard at 

the CTB building. The hazard at the two locations is nearly identical.  

6.4.2 Computed Hazard for Vertical Ground Motions 

Figure 6-21 presents the computed mean peak hazard and the 5th- to 95th-percentile hazard curves 

for peak vertical acceleration and 5%-damped vertical spectral acceleration at a period of 1.0 second 

at the CTB site. The uncertainty band for vertical peak acceleration hazard is similar to that 

obtained for horizontal peak acceleration, while the uncertainty for vertical spectral acceleration 

hazard at a period of 1.0 second is somewhat smaller that that obtained for horizontal spectral 

accelerations.  

Figure 6-22 shows the contributions of the various seismic sources to the total hazard for vertical 

motions. As was the case for horizontal motions, the dominating sources are the Stansbury and the 

East-Springline faults.  

Figure 6-23 shows the effect of the alternative attenuation relationships on the mean hazard for 

vertical motions. There is greater spread in the hazard results for peak vertical acceleration than for 

vertical spectral acceleration because the vertical spectral acceleration attenuation relationships 

produce more similar estimates than the vertical peak acceleration attenuation relationships at close 

distances (see Figure 6-10).  
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6.4.3 Contributions to Uncertainty 

Figure 6-24 summarizes the contributions to the uncertainty in the total hazard at the CTB site. The 

plots present histograms showing the relative contribution of the various components of the 

uncertainty model (logic trees) to the uncertainty in the total hazard at ground motion levels 

corresponding to a return period of 2,000 years. The components are listed across the bottom and 

are in order: site adjustment factor (WUS rock to Skull Valley), empirical attenuation model, 

earthquake source scaling factor (California strike-slip to normal faulting), maximum seismogenic 

depth of faulting, alternative models for the West fault geometry, independence of the West fault, 

fault segmentation, fault activity, fault dip, maximum magnitude, seismic source recurrence rate, b

value of exponential portions of recurrence relationships, and magnitude distribution model. The 

major contributors to the uncertainty in the hazard are the selection of the alternative attenuation 

relationships, selection of the approach to the site adjustment factor, and assessment of maximum 

magnitude, recurrence rate and form of the magnitude distribution for the faults.  

6.4.4 2,000-yr Equal-hazard Spectra 

Figure 6-25 shows the mean hazard curves for peak ground acceleration and 5%-damped spectral 

acceleration at eight spectral periods for horizontal and vertical motions. These hazard curves 

were interpolated to obtain ground motions with a return period of 2,000 years (annual frequency 

of exceedance of 5x 10-4). Figure 6-26 compares the resulting equal-hazard spectra for horizontal 

and vertical motions. The spectral accelerations are listed in Table 6-4.  
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TABLE 6-4

2,000-YEAR RETURN PERIOD EQUAL-HAZARD SPECTRA 
Private Fuel Storage Facility 

Skull Valley, Utah

Spectral Acceleration 
Period (g) 
(sec) Horizontal Vertical 
PGA 0.707 0.695 
0.075 1.246 1.628 

0.1 1.541 1.752 
0.2 1.983 1.426 
0.3 1.677 0.959 
0.4 1.278 0.663 
0.5 1.045 0.509 
1.0 0.475 0.223 
2.0 0.164 0.0878 
4.0 0.0667 0.0368
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APPENDIX F 
ASSESSMENT OF APPROPRIATE GROUND MOTION 

ATTENUATION RELATIONSHIPS 

INTRODUCTION 

At present, strong motion data recorded in Utah are very limited. In the past, evaluations of 

seismic hazard, (e.g. Youngs and others, 1987) have typically concluded from examination of 

the limited strong and weak motion (i.e. seismographic network recordings) that strong ground 

motion attenuation relationships developed from analysis of California earthquake recordings 

can be used for Basin and Range sites. However, more recent studies have used examinations 

of world-wide normal faulting earthquake data together with a variety of modeling techniques 

to infer that there may be significant differences between strong ground motions in California 

and those from normal faulting earthquakes in extensional tectonic regimes, such as the Basin 

and Range region of north-central Utah. Much of this work was reviewed as part of the seismic 

hazard assessment for the proposed nuclear waste repository at Yucca Mountain, Nevada 

(CRWMS M&O, 1998). As part of that study, a panel of seven ground motion experts was 

assembled to provide assessments of the appropriate ground motion models for the Basin and 

Range region of southern Nevada. In that study, two basic approaches were used to develop 

ground motion attenuation relationships, one based on modifications to empirical California 

strong motion attenuation relationships and one based on numerical modeling. For this study, 

we utilize the approaches developed in the Yucca Mountain study and the applicable results of 

that study to modify California empirical ground motions to the conditions at Skull Valley, 

Utah. These modified attenuation relationships account for the effects of the characteristics of 

the earthquake source, the crustal wave propagation path, and the local site geology.  

MODIFICATIONS FOR EARTHQUAKE SOURCE EFFECTS 

The ground motion expert panel for the Yucca Mountain study selected seven alternative 

empirical attenuation relationships for use in estimating strong ground motions from normal 

faulting earthquakes. These relationships are listed in Table F-1. Five alternative scaling 

factors were developed for the project to scale the California attenuation relationships for the 

difference between the earthquake sources of California strike-slip earthquakes and normal 

faulting earthquakes (see column 2 of Table F-i). The first is the assumption that there is no 

significant difference (no scaling). The second scaling method is a set of empirical adjustment 

factors derived by Dr. N. Abrahamson to adjust the Abrahamson and Silva (1997) attenuation 

relationships from strike-slip to normal faulting (designated A-E in Table F-1). The third 
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scaling method used by the expert panel is one-half of the empirical adjustment factors 

developed by Dr. N. Abrahamson (designated 1/2A-E in Table F-i). The fourth and fifth 

scaling factors were developed by Drs. K. Campbell and W. Silva, respectively, using the point 

source stochastic ground motion model and the difference in stress drop between California 

strike-slip and extensional normal faulting earthquakes (designated KCSC and WSSC, 

respectively in Table F-1).  

The amount of scaling as a function of earthquake magnitude and spectral period is shown on 

Figure F-1. The empirical scaling relationship developed by Dr. Abrahamson was only defined 

for the period range of PGA to 2.0 seconds. For this study we assume that the scaling factor he 

obtained for 2.0 second spectral acceleration also applies to longer periods.  

The third column of Table F-I lists the relative weights applied to each of the scaled empirical 

attenuation relationships. These weights are an average of the weights assigned by the seven 

ground motion panel experts. We adopt these average weights and scaling factors as the 

appropriate scaled empirical attenuation relationships for normal faulting earthquakes in Utah.  

The assessments for the Yucca Mountain project were for rock site conditions, while the Skull 

Valley site is located on alluvial soils. However, as is discussed later in this Appendix, the 

shear wave velocity profile at the Skull valley site is not greatly dissimilar to that at many of 

the strong motion recording stations represented in the California "rock" strong motion data 

base. Therefore, the six empirical rock site attenuation relationships based primarily on 

California strong motion data can appropriately be used to assess the hazard at the Skull Valley 

site. The relationship developed by Sabetta and Pugliese (1996) was not included because it 

was given a low weight by only one expert, resulting in a combined average relative weight of 

less than one percent. Also, as indicated on Figure F-i, the scaling factors developed by Drs.  

Campbell (KCSC) and Silva (WSSC) are very similar. Therefore, for this study, we used Dr.  

Silva's scaling factors for both KCSC and WSSC scaling because they have a convenient 

numerical expression that can be used to adjust the coefficients of the selected empirical 

attenuation relationships. As a result, 20 alternative scaled empirical attenuation relationships 

were used to model horizontal ground motions at the site. The fourth column of Table F-I lists 

the re-normalized weights for these relationships.  

A similar process was used to specify empirical attenuation relationships for vertical motions.  

Table F-2 lists the empirical attenuation relationships for vertical motions considered by the 

Yucca Mountain Ground Motion Expert Panel. There are fewer relationships available for 

vertical motions. One panel member chose to apply a vertical/horizontal ground motion ratio 

1'9 -•
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for rock sites to the Boore and others (1997) attenuation relationship as an option for specifying 

vertical motions. The second column of Table F-2 lists the scaling relationships to adjust the 

empirical models to normal faulting conditions. Dr. Abrahamson developed a separate set of 

empirical adjustment factors for vertical motions. The stress drop scaling factors for horizontal 

motions developed by Drs. Campbell and Silva were assumed by the panel members to also 

apply to vertical motions. Figure F-2 compares the resulting scaling relationships for vertical 

motions.  

The third column of Table F-2 lists the relative weights applied to each of the scaled empirical 

attenuation relationships averaged over the seven ground motion panel experts. The fourth 

column of Table F-2 lists the re-normalized weights for those relationships selected for use in 

this study. Again, we have used Dr. Silva's scaling factors for both KCSC and WSSC scaling 

because they have a convenient numerical expression that can be used to adjust the coefficients 

of the selected empirical attenuation relationships. The scaling of the Boore and others (1997) 

horizontal relationship by vertical to horizontal ratios was not used because it was given limited 

weight by the experts. As a result, eleven alternative attenuation relationships were used to 

evaluate vertical ground motions.  

MODIFICATIONS FOR CRUSTAL PATH EFFECTS 

The rate of attenuation of ground motion level with distance from the source is controlled by 

geometric spreading of the wave front and anelastic energy absorption by the crustal rocks 

along the travel path. Given that the earthquakes of interest to the Skull Valley site are 

expected to occur in the upper portion of the earth's crust in similar geometries to California 

earthquakes, we assume that similar geometric spreading effects occur in both regions. The 

energy absorption along the travel path is usually represented by the quality factor, Q. Crustal 

rocks in California generally have a relatively low value of Q, that is often modeled by the 

relationship Q = 150f , wheref is the frequency of the seismic wave. Singh and Herrmann 

(1983) assessed Q for the Utah region to be Q = 500f 0 2. This higher value of Q may result in 

less attenuation of seismic waves with distance compared to California. The difference in Q is 

expected to have no significant effect for nearby sources because the travel path is only a few 

kilometers. However, the most active source of large earthquakes in the region is the Wasatch 

fault, located approximately 80 km to the east of the site. For this source, the effects of 

differences in crustal attenuation may be important.  

The effect of differences in Q between California and Utah was assessed using the technique 

applied for the Yucca Mountain study. The point source stochastic ground motion model 
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(Hanks, 1979; Hanks and McGuire, 1981; Boore, 1983, 1986) was used to simulate spectral 

accelerations for a magnitude 7 earthquake at a range of distances using the Q expressions for 

California and Utah (a magnitude 7 earthquake was chosen as the likely size of earthquakes on 

the Wasatch fault that may have a significant contribution to hazard at the site). All other 

parameters were set at appropriate values for California earthquakes. Figure F-3 shows the 

results of these simulations.  

