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SURRY POWER STATION, UNITS 1 AND 2

1.0 INTRODUCTION

On March 13, 1979 the Nuclear Regulatory Commission (NRC) issued an Order to
Show Cause to the Virginia Electric and Power Company (VEPCO). The order
required shutdown of the Surry Power Station Units 1 and 2 within 48 hours

after receipt of the order.

The order required all piping systems originally seismically analyzed using
algebraic summation of intramodal responses to be reanalyzed using methodology
currently acceptable to the NRC staff. In carrying out this reanalysis,
amplified response spectra developed using soil-structure interaction (SSI)

techniques have been used.

Soil-structure interaction has been the subject of much dialogue between the
Staff, VEPCO, and Stone & Webster since the Order, the fundamental purpose of
which was to agree on the details of the SSI methodology for use in developing
suitable amplified response spectra and their use in subsequent pipe stress

analysis.

Over the course of numerous discussions, the NRC staff asked for documentation
in a number of areas, and it is the purpose of this report to reply in detail
to the NRC staff's requests. This report includes and supplements information

on SSI previously submitted by letters dated May 2, 1979 and May 24, 1979.
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This report describes the basis <for performing soil-structure interaction
analyses to develop amplified response spectra for use in reevaluating the
pipe stress and support loads. The socil properties are developed from
subsurface data into a soil profile, in which each stratum has its own soil
parameters. The required dynamic properties in each layer are described first
by the small strain values of shear modulus, and then site response analysis
is used to develop values of damping and shear modulus that are compatible
with the strains to be expected during an earthquake. The design basis
earthquake (DBE) and the operating basis earthquake (OBE) are described by
ground response spectra and by artificial time histories that give response
spectra enveleoping the ground response spectra. The analysis of soil-
structure interaction is performed by two methods: a one-step, finite element
method, and a three-step, analytically based method. This report describes
how these methods, including the structural representation, are derived and

how they are used to develop amplified response spectra.

Results for different methods and for different input are compared, and their

application to pipe stress analysis is discussed.

The results show that the three-step (REFUND/FRIDAY) method gives conservative
results that are consistent with the present state-of-the-art of soil-

structure interaction.
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SURRY POWER STATION, UNITS 1 AND 2

2.0 SOIL PROPERTIES

The soil properties developed for use in the soil-structure interaction
analyses are presented in this section of the raport. The computer program
SHAKE devaloped by échnabll, Lysmer, and Seed‘'?’ and discussed in Section 9.1
vas used to calculate strain compatible shear moduli and damping £rom low
strain values determined from field testing and empirical formulae based on
laboratory test data. Although most of the data are included in reports that

have been previously submitted to the NRC for completeness, the data are

summarized below.

2.1 SUBSURFACE DATA

Soil properties used in the SHAKE analyses were obtained from previous
geotechnical studies at the site for Units 1 and 2 in 1966¢'? and 19692 and
Units 3 and & in 1973.¢3" Additicnal data, included in Appendix 9.6, were
obtained in 1978 from previously unpublished studies related to construction
of a new condensate polishing demineralizer adjacent to the Unit 2 turbine
building. Subsurface profiles for use in this analysis were develcoped £from
data compiled from each of these studigs. The correlation of soil properties

over the entire Surry site is discussed in detail in Secticn 2.3.
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Investigations conducted prior to the construction of Units 1 and 2¢V
included 65 test boerings to 2 maximum depth of 200 feet, laboratory tests on
soil samples to determine shear strength, comprassibility, permeability, and
density, and seismic refraction iurvoys to measure compressional and shear
wvave valocities of ncar gurface soils. Further testing reported in the Surry
1 and 2 FSAR‘?’ included determinations of relative density of the upper
sands, consolidation testing of upper and lower clays, and pile load tests.
Resonant column tests were run on two samples of Pleistocene clay and one of

Miocene clay.‘%’ The boring location plan for Units 1 and 2 is shown on

Figure 2-l.

More extensive geotechnical investigations were conducted for the Units 3 and
4 gite study, and are presented in the Surry 3 and 4 Geotechnical Report.'®’
These studies included 67 borings varying in depth from 91.5 to 175 feet,
piezometer installations, laboratory testing on split-spoon and thin wall tube
samples, borehole permeability tests, and seismic cross-hole surveys. The

boring location plan for Units 3 and 4 is shown on Figure 2-2.

2.2 SUBSURFACE PROFILE

Generalized soil profiles through the containments of Units 1 and 2 are
presented in Figures 2-3 and 2-¢,. A profile through the Units 3 and 4

containments, presented as Figure 2-5, 4is an extension of Section A-A in
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SURRY POWER STATION, UNITS 1 AND 2

Figure 2-3. These sections were interpreted <£from borehole data and are

representative of subsurface conditions underlying the Surry site.