The difference between the ground motion levels as a function of distance, r, can be modeled 

by the expression (Youngs and others, 1987): 

SA(Utah Q) / SA(California Q) = 1.0 + yr (F-1) 

The values of parameter 7 obtained from the simulations are: 

Crustal Path Adjustment Factors 

Period ' 
(sec) 

PGA 0.0046 
0.05 0.0039 

0.075 0.0036 
0.1 0.0042 

0.15 0.0048 
0.2 0.0052 
0.3 0.0053 
0.4 0.0052 
0.5 0.0050 

0.75 0.0046 
1.0 0.0044 
1.5 0.0039 
2.0 0.0036 
3.0 0.0031 
4.0 0.0028 

These values, together with Equation (F-i) were used to adjust the selected empirical 

attenuation relationships to account for the expected difference in crustal attenuation between 

California and north central Utah.  

MODIFICATIONS FOR LOCAL SITE CONDITIONS 

The process followed by the Yucca Mountain Ground Motion Expert Panel to correct for local 

site conditions was to assess the relative response of the Yucca Mountain site compared to that 

of a generic site representative of the empirical strong motion attenuation relationships. That 

concept is followed here using a combination of two approaches. The first approach uses a site
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response model to compute the relative response to vertically propagating shear waves of the 

Skull Valley site compared to sites representative of the empirical ground motion models. The 

second approach compares recorded strong motion data for sites with similar classifications to 

the Skull Valley site to the motions predicted by the empirical ground motion models to 

develop an empirical site adjustment factor.  

SKULL VALLEY SITE CONDITIONS 

The surficial soils consist of approximately 5 feet of eolian silty soils. These are underlain by 

Lake Bonneville lacustrine soils to a depth of approximately 50 feet. The soils above a depth 

of approximate 26 feet consist of predominately deep-water deposits of clayey silts and silty 

clays. These are underlain by near shore deposits of very dense fine sand and very dense silts 

with gravel and sand layers. An erosional unconformity marked by the Promontory soil lies at 

a depth of 45 to 55 feet below the surface. The soils below this unconformity consist of the 

Little Valley lacustrine deposits, inter-bedded gravely and clayey sands and sandy silts. These 

soils are dense to hard with refusal conditions often encountered in site borings.  

A second erosional unconformity at a depth of 85 to 95 feet marks the boundary between 

Quaternary and Tertiary sediments. Below this boundary lies the Salt Lake group, a mid- to 

late-Miocene sequence of semi-consolidated siltstones, claystones and sandstones. These 

sediments are presumed to continue to bedrock, which is a west dipping surface lying at a depth 

of 600 to 800 feet beneath the site. Ground water is estimated to lie at a depth of approximately 

125 feet. The underlying bedrock consists of hard limestone and dolomite.  

Geomatrix (2001) developed a "best estimate" set of dynamic properties for the subsurface 

materials at the Skull Valley site. This profile is shown on Figure F-4 and is given in Table F

3. Nine general sediment layers were identified. Six of these are located within the upper 35 

feet. The shear wave velocities for these layers are based on the statistical analysis of measured 

velocities in 16 seismic cone tests and one down-hole velocity measurement. The shear wave 

velocities for layers between 35 and 105 feet in depth are based on the down-hole velocity 

measurement at the Canister Transfer Building boring CTB-05 and CTB-05A. The velocities 

obtained from these detailed measurements are generally consistent with earlier results 

obtained in seismic refraction and reflection surveys. Geosphere Midwest (1997) indicate a 

shear wave velocity of 700 to 790 fps for the soils above a depth of 45 to 55 feet and 1700 to 

2400 fps for soils below this depth. Bay Geophysics (1999) reported an average velocity of 

800 fps for the soil above the Promontory soil boundary and 1,100 ft/sec for soil above the 

Quaternary/Tertiary boundary. Using the layer average velocities listed in Table F-3, the
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average velocity of the soils above the Promontory soil (depth 45 to 55 feet) is 863 fps and the 

average velocity of soils above the Tertiary unconformity (depth 85 to 95 feet) is 1,123 fps. In 

addition, the measured velocity within the upper portion of the Tertiary Salt Lake group is 

consistent with the range of values of 1,000 to 1,750 m/sec (3,280 to 5,741 fps) reported for 

this unit in the Salt Lake Valley (Tinsley and others, 1991; Williams and others, 1993; Wong 

and Silva, 1993).  

As indicated in Table F-3, two alternative velocity profiles are considered for the Tertiary 

sediments below a depth of 125 feet. The first assumes that the velocity remains constant with 

depth until bedrock is reached at a depth of approximately 700 feet. The second assumes that 

the velocity increases with depth to a value representative of the upper range of values reported 

for this unit.  

The crustal velocity profile used for earthquake location in north-central Utah consists of the 

following (J. Pechmann, University of Utah, personal communication, 1999): 

Utah Crustal Velocity Proffle 

Depth Range P-Velocity S-Velocity 
(km) (kmlsec) (kmlsec) 

0-1.4 3.4 1.95 
1.4-15.5 5.9 3.39 

These values were used to set the velocities for the bottom two layers of the crustal model 

(Table F-3).  

Finally, the top five feet of the soil profile is to be replaced by soil-cement throughout the entire 

pad emplacement area and around the Canister Transfer Building. Because of the large extent 

of the soil-cement placement, the soil-cement layer is considered to be part of the free field 

profile. The best estimate velocity for this material was set at the minimum requirement 

specified in the initial design (Geomatrix, 2001). Preliminary site response calculations 

indicate that the computed surface motions are not sensitive to increases in the shear wave 

velocity of the soil-cement layer above 1,500 fps.  

CLASSIFICATION OF THE SKULL VALLEY PFSF SITE CONDITIONS 

The 1994 NEHRP Provisions for seismic design (Table 1.4.2.1 of FEMA, 1995) classify site 

conditions primarily in terms of the average shear wave velocity, v, , in the upper 100 feet of 

the soil profile. Based on the best estimate velocity profile presented in Table F-3, the average

7 £
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shear wave velocity in the upper 100 feet of sediments is 1,196 fps. This values lies at the 

boundary between Class C (very dense soil and soft rock with 1,200 ft/sec < v, <- 2,500 ft/sec) 

and Class D (stiff soil with 600 ft/sec < v. < 1,200 ft/sec).  

Silva et al. (1998) developed generalized velocity profiles representative of the generic site 

classifications "rock" and "soil" used to develop Western US (WUS) empirical attenuation 

relationships, such as that of Abrahamson and Silva (1997). (Note that "California" and 

"WUS" are used interchangeably to represent ground motion models based primarily on 

California strong motion data.) Figure F-4 compares these velocity profiles to the best estimate 

velocity profile developed for the Skull Valley site. The average shear wave velocities for the 

top 100 feet of these two profiles are 530 m/sec (1,740 fps) and 284 m/sec (933 fps) for "rock" 

and "soil", respectively, placing "rock" within NEHRP Class C and "soil" within NEHRP 

Class D. The designation of generic "rock" sites in the WUS strong motion database as 

NEHRP Class C is consistent with the recommendations of Campbell (1997) and Boore et al., 

(1997). Abrahamson and Silva (1997) combine data from rock and shallow soil sites into their 

"rock" site category.  

Based on these comparisons, the Skull Valley site can be classified as a shallow soil site, with 

shear wave velocities that reach rock-like levels at a depth of 85 to 95 feet. The deeper 

velocities appear to lie between those for generic "rock" and "soil" sites in the WUS, although 

they may be closer to those of "rock." The initial evaluation of the relative site response of the 

Skull Valley site (Rev 0 of this document, dated February, 1999) likened the Skull Valley site 

to generic WUS deep "soil" sites based on the presence of soil at the surface and a thick 

Tertiary section. However, the low level of damping in the shallow soils (documented in 

Geomatrix, 2001), the rapid increase in shear wave velocity with depth, and the fact that the 

Yucca Mountain Ground Motion Expert Panel used empirical rock attenuation relationships as 

their starting point, suggests that it is more appropriate to compare the relative response of the 

Skull Valley site to generic WUS "rock". Furthermore, the site conditions in Skull Valley may 

fall within the range of those included within the databases used to develop some of the 

empirical rock ground motion models.  

SITE ADJUSTMENT FACTOR BASED ON SITE RESPONSE MODEL 

The site adjustment factor developed by the Yucca Mountain Ground Motion Panel was 

obtained by computing the response of the Yucca Mountain profile and a generic WUS rock 

profile to vertically propagating waves. The ratio of the surface motions for these two profiles 
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defined the site adjustment factor. That concept was implemented in this study using the 

following approach: 

1. Select a set of rock site recordings from earthquakes within the appropriate 

magnitude range and scale the recordings to ground motion levels relevant to 

evaluating the site hazard.  

2. Deconvolve the recordings to a depth where the crustal velocities in California and 

Utah are similar, removing the average rock site amplification.  

3. Compute the response of the WUS generic rock sites and the Skull Valley site using 

the deconvolved rock motions from step 2.  

4. Compute the ratio of the response spectra for the surface motions obtained from the 

site response analyses of step 3. Use the statistics of these response spectral ratios 

to assess the expected difference between the response of WUS rock sites and the 

Skull Valley site.  

Selection of Rock Site Recordings 

It is expected that the major contribution to the hazard will be from large magnitude 

earthquakes occurring on the nearby Skull Valley and Stansbury faults. Therefore, twelve rock 

recordings from magnitude -6.5 to 7 earthquakes were selected for the site response analyses.  

Table F-4 lists the selected recordings. Six of the recordings are from California earthquakes 

and six are from large normal faulting earthquakes recorded in Italy.  

The recordings were scaled to ground motion levels corresponding to maximum magnitude 

events on the two nearby faults. The mean maximum magnitude for the Stansbury fault is M 7.  

Using the rock-site attenuation relationship developed by Abrahamson and Silva (1997) scaled 

to normal faulting conditions, the resulting median peak ground acceleration is 0.32g. Figure 

F-5 shows the corresponding response spectrum. Each of the rock recordings was scaled so 

that its response spectrum matches the target spectrum on average by minimizing the area 

between the two spectra. The mean maximum magnitude for the East fault is M 6.5. Using the 

rock-site attenuation relationship developed by Abrahamson and Silva (1997) scaled to normal 

faulting conditions, the resulting median peak ground acceleration is 0.57g. Figure F-6 shows 

the corresponding response spectrum and the rock recordings scaled to match this event.  

Deconvolution of Rock Motions 

The recorded rock surface motions were deconvolved to a depth where the crustal velocities are 

comparable for the generic WUS rock site and the Utah crustal model. Figure F-7 compares 

the generic WUS rock profile from Silva et al. (1998) and the Skull Valley profile. It was 
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judged that the two profiles reached sufficiently similar velocities at a depth of 5 km to use this 

depth as the appropriate base point for site response analyses.  

The deconvolution calculations were performed using the one-dimensional wave propagation 

computer program SHAKE (Schnabel and others, 1972). Figure F-8 shows the normalized 

shear modulus and damping curves recommended by Silva and others (1998) for use at shallow 

depths in weathered and fractured rock typical of the velocity profile shown on Figure F-4.  

Once the rock velocity reaches 4,000 ft/sec (at a depth of about 350 feet), the rock is assumed 

to behave linearly (no modulus reduction).  

The material damping in the rock below a depth of 350 ft was estimated using the observed 

high frequency attenuation at rock site recording stations. Anderson and Hough (1984) have 

show that the high frequency attenuation of ground motions in the near surface can be modeled by 

the attenuation parameter K. Silva and Darragh (1996) indicate that K is related to the near surface 

shear wave quality factor, Q, by the expression: 

H H =(F-2) 
Q5V 

where H is the portion of the crust over which the energy loss occurs and V, is the average 

shear wave velocity over H. The appropriate value of H is 1 to 2 km (Silva and Darragh, 

1996). For this calculation, the total thickness H over which the energy loss is assumed to 

occur was set to -1.5 km.  

Q, is, in turn, related to the material damping, A,, used in liner viscoelastic wave propagation 

modeling (such as the site response analyses performed for this study using the program 

SHAKE) by the expression: 

(F-3) 
2Q, 

Silva and Darragh (1996) found that a average value of K = 0.04 sec is appropriate for WUS 

rock site strong motion recording stations. This K value represents the total damping in the 

upper portion of the crustal profile, including that portion to which the damping relationships 

shown on Figure F-8 apply. To calculate the damping to be applied to the rock layers below a 

depth of 350 feet, the K" contributed by the low strain damping in the shallower materials is 

removed. Table F-5a shows this calculation. Equation (F-2) is used to compute the value of Qs 
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for each layer from the low strain damping shown on Figure F-8 (-10"3%), and Equation (F-i) 

is used to compute the layer contribution to K.  

Silva and Darragh (1996) found that Q, for WUS rocks is proportional to shear wave velocity.  

Using the assumption that Q, oc Vs, damping values can be obtained for each layer by 

substituting for Q, the term yVs in Equation (F-2), resulting in the following expression for the 

total K.  

SI Hi (F4) 

Si 

The values of H 1/V2 are summed for all layers and then Equation (F-4) solved for the value 

of y that produces the desired value of K. The appropriate values of Q, are then computed as 

yVs and Equation (F-3) is used to compute the value of damping to use for each layer in the 

SHAKE computation. Table F-5b lists the resulting values of material damping for the WUJS 

rock profile. Below a depth of -1.5 km, damping was set using Equation (F-3) and the 

California crustal Q for a frequency of 3 Hz (-300).  

The unit weights assigned to the WUS profile by Silva et al. (1998) begin at 125 pcf at the 

surface, increasing to 132 pcf at a depth of 100 feet, then gradually to 168 pcf at crustal depths.  

The deconvolution analysis assumes that all of the surface rock motions are a result of 

vertically propagating shear waves. However, Silva (1986) found that some of the surface 

motions consist of higher mode surface waves. He recommended that surface motions be 

filtered to remove frequencies higher than about 15 Hz before deconvolution to reduce the 

potential for overestimation of the motions at depth. He also indicated that the motions should 

be removed using an anti-aliasing filter rather than the abrupt frequency cut-off employed in 

program SHAKE. Accordingly, the rock recordings were low-pass filtered with a Butterworth 

filter prior to being input into the deconvolution analysis. The filtering was preformed prior to 

scaling the records to the target rock motion response spectra shown on Figures F-5 and F-6.  

The records were also high-pass filtered above a frequency of 0.14 Hz (a period of 7.0 sec.) and 

base-line corrected to remove spurious low frequency motions. Twenty-four base motions 

were then computed at a depth of 5 km using the average WUS rock velocity profile shown on 

Figure F-4, 12 using surface motions scaled to a M 7 earthquake on the Stansbury fault (Figure 

F-5) and 12 using surface motions scaled to a M 6.5 earthquake on the East fault (Figure F-6).  

r-m iu•
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Site Response Analyses for WUS Rock Sites 

The intent of the relative site response analyses is to compare the average response of velocity 

profiles representative of generic WUS rock sites to that of profiles representative of the Skull 

Valley site. The empirical WUS rock ground motion models have been constructed using 

strong motion data recorded on a variety of sites velocity profiles that vary about the average 

profile shown on Figure F-4. To properly represent the average response of these sites one 

should include this variability in velocity. EPRI (1993) developed a model to represent the 

variability in shear wave velocity profiles about an average profile. This model has been 

refined by Silva et al. (1998). The Silva et al. (1998) model was used to generate 30 profiles 

representative of WUS "rock" sites by randomizing the velocities in the upper 100 feet of the 

generic WUS rock profile. These profiles are shown on Figure F-9 along with the average 

profile from Figure F-4.  

The 24 base motions were combined with the 30 WUS rock profiles to generate 240 surface 

motions representative of WUS rock sites. The process was to sequentially select 4 input 

motions for each WUS rock profile: profile 1 was combined with input motions 1 through 4 

with M 7 scaling; profile 2 was combined with input motions 5 through 8 with M 7 scaling; 

profile 3 was combined with input motions 9 through 12 with M 7 scaling; and profile 4 started 

over with input motions 1 through 4 with M 7 scaling. This was repeated until all 30 profiles 

had been combined with the base input motions based on surface motions scaled to a M 7 

earthquake on the Stansbury fault producing a set of 120 site response analyses. The process 

was then repeated using the base motions input motions based on surface motions scaled to a M 

6.5 earthquake on the East fault producing a second set of 120 site response analyses.  

Site Response Analyses for the Skull Valley Site 

The velocity profile at the Skull Valley site was examined for potential variability from 

location to location within the site area. As shown in Table F-3, the depth to the various layer 

boundaries varies by ±1 or 2 feet for the shallow layers and ±5 feet for the depths to the 

erosional unconformaties at depths of- 50 and - 90 feet. Table F-6 presents the statistics of 

the shear wave velocity data of the site for the top 35 feet of the soil profile for which multiple 

velocity profiles were obtained (Geomatrix, 2001). The data indicate only slight variability in 

shear wave velocity across the site. The reasonably uniform velocities across the site are not 

surprising given the lacustrine depositional environment.  

The statistical data for the Skull Valley velocities and variability in layer depths were used to 

generate 30 random profiles representative of the skull valley site. Table F-7 lists the 
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parameters of the best estimate profile used to generate the 30 velocity profiles. The depth to 

each layer boundary was simulated by a uniform distribution within the range defined in Table 

F-7. The velocity in each layer was selected by generating correlated random normal deviates 

using the adjacent layer correlation coefficients listed in Table F-7 and setting all other 

correlation coefficients to 0. A nominal adjacent layer correlation coefficient of 0.25 was 

selected to represent the range of computed correlation coefficients listed in Table F-6. The 

correlation between the velocity in the soil-cement layer and the underlying soil was set to 0, as 

was the correlation across the erosional unconformity at a depth of 50 feet. The correlation 

between layers 4 and 5 was also set to 0 reflecting the very small computed correlation. The 

standard deviation in the soil-cement shear wave velocity was set to 0.1 times the average 

velocity reflecting that the material will be placed in a controlled manner. The standard 

deviation in layer 7 was estimated using the correlation coefficient 0. 076 obtained for layer 6.  

The standard deviation for the layer 8 sands was to set 0.1 times the average velocity reflecting 

the low correlation coefficients obtained for the other soil layers. In addition, layer 8 was 

divided into two sublayers with a relatively high degree of correlation between them to allow 

for variability in velocity with depth through this thick layer. The velocity of the Tertiary 

sediments was not varied. However, analyses were performed using both the constant velocity 

model and the increasing velocity model (Table F-3). The location of the velocity transitions 

within the Tertiary sediments was allowed to vary within the limits shown in Table F-3. Figure 

F-10 shows the resulting 30 velocity profiles compared to the best estimate velocity profile.  

The influence of the uncertainty in the average velocity of the subsurface sediments at Skull 

Valley on the site response was examined by developing upper and lower range velocity 

profiles. Table F-6 lists the 90-percent confidence interval on the mean velocity within the top 

35 feet based on the 17 velocity profiles developed at the site. These values were used to 

construct the upper and lower range velocities listed in Table F-8. The uncertainty in the 

average velocity in layer 8 (depth range of 50 to 90 feet) was assigned a value of ±0.1 times the 

best estimate velocity, reflecting the low variability observed in the velocities of the shallower 

soils. The uncertainty in the average velocity of the soil-cement and the Tertiary sediments was 

assigned a value of ±+,.5 times the best estimate velocity. This value is the minimum 

variability in shear wave velocity recommended by ASCE (1986) for soil-structure interaction 

and is likely to be a conservative value based on the data obtained at the site for other sediment 

layers. Thirty randomized profiles were constructed for both the upper range and lower range 

velocity profiles listed in Table F-8 using the standard deviations and adjacent layer correlation
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coefficients given in Table F-7. These profiles look very similar to those shown on Figure F

10.  

Figure F-I 1 presents the shear modulus reduction and damping relationships selected for the 

Skull Valley soil deposits above the Tertiary sediments (Geomatrix, 2001). The relationships 

for the 0 to 12-ft depth range and the 12 to 26-ft depth range are based on resonant column tests 

performed on samples of the site soils. For the sandy soils below a depth of 26 feet, the 

relationships used by Silva and others (1998) to calibrate ground motion models for alluvial 

soils in California were selected. Silva and others (1998) developed two alternative sets of 

relationships. The curves selected for this analysis represent the stiffer (less modulus reduction 

and lower damping) set. This set was selected because of the low level of modulus reduction 

and low damping exhibited by the site test data.  

The Tertiary sediments and the underlying bedrock were assumed to remain linear during 

shaking. Damping in these materials was developed following the approach described above 

for the WUS rock profile. There is no information on the value of K" appropriate for this site.  

Silva et al. (1998) list K values for various sites in California, indicating the general site 

classification. These data suggest that the distribution of K is similar for rock and shallow soil 

sites. In addition, Wong and Silva (1993) used a Kof 0.04 seconds in simulating ground 

motions in Utah for both rock and soil sites. Therefore, the average total site K of 0.04 seconds 

for California rock sites was used to characterize the Skull Valley site.  