In general, the upper 65 to B5 feet consists of a complex deposit of
Pleistocene age fluvial and estuarine sediments overlain by occasional, thin,
rezent alluvial deposits. In the vicinity of Units 1 and 2, the Pleistocene
deposits are characterized by alternating layers of dense sands and over
consolidated, plastic clays down to approximately El -40 feet, the top of the
Miocene clay sediments. Groundwater Lavels, measured in piezometers installed
in the upper and lower Pleistocene sands at Units 1 and 2, indicate an average

water level at approximately El +5 feet.

The surface of the Miocene clay represents an erosional plain from which the
overlying Pliocene and early Pleistocene deposits have been removed. This
surface is very regular, smooth, and at times capped by a thin, gravelly sand
layer. The Miocene clay at the site consists of moderately to highly plastic,
stiff to medium, grayish green silty clay. The Miocene clay is the deepest
stratum penetrated by borings at the site. Regionally, the upper 150 ¢to
200 feet of the Miocene sediments are considered to be of the Yorktown
formation. The Yorktown 4is underlain by the St. Mary's and Calvert
formations, also of Miccene age. These three formations comprise the
Chesapzake Group and are estimated to be abecut 240 feet thick in the site

area.'®»?
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SURRY POWER STATION, UNITS i AND 2

Underlying the Miocene formation at an estimated El -280 feet are older Eocene
and Paloocene sediments, consisting mainly of marls and quartz gsands. These
soils are represented in the SHAKE analyses as dense sands, with a layer
thickness of 100 feet. For purposes of analyses, the bottom of the Paleocena

sands has boen establishad as the base layer, resulting in a total soil column

depth of 406 feet.

Cretaceous sediments, consisting of clay and sand beds to bedrock, underlie
the Paleocene marls for a thickness of about 900 feet. Bedrock at the site is

estimated at 1,300 feet below the ground surface based upon deep drill holes

in the region.

2.3 SOIL PARAMETERS

A comparison was made between soil properties obtained from investigations of
Units | and 2¢',2’ and those obtained from Units 3 and 4!*’ to determine the
feasibility of using the cross-hole data from the latter units to obtain small
strain shear modulus values. Composite plots of various soil properties were
compiled from available data to verify the similarity of the soils, and to
determine parametars for use in an empirical determination of shear modulus

using the Hardin and Black formulas.!®’
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SURRY POWER STATION, UNITS 1 AND 2

Properties directly input into SHAKE to define the soil profile include total
unit weight, small strain shear modulus, and small strain damping. Shear
moduli calculated £from Hardin and Black £formulas were based on static
parameters such as plasticity index, overcunsolidation ratio, void ratio, and
effective overburden pressure. The derivation of these properties {is
discussad in detail in Section 2.3.1. Geophysical data used to obtain low

strain snear moduli and Poisson's ratio are discussed in Section 2.3.2.

2.3.1 Static Parameters
Static parameters used to define the soil profile input into SHAKE and to

correlate properties of the soil units at the site are discussed below.

2.3.1.1 Pleistozene Sands

Pleistocene sands and Pleistocene clay occur in alternating layers above
El -40 feet. The sands are dense and generally high in silt content. A
comparison of blow counts from borings taken in the main plant area for Units
1 and 2 with blow counts <£from Surry 3 and & indicates that the average
relative density £or the Pleistocene sands is about 70 percent and that the
Units 1 and 2 data agroe wi’ . the Units 3 and 4 data. The dry unit weight of
the sand is plotted against elevation on Figure 2-6. An average value of dry

unit weight of 98 pcf was used in the analyses.
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2.3.1.2 Pleistocene Clays

Pleistocene clays at the site are dark olive to dark gray, with low to medium
plasticity. Atterberg limits plot along or slightly above Casagrande's A-
line. Liquid limits range from about 50 to 70 percent and natural water
contents vary from about 30 to 60 percent. Atterberg limits for Units 1 and 2

are plotted with data from Units 3 and 4 on Figure 2-7.

Consolidation tests conducted on the Pleistocens clays indicate that the
overconsolidation ratio (OCR) of the Pleistocene clays 4is approximately 3.
The maximum past pressure of the clays at Surry increases linearly with depth,
verifying that the site has been subject to significant erosion of overlying
sediments. Preconsolidation pressures, obtained by Schmertman's method, ‘%’
from recent unpublished studies at Units 1 and 2 (Appendix 9.6) are plotted on
Figure 2-8. The preconsolidation pressures from Surry 3 and & data have been
recomputed, using Schmertmann's technique,‘*’ and are replotted on Figure 2-8.
The replotted points agree closely with the estimated past vertical sffective

stress line developed for the site and used in the SH.KE analyses.
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2.3.1.3 Hiocene Clays