Table F-9 shows the contribution of the low strain damping values in the upper 90 feet of soil 

to the total K at the Skull Valley site. Table F- 10 shows the damping values obtained for the 

best estimate and upper and lower range velocity profiles in the Tertiary sediments and the 

underlying first layer of the crustal model.  

Thirty randomized profiles were generated for each of the six Skull Valley profile cases defined 

above. For each case, the 24 base motions were combined with the 30 randomized profiles to 

generate 240 surface motions representative of the response of Skull Valley following the same 

process used for the WUS rock profile.  

Relative Site Response Results 

The relative response of the Skull Valley site compared to WUS rock sites was assessed by 

computing the ratio of the 5-percent damped response spectra for a paired set of surface 

motions one computed using a Skull Valley profile and one computed using a WUS rock
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profile. Each pair of surface motions is computed using the same base motion. As a result, 

there are 240 spectral ratios for each Skull Valley profile case, 120 computed using base 

motions derived from scaling to a M 7 earthquake on the Stansbury fault and 120 computed 

using base motions derived from scaling to a M 6.5 earthquake on the East fault. The 

following sets of spectral ratios were computed.  

Spectral Ratio Cases 

Scaling Level for Input Motion Skull Valley Profile WUS Profile 

M 7 on Stansbury fault Best Estimate - Constant Tertiary Velocity Generic Rock 

M 6.5 on East fault Best Estimate - Constant Tertiary Velocity Generic Rock 

M 7 on Stansbury fault Best Estimate - Increasing Tertiary Velocity Generic Rock 

M 6.5 on East fault Best Estimate - Increasing Tertiary Velocity Generic Rock 

M 7 on Stansbury fault Lower Range - Constant Tertiary Velocity Generic Rock 

M 6.5 on East fault Lower Range - Constant Tertiary Velocity Generic Rock 

M 7 on Stansbury fault Lower Range - Increasing Tertiary Velocity Generic Rock 

M 6.5 on East fault Lower Range - Increasing Tertiary Velocity Generic Rock 

M 7 on Stansbury fault Upper Range - Constant Tertiary Velocity Generic Rock 

M 6.5 on East fault Upper Range - Constant Tertiary Velocity Generic Rock 

M 7 on Stansbury fault Upper Range - Increasing Tertiary Velocity Generic Rock 
M 6.5 on East fault Upper Range - Increasing Tertiary Velocity Generic Rock 

The site adjustment factor for each Skull Valley profile case and level of input motion was 

defined as the mean of the logs of the 120 spectral ratios computed at each spectral frequency.  

The mean log spectral ratio is considered appropriate because the empirical ground motion 

attenuation relationships are defined in terms of the expected log amplitude of ground motion 

and the purpose of the site adjustment factor is to correct this expected log amplitude to Skull 

Valley site conditions. In addition, the computed spectral ratios are approximately lognormally 

distributed. Figure F-12 compares the empirical 16th, 5 0 th, and 8 4 th percentiles for the best 

estimate-constant Tertiary velocity case (combined M 7 and M 6.5 scaling) to the mean log 

[spectral ratio] and the mean log[spectral ratio] ± one standard deviation of log[spectral ratio].  

The empirical percentiles were computed by ordering the computed ratios at each spectral 

period and locating the appropriate percentiles of the empirical distribution.  

Figure F-13 presents the results of the 12 analysis cases defined above. Each curve represents 

the mean log[spectral ratio] of the 120 paired site response calculations. The spectral ratios 

computed using the two levels of input motion are very similar, indicating that the site 

adjustment factor can be considered to be independent of ground motion amplitude in the range 

of interest for this study. In addition, the spectral ratios for periods less than about 0.3 seconds 

(spectral frequencies greater than about 3 Hz) are insensitive to whether or not the Tertiary 

velocity remains constant or increases with depth. The spectral ratios for spectral periods 

\\SF3\DEPTDATA\DOCSAFE4000S\790\790-O02\REPORT REVISIONS\APX-FREVI\APX-F-REVI .DOC F-14



greater than 0.3 seconds (spectral frequencies less than 3 Hz) are sensitive to the variation of 

velocity with depth in the Tertiary sediments. However, the WUS rock profiles used to 

compute the spectral ratios did not include randomization at depths below 100 feet and the 

randomization of the Tertiary velocity profiles was restricted to variability in the location of 

the abrupt velocity steps for the increasing velocity cases. It is expected that including deeper 

randomization of the velocity profiles, particularly for the WUS rock profile, would smooth 

out the topography on the spectral ratios for spectral periods greater than 0.3 seconds. Given 

these arguments, it was judged appropriate to compute the spectral ratios combining the 

results for the constant and increasing Tertiary velocity cases.  

Figure F-14 compares the combined spectral ratios for the best estimate, upper range and lower 

range velocity profiles. Again, the primary area of sensitivity is for spectral periods greater 

than 0.3 seconds, reflecting the uncertainty in the Tertiary sediment velocity. A symmetrical 

uncertainty factor was applied to the measured velocity to examine the sensitivity of the results 

to variations in the average velocity. However, the lower range velocity is considered much 

less likely that the upper range velocity because of the age of the sediments and the fact that the 

measured velocity in Skull Valley is at the lower end of the range of values reported for this 

geologic unit elsewhere in Utah. Accordingly, is was judged appropriate to compute the mean 

log[spectral ratio] for all profile cases, which yields results that are essentially equivalent to the 

best estimate profile (see upper plot on Figure F-14).  

Finally, the combined mean log[spectral ratio] curve was conservatively smoothed by eye to 

produce the selected site adjustment factors at the spectral periods used for ground motion 

calculation. These selected factors are designated "site response model" adjustment factors, 

and are shown on the lower plot on Figure F-14.  

As this analysis was being finalized, it was determined that the maximum thickness of soil 

cement under the pads is to be 2 feet. In addition, the minimum thickness is to be 1 foot.  

These constraints limit the range in the thickness of the soil-cement layer to 4 to 5 feet in the 

pad emplacement area instead of the 3 to 7 feet variability used to develop the soil profiles for 

the site response analyses. Additional site response analyses performed using this more limited 

variation in thickness in the best estimate velocity profile case produced relative site response 

factors that differ by 0 to 2 percent from those shown on Figure F- 13. Thus, the "site response 

model" site adjustment factors presented on Figure F- 14 are appropriate for the narrower range 

in the thickness of the soil-cement layer.  
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SITE ADJUSTMENT FACTOR BASED ON EMPIRICAL STRONG MOTION DATA 

As discussed above, the Skull Valley site is classified as a shallow soil site located at the 

boundary between NEHRP Class C and Class D sites. As such, the velocity characteristics fall 

within the range of sites that are included in many of the empirical WUS "rock" strong motion 

data bases used to develop the ground motion models described in Section F.2. In particular, 

the Abrahamson and Silva (1997) attenuation relationship explicitly includes these types of 

sites within their "rock" classification. On this basis, ground motions for sites like Skull Valley 

may be directly assessed using WUS rock attenuation relationships.  

The Pacific Earthquake Engineering Research Center (PEER) publishes on the internet a strong 

motion database developed by Pacific Engineering and Analysis that explicitly identifies 

shallow soil sites. Table F-11 lists 97 strong motion recordings from that data base that are 

categorized as shallow soil over rock (depth to rock < -20 meters). These recordings are for 

magnitude M 5 and greater earthquakes recorded at sites within 50 km of the earthquake 

rupture in instrument shelters or light buildings.  

Using these data, empirical spectral ratios were computed by dividing the spectral accelerations 

for the recorded motions by the spectral accelerations predicted by the six empirical rock site 

ground motion models discussed above. Figures F-15 and F- 16 show the computed mean 

log[spectral ratios] and their 90-percent confidence intervals for horizontal and vertical 

motions, respectively. The confidence intervals are much wider for the Spudich et al. (1997) 

relationship because the applicable data were limited to the recordings from the Oroville, 

Mammoth Lakes, and Chalfant Valley earthquakes. The plotted results indicate that the 

shallow soil site data are on average well predicted by the WUS rock attenuation relationships, 

with a tendency to under predict for spectral periods greater than about 0.3 seconds.  

The empirical spectral ratios shown on Figures F-15 and F-16 were used to develop empirical 

site adjustment factors. A weighted combination of the spectral ratios for each period was 

computed as follows. First, all individual spectral ratios less that 1.0 were set to 1.0, under the 

assumption that WUS rock attenuation models are not expected to over predict shallow soil site 

ground motions. The adjusted spectral ratios were then combined using the sum of the weights 

assigned to each attenuation relationship in Tables F-I and F-2. The resulting "empirical" site 

adjustment factors are compared to the "site response model" adjustment factors on Figure F

17 and in Table F-12. It should be noted that the empirical site adjustment factors are 

equivalent in concept to the empirical source adjustment factors used by the Yucca Mountain 

Ground Motion Panel (see Section F.2).
F-16
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RELATIVE WEIGHTING OF SITE RESPONSE MODEL AND EMPIRICAL SITE 

CORRECTION FACTORS 

Both the site response modeling and the empirical data approaches presented above for 

developing site adjustment factors have advantages that tend to favor their use in predicting 

earthquake hazards for a given site. The "site response model" is based on data that reflect soil 

conditions at the site, and its use is in line with the common use of site response analyses to 

assess site-specific ground motions. On the other hand, the "empirical model" has the 

advantage that it employs actual strong motion data recorded at shallow soil sites. In fact, the 

approach that has been used in the past to develop "site-specific" ground motions for nuclear 

power plants is based on statistical analysis of recorded strong ground motions from sites with 

subsurface conditions similar to the site in question (Standard Review Plan, Rev. 2, Section 

2.6.2.6; Kimball, 1983).  

Because of the relative advantages of both methods, it is appropriate to incorporate the results 

obtained from each into the hazard calculation. The question becomes what relative weight to 

give to the site adjustment factors generated by each model. A similar question was addressed 

by the Yucca Mountain Ground Motion Expert Panel in their development of source 

adjustment factors in order to apply California strong motion attenuation relationships to the 

Yucca Mountain site. That panel incorporated source adjustment factors based on both 

analytical ground motion models and comparisons with empirical data. The Expert Panel 

generally favored the use of source adjustments based on modeling results over those based on 

empirical corrections. Excluding the weights assigned to Abrahamson and Silva (1997) and 

Spudich et al. (1997) in Table F-1, the average combined relative weight assigned to the 

empirical adjustment factors by the Expert Panel are 0.36 to the empirical scaling factors A-E 

and ½/2A-E and 0.64 to the modeling adjustment factors KCSC and WSSC. Empirical scaling of 

the Abrahamson and Silva (1997) attenuation relationships was favored by the Expert Panel, 

perhaps because the empirical source scaling factors were developed specifically using this 

relationship by Dr Abrahamson. No source scaling was strongly favored by the Expert Panel 

for the Spudich et al. (1997) relationship because it was specifically developed for normal 

faulting earthquakes.  

In line with the relative preference for analytical compared to empirical ground motion 

adjustment factors used by the Yucca Mountain Ground Motion Expert Panel, we assign twice 

as much weight (0.67) to the site response site adjustment factors than to the empirical site 

adjustment factors (0.33) in computing the hazard at the Skull Valley site. This correlation of 

relative weights is reasonable because the subsurface soil conditions at most of the sites listed 

\\SF3\DEPTDATA\DOCSAFE\4000S\4790\4790-002\REPORT REVISIONS\APX-F-REV 1. DOC F- 17



in Table F-i1 are not well known. In addition, the soils at many of these sites may show a 

greater degree on nonlinear behavior (modulus reduction and damping increase) than the Skull 

Valley soils exhibit at high levels of shaking (large shear strains). However, this is counter 

balanced by the fact that the level of ground shaking recorded at these sites is, in general, lower 

than that at the hazard levels of interest in this study. The lower level of shaking suggests that 

most of the sites listed in Table F-1 1 would have experienced, on average, a relatively low level 

of nonlinear behavior. Thus, the uncertainties associated with the potential for non-linear 

behavior at the sites listed in Table F- 11 are balanced by the lower levels of ground shaking 

experienced at those sites.

1-�. 1 0 r-lo
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TABLE F-1 

EMPIRICAL ATTENUATION RELATIONSHIPS FOR HORIZONTAL MOTIONS 

AND SEISMIC SOURCE SCALING FACTORS FROM THE YUCCA MOUNTAIN 

GROUND MOTION EXPERT PANEL 
Private Fuel Storage Facility 

Skull Valley, Utah 

Page 1 of I 

Average Weight Re-normalized 

Rock Site Earthquake Source Across Yucca Weights Combining 

Attenuation Relationship Scaling Method Mountain Expert Numerical Modeling 
Panel Scaling Factors 

Abrahamson and Silva (1997) None 0 0 
A-E 0.222 0.223 

½ A-E 0.036 0.036 
KCSC 0.051 -

WSSC 0.014 0.065 

Boore and others (1997) None 0.006 0.006 
A-E 0.014 0.014 

½ A-E 0.036 0.036 
KCSC 0.042 -

WSSC 0.050 0.092 
Campbell (1997) None 0.006 0.006 

A-E 0.029 0.029 
½ A-E 0.036 0.036 
KCSC 0.051 -

WSSC 0.036 0.087 
Idriss (1991, 1997) None 0.006 0.006 

A-E 0.014 0.014 
/A-E 0 0 
KCSC 0.051 -

WSSC 0.021 0.072 
Sadigh and others (1997) None 0.006 0.006 

A-E 0.029 0.029 
½ A-E 0.036 0.036 
KCSC 0.051 -

WSSC 0.021 0.072 
Spudich and others (1997) None 0.115 0.116 

KCSC 0.018 0.018 

Sabetta and Pugliese (1996) None 0.006 - -

1� I /\
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TABLE F-2 

EMPIRICAL ATTENUATION RELATIONSHIPS FOR VERTICAL MOTIONS AND 

SEISMIC SOURCE SCALING FACTORS FROM THE YUCCA MOUNTAIN 

GROUND MOTION EXPERT PANEL 
Private Fuel Storage Facility 

Skull Valley, Utah 

Page 1 of 1 

Average Weight Re-normalized 

Rock Site Earthquake Source Across Yucca Weights Combining 

Attenuation Relationship Scaling Method Mountain Expert Numerical Modeling 
Panel Scaling Factors 

Abrahamson and Silva (1997) None 0.000 0 
A-E 0.321 0.333 

1/2 A-E 0.036 0.037 
KCSC 0.095 -

WSSC 0.026 0.126 
Boore and others (1997) None 0.000 

A-E 0.000 
½ A-E 0.036 
KCSC 0.000 
WSSC 0.000 

Campbell (1997) None 0.014 0.014 
A-E 0.041 0.042 

½ A-E 0.036 0.037 
KCSC 0.095 -

WSSC 0.074 0.175 
Sadigh and others (1997) None 0.014 0.014 

A-E 0.041 0.042 
1/ A-E 0.036 0.037 
KCSC 0.095 -

WSSC 0.042 0.142

p -LU
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TABLE F-3 

BEST ESTIMATE PROFILE FOR SKULL VALLEY PFSF SITE 
CONSTANT TERTIARY SEDIMENT VELOCITY 

Private Fuel Storage Facility 
Skull Valley, Utah 

Page 1 of I

Average Layer 
Depth to Base Average Layer Shear Compression Unit 

Layer of Layer Wave Velocity Wave Velocity Weight 

_ft_ _ (fps) (fps) (pcf 
Eolian silts 5±2 560 1,117 

Lacustrine silt 10±1 528 1,131 80 

Lacustrine silt 12±1 727 1,260 80 

Lacustrine sand 18±1 - 854 1,472 100 

Lacustrine silt 26±1 871 1,440 94 

Lacustrine sands 35±1 1,022 1,667 115 

Lacustrine sands 50±5 1,190 2,085 115 

Dense sands and silty sands 90±5 1,800 3,400 120 
capped by Promontory Soil 
Tertiary Salt Lake-group - 125 2,900 5,023 135 
unsaturated 
Tertiary Salt Lake group - 700±100 2,900 5,023 145 
saturated 
Shallow crustal rocks 4,593 6,398 11,155 165 

Crustal rocks 15 km 11,122 19,357 170 

Increasing Tertiary Sediment Velocity 

Average Layer 

Depth to Base Average Layer Shear Compression Unit 
Layer of Layer Wave Velocity Wave Velocity Weight 

- ft4 
44"7

Eolian silts 
Lacustrine silt 
Lacustrine silt 
Lacustrine sand 
Lacustrine silt 
Lacustrine sands 
Lacustrine sands 
Dense sands and silty sands 
capped by Promontory Soil 
Tertiary Salt Lake group 
unsaturated, Layer 1 
Tertiary Salt Lake group 
saturated, Layer 1 
Tertiary Salt Lake group 
saturated, Layer 2 
Tertiary Salt Lake group 
saturated, Layer 4 
Shallow crustal rocks 
Crustal rocks

10±1 
12±1 
18±1 
26±1 
35±1 
50±5 
90±5

125 

300±33 

500±67 

700±100 

4,593 
1R~ km

DrOU 
528 
727 
854 
871 

1,022 
1,190 
1,800 

2,900 

2,900 

4,000 

5,000 

6,398 
11.122

I'll( 1,131 
1,260 
1,472 
1,440 
1,667 
2,085 
3,400 

5,023 

5,023 

6,928 

8,660 

11,155 
19.357

80 
80 
100 
94 

115 
115 
120 

135 

145 

145 

145 

165 
170

15 k •11 22

1? -Z� I
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TABLE F-4 

ROCK RECORDINGS USED IN SITE RESPONSE ANALYSES 
Private Fuel Storage Facility 

Skull Valley, Utah 

Page 1 of 1 

Comp Distance PGA 

Record Earthquake M Station (o) (kin) (g) 

1 San Fernando, CA 6.6 Pacoima Dam [279] 254 2.8 1.16 

2 1971/02/09 Lake Hughs #12 [128] 021 20.3 0.37 

3 Victoria, Mexico 6.4 Cerro Prieto 045 34.8 0.62 
1980106/09 

4 Irpinia, Italy 6.9 Bagnoli Irpinio 000 10.9 0.14 

5 1980/11/23 Bagnoli Irpinio 270 0.20 
6 Sturno 000 16.2 0.25 

7 Sturno 270 0.36 

8 Irpinia, Italy aftershock 6.2 Calitri 000 8.4 0.18 

9 1980/11/23 Calitri 270 0.17 

10 Loma Prieta, CA 7.0 Gilroy #1 090 11.2 0.47 

11 1989/10/17 Corratilos 000 5.1 0.64 

12 Corratilos 090 0.48

1� -L.L
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TABLE F-5A

CONTRIBUTION TO K FROM TOP 350 FT OF WUS ROCK PROFILE 
Private Fuel Storage Facility 

Skull Valley, Utah 
Page 1 of 1 

h Vs 

Layer (ft) Total h (ft) (fps) Lambda Qs kappa (sec) 

1 5 5 800 0.040 12.5 0.00050 

2 8 13 1000 0.040 12.5 0.00064 

3 7 20 1200 0.040 12.5 0.00047 

4 10 30 1400 0.033 15.2 0.00047 

5 14 44 1750 0.033 15.2 0.00053 

6 11 55 2070 0.033 15.2 0.00035 

7 14 69 2350 0.033 15.2 0.00039 

8 19 88 2750 0.033 15.2 0.00046 

9 22 110 3170 0.033 15.2 0.00046 

10 108 218 3281 0.033 15.2 0.00218 

11 131 349 3904 0.033 15.2 0.00222 

Total 0.00866 

TABLE F-5B 

MATERIAL DAMPING FOR WUS ROCK PROFILE 
Private Fuel Storage Facility 

Skull Valley, Utah 

Page 1 of I 

Total Shear Wave 

Layer H Thickness Velocity HNs 2  Q Damping Layer K 

(km) (km) (km/s) Ratio (secl 

1 0.065 0.065 1.36 0.035 15.1 0.0331 0.0032 

2 0.1 0.165 1.53 0.043 17.0 0.0294 0.0038 

3 0.115 0.28 1.72 0.039 19.1 0.0262 0.0035 

4 0.16 0.44 1.89 0.045 21.0 0.0238 0.0040 

5 0.237 0.677 2.07 0.055 23.0 0.0217 0.0050 

6 0.228 0.905 2.3 0.043 25.6 0.0196 0.0039 

7 0.55 1.455 2.55 0.085 28.3 0.0176 0.0076 

Sum 0.345 Sum 0.0310 

Gamma 11.11
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TABLE F-6 

STATISTICS OF SHEAR WAVE VELOCITIES AT SKULL VALLEY SITE 
(GEOMATRIX, 2001) 

Private Fuel Storage Facility 
Skull Valley, Utah 

Page 1 of I 

Standard 90% Computed 
Average Deviation in Confidence Correlation 

Layer Depth Number of Shear Wave Shear Wave Coefficient Interval in Coefficient 
Range Velocity Velocity Velocity of Variation Mean Velocity with Layer 

(ft) Profiles (fps) (fps) (fps) Above 

1 0-5 15 560 57 0.10 ±24 -

2 5-10 17 528 70 0.13 ±28 0.13 

3 10-12 17 727 100 0.14 ±40 0.34 

4 12-18 17 854 55 0.06 ±22 0.21 

5 18-26 17 871 32 0.04 ±13 -0.05 

6 26-35 7 1,022 78 0.08 ±48 0.58

T' '�A
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TABLE F-7 

STATISTICAL MODEL FOR BEST ESTIMATE PROFILE FOR SKULL VALLEY 

PFSF SITE CONSTANT TERTIARY SEDIMENT VELOCITY 
Private Fuel Storage Facility 

Skull Valley, Utah 
Page 1 of 1 

Standard 
Depth to Average Deviation of Correlation 

Layer Base of Layer Shear Shear Wave Coefficient 
Layer Wave Velocity Velocity with Layer 

_ft) (fps) (fps) Above 

1 5±2 1,500 150 -

2 10±1 528 70 0.0 
3 12±1 727 100 0.25 
4 18±1 854 55 0.25 

5 26±1 871 32 0.0 

6 35±1 1,022 78 0.25 

7 50±5 1,190 90 0.25 

8a 70±5 1,800 180 0.0 

8b 90±5 1,800 180 0.5 

9 125 2,900 0 -

10 700±100 2,900 0 

11 4,593 6,398 0 

12 5km 11,122 0 

Increasing Tertiary Sediment Velocity 

Standard 
Depth to Average Deviation of Correlation 

Layer Base of Layer Shear Shear Wave Coefficient 

Layer Wave Velocity Velocity with Layer 

_ft) (fps) (fps) Above 

1 5±2 1,500 150 -

2 10±1 528 70 0.0 

3 12±1 727 100 0.25 

4 18±1 854 55 0.25 
5 26±1 871 32 0.0 

6 35±1 1,022 78 0.25 

7 50±5 1,190 90 0.25 

8a 70±5 1,800 180 0.0 

8b 90±5 1,800 180 0.5 
9 125 2,900 0 -

10 300±30 2,900 0 

11 500±50 4,000 0 -

12 700±100 5,000 0 -

13 4,593 6,398 0 -

14 5km 11,122 0
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TABLE F-8 

BEST ESTIMATE AND UPPER AND LOWER RANGE VELOCITY PROFILES 

FOR SKULL VALLEY PFSF SITE CONSTANT TERTIARY SEDIMENT VELOCITY 
Private Fuel Storage Facility 

Skull Valley, Utah 
Page 1 of I 

Lower Range Best Estimate Upper Range 

Depth to Average Average Layer Average Layer 

Layer Base of Layer Shear Shear Wave Shear Wave 

Layer Wave Velocity Velocity Velocity 

-ft) (fps) (fps) (fps) 
1 5±2 1,225 1,500 1,837 

2 10±1 500 528 556 

3 12±1 687 727 767 

4 18±1 832 854 876 

5 26±1 858 871 884 

6 35±1 974 1,022 1,070 

7 50±5 1,034 1,190 1,248 

8a 70±5 1,620 1,800 1,980 

8b 90±5 1,620 1,800 1,980 

9 125 2,368 2,900 3,552 

10 700±100 2,368 2,900 3,552 

11 4,593 6,398 6,398 6,398 
12 5 km 11,122 11,122 11,122 

Increasing Tertiary Sediment Velocity 

Lower Range Best Estimate Upper Range 

Depth to Average Average Layer Average Layer 
Layer Base of Layer Shear Shear Wave Shear Wave 

Layer Wave Velocity Velocity Velocity 

_ft_ (fps) (fps) (fps) 
1 5±2 1,225 1,500 1,837 

2 10±1 500 528 556 

3 12±1 687 727 767 
4 18±1 832 854 876 

5 26±1 858 871 884 

6 35±1 974 1,022 1,070 

7 50±5 1,034 1,190 1,248 

8a 70±5 1,620 1,800 1,980 

8b 90±5 1,620 1,800 1,980 

9 125 2,368 2,900 3,552 

10 300±30 2,368 2,900 3,552 

11 500±70 3,266 4,000 4,899 

12 700±100 4,083 5,000 6,124 

13 4,593 6,398 6,398 6,398 

14 5 km 11,122 11,122 11,122

F-26
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TABLE F-9 

CONTRIBUTION TO r, FROM TOP 90 FT OF SKULL VALLEY PROFILE 
LOWER RANGE VELOCITIES 

Private Fuel Storage Facility 
Skull Valley, Utah 

Page 1 of I

Lower Range Velocities 

h Total h Vs kappa 

Layer (ft) (ft) (fps) Lambda Qs (sec) 

1 5 5 538 0.009 55.6 0.0017 

2 5 10 500 0.009 55.6 0.00018 

3 2 12 687 0.009 55.6 0.00005 

4 6 18 832 0.008 62.5 0.00012 

5 8 26 858 0.008 62.5 0.00015 

6 9 35 974 0.010 50.0 0.00018 

7 15 50 1134 0.010 50.0 0.00026 

8 40 90 1620 0.006 833 0.00030 
Total 0.00141 

Best Estimate Velocities 

Total h Vs kappa 

Layer h (ft) (ft) (fps) Lambda Qs (sec) 

1 5 5 562 0.009 55.6 0.00016 
2 5 10 528 0.009 55.6 0.00017 

3 2 12 727 0.009 55.6 0.00005 

4 6 18 854 0.008 62.5 0.00011 

5 8 26 871 0.008 62.5 0.00015 

6 9 35 1022 0.010 50.0 0.00018 

7 15 50 1190 0.010 50.0 0,00025 

8 40 90 1800 0.006 83.3 0.00027 
Total 0.00133 

Upper Range Velocities 

h Vs 

Layer (ft) Total h (ft) (fps) Lambda Qs kappa (sec) 

1 5 5 586 0.009 55.6 0.00015 

2 5 10 556 0.009 55.6 0.00016 

3 2 12 767 0.009 55.6 0.00005 

4 6 18 876 0.008 62.5 0.00011 

5 8 26 884 0.008 62.5 0.00014 

6 9 35 1070 0.010 50.0 0.00017 

7 15 50 1246 0.010 50.0 0.00024 

8 40 90 1980 0.006 83.3 0.00024 
Total = 0.00127
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TABLE F-10 

MATERIAL DAMPING FOR SKULL VALLEY 
Private Fuel Storage Facility 

Skull Valley, Utah

Page 1 of 2

Best Estimate Profile - Constant Tertiary Velocity 

Total Shear Wave 

H Thickness Velocity Damping Layer K 

Layer (km) (km) (km/s) H/Vs 2  Q Ratio (sec) 
9-10 0.185 0.186 0.88392 0.237 12.7 0.0394 0.0165 

11 1.214 1.4 1.95 0.319 28.0 0.0178 0,0222 

Sum= 0.556 Sum 0.0387 

Gamma 1-14.37 

Best Estimate Profile - Increasing Tertiary Velocity 

Total Shear Wave 

H Thickness Velocity Damping Layer K 

Layer (km) (km) (kmis) HNs 2  Q Ratio (sec) 

9-10 0.061667 0.061667 0.88392 0.079 10.6 0.0470 0.0066 

11 0.061667 0.123333 1.2192 0.041 14.7 0.0340 0.0034 

12 0.061667 0.185 1.524 0.027 18.4 0.0272 0.0022 

13 1.214 1.399 1.95 0.319 23.5 0.0213 0.0265 

Sum= 0.466 Sum 0.0387 

Gamma = 12.05 

Lower Range Profile - Constant Tertiary Velocity 

Total Shear Wave 

H Thickness Velocity Damping Layer K 

Layer (km) (km) (krn/s) HNs2  Q Ratio (sec) 

9-10 0.185 0.186 0.7217 0.355 12.6 0.0397 0.0203 

11 1.214 1.4 1.95 0.319 34.1 0.0147 0.0183 

Sum= 0.674 Sum 0.0386 

Gamma = 17.47 

Lower Range Profile - Increasing Tertiary Velocity 

Total Shear Wave 

Layer H Thickness Velocity HNs2  Q Damping Layer K 

(km) (km) (kin/s) Ratio (sec) 

9-10 0.061667 0.061667 0.7217 0.118 10.2 0.0491 0.0084 

11 0.061667 0.123333 0.9555 0.068 13.5 0.0371 0.0048 

12 0.061667 0.185 1.2443 0.040 17.6 0.0285 0.0028 

13 1.214 1.399 1.95 0.319 27.5 0.0182 0.0226 

Sum = 0.545 Sum = 0.0386 

Gamma 14.12 

\\SF3\DEPTDATA\DOC_SAFE\4000S\4790\4790-002\REPORT REVISIONS\APX-F-REV1 .DOC F-28



TABLE F-10 

MATERIAL DAMPING FOR SKULL VALLEY 
Private Fuel Storage Facility 

Skull Valley, Utah
Page 2 of 2

Upper Range Profile - Constant Tertiary Velocity 

Total Shear Wave 
Layer H Thickness Velocity HNs2  Q Damping Layer K 

(km) (km) (km/s) Ratio (sec) 

9-10 0.185 0.186 1.0826 0.158 13.3 0.0375 0.0128 
11 1.214 1.4 1.95 0.319 24.0 0.0208 0.0259 

Sum= 0.477 Sum = 0.0387 
Gamma= 12.33 

Upper Range Profile - Increasing Tertiary Velocity 

Total Shear Wave 
Layer H Thickness Velocity HNs 2  Q Damping Layer K 

(km) (km) (km/s) Ratio (sec) 
9-10 0.061667 0.061667 1.0826 0.053 11.7 0.0428 0.0049 

11 0.061667 0.123333 1.4932 0.028 16.1 0.0310 0.0026 
12 0.061667 0.185 1.8335 0.018 19.8 0.0253 0.0017 
13 1.214 1.4 1.95 0.319 21.1 0.0237 0.0296 

Sum= 0.418 Sum = 0.0387 
Gamma = 10.80
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TABLE F-11 

STRONG MOTION RECORDINGS FOR SHALLOW SOIL SITES 
Private Fuel Storage Facility 

Skull Valley, Utah 

Page 1 of 3

Average 
Rupture Horizontal Vertical 

Earthquake Date Time Magnitude Station Distance PGA PGA 
M (kmk) (g) (g)

Parkfield 
Parkfield 
Lytle Creek 
Lytle Creek 
Lytle Creek 
San Fernando 
San Fernando 
San Fernando 
San Femando 
Friuli, Italy 
Friuli, Italy 
Fruili, Italy 
Friuli, Italy 
Tabas, Iran 
Coyote Lake 
Livermore 
Livermore 
Livermore 
Livermore 
Livermore 
Livermore 
Livermore 
Livermore 
Livermore 
Mammoth Lakes 
Mammoth Lakes 
Mammoth Lakes 
Coalinga 
Coalinga 
Coalinga 
Coalinga 
Coalinga 
Coalinga 
Coalinga 
Coalinga 
Coalinga 
Coalinga 
Coalinga 
Coalinga 
Coalinga

6/28/66 
6/28/66 
9/12/70 
9/12_70 
9/12/70 
2/09/71 
2/09/71 
2/09/71 
2/09/71 
5/06/76 
5/06/76 
9/11/76 
9/15176 
9/16/78 
8/06179 
1/24/80 
1/24/80 
1/24/80 
1/24/80 
1/27/80 
1/27/80 
1127/80 
1127/80 
1/27/80 
6/11/80 
6/11/80 
6/11/80 
5/02/83 
5/02/83 
5/02/83 
5102/83 
5/02/83 
5/02/83 
5/02/83 
5/02/83 
5/02/83 
5/02/83 
5/02/83 
5/02/83 
5/02/83

4:26 
4:26 
14:30 
14:30 
14:30 
14:00 
14:00 
14:00 
14:00 
20:00 
20:00 
16:31 
3:15 
0:00 
17:05 
19:00 
19:00 
19:00 
19:00 
2:33 
2:33 
2:33 
2:33 
2:33 
4:41 
4:41 
4:41 
23:42 
23:42 
23:42 
23:42 
23:42 
23:42 
23:42 
23:42 
23:42 
23:42 
23:42 
23:42 
23:42

6.1 
6.1 
5.4 
5.4 
5.4 
6.6 
6.6 
6.6 
6.6 
6.5 
6.5 
5.5 
6.1 
7.4 
5.7 
5.8 
5.8 
5.8 
5.8 
5.4 
5.4 
5.4 
5.4 
5.4 
5 
5 
5 

6.4 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4 
6.4

t�-ju
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Cholame #8 
Cholame #12 
Cedar Springs Pumphouse 
Puddingstone Dam (Abutment) 
Wrightwood - 6074 Park Dr 
Castaic - Old Ridge Route 
Lake Hughes #12 
Pacoima Dam 
Pearblossom Pump 
Barcis 
Tolmezzo 
Forgaria Comino 
Forgaria Cornino 
Dayhook 
Gilroy Array #6 
Del Valle Dam (Toe) 
Fremont - Mission San Jose 
San Ramon Fire Station 
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TABLE F-11 

STRONG MOTION RECORDINGS FOR SHALLOW SOIL SITES 
Private Fuel Storage Facility 

Skull Valley, Utah 

Page 2 of 3

Average 
Rupture Horizontal Vertical 

Earthquake Date Time Magnitude Station Distance PGA PGA 
M (kmin)

Coalinga 
Coalinga 
Coalinga 
Coalinga 
Coalinga 
Coalinga 
Coalinga 
Morgan Hill 
Morgan Hill 
Morgan Hill 
Morgan Hill 
Morgan Hill 
Hollister 
N. Palm 
Springs 
N. Palm 
Springs 
Chalfant Valley 
Chalfant Valley 
Whittier 
Narrows 
Whittier 
Narrows 
Whittier 
Narrows 
Whittier 
Narrows 
Whittier 
Narrows 
Whittier 
Narrows 
Whittier 
Narrows 
Whittier 
Narrows 
Whittier 
Narrows 
Whittier 
Narrows 
Whittier 
Narrows

5/09/83 
5/09/83 
5/09/83 
7/09/83 
7/09/83 
7/22/83 
7/22/83 
4124/84 
4/24/84 
4/24/84 
4/24184 
4/24/84 
1/26/86 
7/08/86

2:49 
2:49 
2:49 
7:40 
7:40 
2:39 
2:39 

21:15 
21:15 
21:15 
21:15 
21:15 
19:20 
9:20

7/08/86 1 9:20

7/20/86 
7/21186 
10/01/87

14:29 
14:42 
14:42

10/01/871 14:42

10/01/871 14:42

10/01/871 14:42

10/01/871 14:42

10/01/871 14:42

10/01/871 14:42

10/01/871 14:42

10/01/871 14:42

10/01/871 14:42

10/01/871 14:42

5 
5 
5 

5.2 
5.2 
5.8 
5.8 
6.2 
6.2 
6.2 
6.2 
6.2 
5.4 
6 

6 

5.9 
6.2 
6 

6 

6 

6 

6 

6 

6 

6 

6 

6 

6

Anticline Ridge - Palmer Ave
Oil City
Palmer Ave 
Oil City
Palmer Ave 
Oil City 
Palmer Ave 
Corralitos 
Fremont - Mission San Jose 
Gilroy Array #6 
Gilroy Array #7 
Gilroy - Gavilan Coll.  
SAGO South - Surface 
Cranston Forest Station 

Hurkey Creek Park 

Lake Crowley - Shehorn Res.  
Lake Crowley - Shehorn Res.  
Brea Dam (L Abut) 

Garvey Res. - Control Bldg 

LA - Baldwin Hills 

LA - Chalon Rd # 

LA - N Faring Rd # 

Malibu - Las Flores Canyon # 

Mill Creek, Angeles Nat For # 

Orange Co. Reservoir 

Pacific Palisades - Sunset # 

Pacoima Kagel Canyon 

Santa Monica - Second St #

12.6 
13.3 
12.7 
10 
14 
8.2 
12.2 
22.7 
31.4 
11.8 
14 

16.2 
14.9 
35.3 

34.9 

26 
36 

23.3 

12.1 

27 

32.6 

28.5 

46.3 

34.5 

23 

38.6 

37.9 

32.6

U,251 
0.267 
0.242 
0.378 
0.152 
0.622 
0.281 
0.094 
0.023 
0.255 
0.147 
0.104 
0.063 
0.161

0.212 

0.040 
0.122 
0.133 

0.419 

0.150 

0.027 

0.050 

0.060 

0.080 

0.191 

0.049 

0.165 

0.034

U.U4M 
0.098 
0.095 
0.210 
0.073 
0.568 
0.201 
0.040 
0.018 
0.405 
0.428 
0.081 
0.053 
0.118 

0.097 

0.029 
0.085 
0.097 

0.362 

0.114 

0.019 

0.034 

0.015 

0.040 

0.126 

0,035 

0.055 

0.021
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TABLE F-11 

STRONG MOTION RECORDINGS FOR SHALLOW SOIL SITES 
Private Fuel Storage Facility 

Skull Valley, Utah 

Page 3 of 3

Average 

Rupture Horizontal Vertical 

Earthquake Date Time Magnitude Station Distance PGA PGA 
M (km) Il (g)

Whittier 10/01/87 14:42 6 Sun Valley - Sunland # 29.3 0.075 0.043 
Narrows 
Whittier 10/01/87 14:42 6 Tarzana - Cedar Hill 43 0.538 0.248 
Narrows 
Whittier 10/01/87 14:42 6 Villa Park - Serrano Ave # 30.1 0.058 0.033 
Narrows 
Whittier 10/01/87 14:42 6 West Covina - S Orange # 10.5 0.157 0.131 
Narrows 
Whittier 10/04/87 10:59 5.3 LA - Baldwin Hills 27.6 0.093 0.040 
Narrows 
Whittier 10/04/87 10:59 5.3 Tarzana - Cedar Hill 42.7 0.091 0.037 
Narrows 
Loma Prieta 10/18/89 0:05 6.9 Corralitos 5.1 0.555 0.455 

Loma Prieta 10/18/89 0:05 6.9 Fremont - Emerson Court 43.4 0.165 0.067 

Loma Prieta 10/18/89 0:05 6.9 Fremont - Mission San Jose 43 0.115 0.080 

Loma Prieta 10/18/89 0:05 6.9 Gilroy- Gavilan Coll. 11.6 0.341 0.191 

Loma Prieta 10/18/89 0:05 6.9 Gilroy Array #6 19.9 0.146 0.101 

Loma Prieta 10/18/89 0:05 6.9 Gilroy Array #7 24.2 0.270 0.115 

Loma Prieta 10/18/89 0:05 6.9 SAGO South - Surface 34.7 0.070 0.060 

Loma Prieta 10/18/89 0:05 6.9 UCSC 18.1 0.350 0.223 

Loma Prieta 10/18/89 0:05 6.9 Woodside 39.9 0.081 0.050 

Northridge 1/17/94 12:31 6.7 Burbank - Howard Rd. 20 0.140 0.085 

Northridge 1/17/94 12:31 6.7 Castaic - Old Ridge Route # 22.6 0.540 0.217 

Northridge 1/17/94 12:31 6.7 LA- Baldwin Hills# 31.3 0.200 0.091 

Northridge 1/17/94 12:31 6.7 LA- Chalon Rd 23.7 0.204 0.174 

Northridge 1/17/94 12:31 6.7 LA- N Faring Rd 23.9 0.257 0.191 

Northridge 1/17/94 12:31 6.7 Lake Hughes #4 - Camp Mend # 32.3 0.069 0.053 

Northridge 1/17/94 12:31 6.7 Lake Hughes #4B - Camp Mend 32.3 0.048 0.042 

Northridge 1/17/94 12:31 6.7 Malibu - Point Dume Sch # 35.2 0.105 0.087 

Northridge 1/17/94 12:31 6.7 Pacific Palisades - Sunset 26.2 0.304 0.179 

Northridge 1/17/94 12:31 6.7 Pacoima Kagel Canyon # 8.2 0.361 0.169 

Northridge 1/17/94 12:31 6.7 Sandberg - Bald Mtn # 43.4 0.094 0.044 

Northridge 1/17/94 12:31 6.7 Simi Valley- Katherine Rd 14.6 0.749 0.402 

Northridge 1/17/94 12:31 6.7 Tarzana - Cedar Hill # 17.5 1.327 1.048 

Kobe 1/16/95 20:46 6.9 KJMA 0.6 0.701 0.343 
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TABLE F-12 

SITE ADJUSTMENT FACTORS 
Private Fuel Storage Facility 

Skull Valley, Utah 

Page 1 of I 

Period Site Response Horizontal Vertical 

(sec) Factor Empirical Factor Empirical Factor 

PGA 1.41 1.02 1.00 
0.05 1.41 1.04 1.02 

0.075 1.45 1.05 1.03 
0.1 1.54 1.05 1.04 
0.15 1.63 1.05 1.06 
0.2 1.72 1.05 1.14 
0.3 1.63 1.06 1.22 
0.4 1.40 1.08 1.28 
0.5 1.30 1.16 1.34 
0.75 1.20 1.17 1.30 
1.0 1.15 1.15 1.26 
1.5 1.02 1.11 1.20 
2.0 1.02 1.06 1.20 
3.0 1.08 1.06 1.15 
4.0 1.08 1.06 1.06
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DEVELOPMENT OF DESIGN GROUND MOTIONS 
Private Fuel Storage Facility 

Skull Valley, Utah 
Rev 01 

1.0 INTRODUCTION 

This report documents the development of design ground motion response spectra for the Skull 

Valley Private Fuel Storage site based on the result of the revised probabilistic seismic hazard 

analysis conducted for the site (Geomatrix Consultants, Inc., 2001). The transformation from 

the equal-hazard response spectra to design ground motions involves application of USNRC 

Regulatory Guide 1.165 (USNRC, 1997) procedures and, for this site, incorporation of near

source ground motion effects.  

2.0 APPLICATION OF REGULATORY GUIDE 1.165 

2.1 APPROACH 

Appendix F of USNRC Regulatory Guide 1.165 describes how design ground motion response 

spectra are to be defined based on a probabilistic seismic hazard analysis. The steps involved 

when using site-specific response spectra are: 

1. Using the specified probability level, develop an equal-hazard response spectrum 

from the results of a probabilistic seismic hazard analysis (PSHA) for the site.  

2. From the results of the PSHA, determine the mean magnitude, M, and mean 

distance, D, for events contributing to the design ground motion level hazard at 

spectral frequencies of 5 to 10 Hz and 1 to 2.5 Hz. The procedure to be used is 

described in Appendix C of USNRC Regulatory Guide 1.165.  

3. Develop appropriate site-specific response spectra shapes for the events defined by 

M and D from step 2. Scale these spectral shapes to the spectral acceleration 

levels for the average of motions for 5 to 10 Hz and the average of motions for 1 to 

2.5 Hz. The envelop of the scaled spectra and the equal-hazard spectra then defines 

the design-basis ground motion response spectrum.  

2.2 STEP 1: EQUAL-HAZARD SPECTRA 

Geomatrix Consultants, Inc. (2001) presents the PSHA analysis for the Skull Valley Private 

Fuel Storage Facility site. The hazard results presented in that analysis are for free-field 

motions at the ground surface accounting for the estimated local site effects. Using these 
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results, equal-hazard response spectra were developed for a return period of 2,000 years (mean 

annual probabilities of exceedance of 5x 10-4). These spectra are shown on Figure 1.  

2.3 STEP 2: DETERMINATION OF M AND D 

The procedure to be used for determining M and D is described in Appendix C of USNRC 

Regulatory Guide 1.165. The process involves computing the contribution to the total hazard at 

the specified design level from events in discrete magnitude and distance bins. These relative 

contributions are multiplied times the average magnitude and distance for each bin, and the 

product summed over all bins to compute a weighted average magnitude, M, and log average 

distance, D, of the events contributing to the design level hazard. Two spectral frequency 

ranges are used, the average of motions at 5 and 10 Hz (0.2 and 0.1 sec. periods, respectively) 

and the average of motions at 1 and 2.5 Hz (1.0 and 0.4 sec. periods, respectively). Appendix 

C of USNRC Regulatory Guide 1.165 specifies the size of the magnitude and distance bins 

appropriate for the evaluation of sites in the central and eastern United States and indicates that 

other bin sizes may be necessary. Because the hazard at the Skull Valley site is primarily due 

to magnitude 6 to 7.25 events occurring on the nearby faults, a reduced magnitude and distance 

bin size was used to provide a more accurate representation of the contributions to the hazard.  

The magnitude bin size was set to 0.25 magnitude units centered on each /4 magnitude from 5 

to 8, and the distance bins were set to: 0-5 kin, 5-10, kin, 10-15 kin, 15-20 kin, 20-25 kin, 25-30 

kin, 30-50 kin, 50-75 kin, 75-100 kin, 100-150 kin, and 150-200 km.  

Figure 2 shows the computed percent contributions to the hazard for each of the specified 

return periods, spectral frequency ranges, and horizontal and vertical motions. These results 

indicate that the hazard is due principally to earthquakes occurring within 15 km of the site.  

Because the contribution from events at distances greater than 100 km is less than 1 percent in 

all cases, the special provisions for distant sources described in Appendix C of USNRC 

Regulatory Guide 1.165 need not be applied. The computed values of M and D are: 
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Ground Motion Spectral Frequency M D 
Parameter Range (kmn) 

2,000-year horizontal 5 - 10 Hz 6.4 5 

1 - 2.5 Hz 6.5 5 

2,000-year vertical 5 - 10 Hz 6.5 6 

1 -2.5 Hz 6.5 6

2.4 STEP 3: SCALING SITE-SPECIFIC SPECTRAL SHAPES TO EQUAL-HAZARD 

SPECTRA 

Free-field ground surface response spectral shapes were developed for each of the M and D 

pairs listed above using the ground motion attenuation relationships developed for computing 

the hazard (Geomatrix Consultants, Inc., 2001). The spectral shapes were developed by 

computing 84th-percentile response spectra for each M and D using a weighted combination 

of the attenuation relationships and then dividing the resulting spectral accelerations by the 

computed 84th-percentile peak acceleration. The weights assigned to each of the relationships 

are given in Appendix F, Tables F-1 and F-2 of Geomatrix Consultants, Inc. (2001). These 

relationships have been adjusted for local site effects as described in Appendix F of Geomatrix 

Consultants, Inc. (2001).  

Figure 3 shows the results of scaling these spectral shapes to the appropriate response spectral 

accelerations for each equal-hazard spectrum. In general, enveloping the three response spectra 

results in, at most, only minor increases in the ground motions above those specified by the 

equal hazard spectra. These increases arise, in part, from including more spectral frequencies 

in the spectral shapes than were used to compute the equal-hazard spectra, providing better 

interpolation and smoother spectral shapes.  

3.0 INCORPORATION OF NEAR-SOURCE EFFECTS 

The hazard at the Skull Valley site is due to the occurrence of large-magnitude earthquakes on 

nearby faults. Recent studies, focused primarily on strike-slip earthquakes, have indicated that 

there are effects of rupture directivity on strong ground motions that are observable and 

systematic in the near field of large earthquakes. These effects have been quantitatively 

defined by Somerville and others (1997) using empirical data. They describe two effects, one 

resulting from directivity of rupture (a Doppler effect) and one representing a systematic 

difference between fault-normal and fault-parallel motions (the horizontal response spectral 
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attenuation relationships used to define the equal-hazard response spectra and the spectral 

shapes shown on Figure 3 represent the geometric mean of the two horizontal components).  

The effects first become significant at a spectral frequency of 1.67 (0.6-second period) and 

increase with decreasing spectral frequency (increasing period).  

The magnitude of these effects is related to the size of the earthquake and to the geometric 

relationship between the site, the length of the rupture, and the location of the point of rupture 

initiation. For dip-slip faults, these are parameterized by the term ycos(q), where 0b is the angle 

between the rupture surface and a line drawn from the point of rupture initiation and the site 

and y is the distance from the point of rupture initiation to the site measured along the fault 

divided by the length of rupture measured in the direction of slip (for dip slip faults, the rupture 

width). Because most large normal faulting earthquakes appear to initiate near the base of the 

seismogenic crust, sites located on the fault trace will have q = 0 andy near 1.0, and will thus 

experience the maximum effect of both directivity and systematic fault-normal-to-fault-parallel 

differences in ground motion.  

The impact of these effects on the spectra shown on Figure 3 was evaluated by considering the 

contributions of the different sources to the total hazard at a return period 2,000 years. From 

Figure 6-12 of Geomatrix Consultants, Inc. (1999), the majority of the hazard for horizontal 

motions comes from the four nearby faults: the East, West, Stansbury, and East Cedar 

Mountains faults. For each fault, the parameters q0 and y were conservatively set to the values 

associated with rupture at the closest point on the faults, with rupture initiation occurring at the 

base of the seismogenic crust. Thus, y was set equal to 1.0 for all faults and q0 was set to 1.6', 

3.00, 19.50, and 54.9' for the East, West, Stansbury, and East Cedar Mountains faults, 

respectively. The appropriate adjustment factor for each fault was computed using the 

relationships presented in Somerville and others (1997) and the mean magnitude contributing to 

the hazard for each fault. The hazard curves for each fault were then scaled in the horizontal 

(ground motion) direction by these factors and then reinterpreted to obtain frequencies of 

exceedance at common ground motion levels. These were, in turn, summed to obtain a new 

composite hazard curve for these faults and the result added to the hazard from all other sources 

to obtain an adjusted total hazard for horizontal ground motions. An additional source of some 

conservatism in this process is the fact that the standard deviation in the ground motions should 

be slightly reduced because the inclusion of a systematic directivity effect should improve the 

ability of the attenuation relationships to predict the observed ground motion data. However, 
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this effect has not been evaluated for dip-slip faults and has been conservatively ignored in this 

analysis.  

The adjusted hazard curves were then interpolated to obtain spectral accelerations for a return 

period of 2,000 years. The resulting ratios of the adjusted to unadjusted spectral accelerations 

are: 

Ratio of Near-Field Adjusted to Unadjusted Spectral Accelerations 

Spectral Directivity plus Directivity plus 

Return Period Directivity Fault-Normal/ Fault-Parallel/ 

Period (sec) only Average Average 

2,000 years 1.0 1.056 1.106 1.005 

2.0 1.161 1.307 1.019 

4.0 1.224 1.545 0.958 

4.0 DESIGN GROUND MOTION RESPONSE SPECTRA 

Design ground motion response spectra were developed by scaling the envelop of the response 

spectra shown on Figure 3 by the near-fault effects adjustment factors listed above. Ratios for 

intermediate frequencies were obtained by linear interpolation on log(period), with the ratio set 

to 1.0 for all periods less than 0.6 second (frequencies greater than 1.67 Hz). For vertical 

motions it was assumed that the near-fault effect for directivity only found for horizontal 

motions applies. The resulting response spectra are shown on Figures 4 and are tabulated in 

Table 1.  
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TABLE 1

DESIGN GROUND MOTION RESPONSE SPECTRA FOR THE 

SKULL VALLEY PRIVATE FUEL STORAGE FACILITY 

2,000-year Return Period Spectral Accelerations 
(g, 5% damping 

Horizontal 
Period Fault Fault Period 
(sec) Normal Parallel (sec) Vertical 
PGA 0.711 0.711 PGA 0.695 

0.03 0.711 0.711 0.02 0.695 
0.05 0.985 0.985 0.05 1.293 

0.075 1.246 1.246 0.075 1.638 
0.1 1.541 1.541 0.1 1.761 

0.15 1.889 1.889 0.15 1.635 
0.2 2.011 2.011 0.2 1.426 

0.3 1.699 1.699 0.3 0.959 

0.4 1.291 1.291 0.4 0.663 
0.5 1.050 1.050 0.5 0.509 

0.75 0.693 0.664 0.75 0.324 

1.0 0.525 0.477 1.0 0.237 
1.5 0.314 0.260 1.5 0.145 
2.0 0.223 0.174 2.0 0.104 
3.0 0.147 0.0997 3.0 0.0668 
4.0 0.103 0.0640 4.0 0.0468
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