Tha Miocene clay is a stiff, olive green, overconsolidated clay with a liquid
linit varying from about 45 to about 75 percent and a natural water content
varying from 30 to 40 perceat. Sporadic thin lenses of sand are found within
the clay zone. Atterberg limits and water contents for samples from Units 1
and 2 are plotted with Units 3 and 4 data on Figure 2-7. An average water
content of 38 percent and plasticity index of 46 percent were used for the
upper 50 feet of the Miocene clay in the analyses. Between alevations -90 and
-190 feet, an average PI of 36 percent was used. Precocnsolidation pressures
are plotted on Figure 2-8 and OCR is plotted on Figure 2-9. As with the
Plaeistocone clay, the maximum past pressure increases linearly with depth,
indicating previous erosion at the site. The OCR £cr the Miocene clay
decreases with depth, from approximately 3.3 at the ¢top to an extrapolated

value of 1.3 toward the bottom of the layer.

Total unit weight for the Miocene clay is plotted on Figure 2-10. Agreement
between Units 1 and 2 data and Units 3 and 4 data is good, further indicating
the uniformity of the Micoene clay at the site. An average total unit weight

of 120 pef was usad in the SHAKE analyses.
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2.3.2 Geophysical Data

Cross~hole and up-hole seismic surveys were performed for the site study at
Units 3 and 4.¢?’ The cross-hole survey was conducted along a line connecting
the proposed location of the Unit 3 containment with the Unit % containment,
in Borings B20l through B206 (see Figure 2-2). Up-hole tests were performed
in boreholes B339 and B340 to verify the cross-hole data. P and § wave
velocities ware measured in each hole at 10 foot intervals down to EL -140. A
summary of seismic wave velocities is presented in Table 2-l1. Shear wave
velocity remains fairly constant with depth, exhibiting only a slight increase
toward the lower depths. Below the ground water table, msasured compression
wave velocities in actuality represent the P wave velocity through the

groundwater, and a value of 35000 fps has been used in computations for

Poisson's ratio.

Dynamic Poisson's ratios were calculated from P and S wave velocities, using

the following equation:
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SURRY POWER STATION, UNITS 1 AND 2

V. = ghear wave velocity

vp = compression wave velocity

Above the groundwater table, the measured compressional wave velocity was
obtained from Table 3-5 of Reference 1, based on a seismic refraction test
performed at Units 1 and 2. An average value of Vp = 2008 fps was used with

the measured shear wave velocity to calculate the dynamic Poisson's ratioc for

soil above the groundwater table.

Shear wave velocities used to calculate dynamic Poisson's ratio below the
water table wore calculated from strain compatible values of shear modulus
obtained from the SHAKE analyses in the free field and presented in Table 2-4

for the DBE and OBE cases, according to the following equation:

"[§

strain compatible shear wave velocity
strain compatible shear modulus

mass density of soil

Poisson's ratios for each layer, for DBE and OBE conditions, are listed in

Table 2-2.
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2.4 HODULUS AND DAMPING PROFILES

Soil profiles were daveloped for the free-field case and under each Category I
structure. These profiles are based on the genearalized soil profiles
described in Section 2.2 and are tabulated in Tables 2-4 through 2-12. Soil
parameters associated with each layer have bean developed from laboratory and
field testing at Units 1 and 2 and Units 3 and 4. Values of low strain shear
modulus were obtained primarily from cross-hole tests at Units 3 and 4% and
checked using empirical formulas from Hardin and Black!®’ and laboratory data
reported by Hardin.‘"’ Comparisons between scil data from Units 1 and 2 and

Units 3 and &4, discussed in Section 2.3.1, show excellent agreement.

2.4,1 Small Strain Shear Modulus

Small strain shear modulus values input into SHAKE were obtained predominately
from the cross-hole data from Units 3 and & discussed in Section 2.3.2 because
shear wave velocity data from Units 1 and 2¢'’ were incomplete. Shear modulus
values from tests at Units 2 and & are plotted on Figure 2-11. Values of
shear modulus obtained from geophysical testing represent the maximum or small
strain values. The solid line on Figure 2-l1 represents the average value for

Cmax input into SHAKE.
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Shear modulus values £from cross-hole data were checked using the Hardin and

Black empirical formulas.‘?’ For sands:

- 2.373-0)% = 105
b 1230 14e (ooct)

wvhere:

G = small strain shear modulus in psi
max

e = void ratio

3 oct = effactive octahedral normal stress in psi

For clays:

OCR = overconsolidation ratio

K = factor dependent upon plasticity index (PI)
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For sands, K, was calculated using Hendron's plot of OCR vs. Ky.'®’ The OCR
vas considered to be similar to that for the underlying clays, in that the
preconsol.dation loads are attributable to eroded sediments. For clays, K,
wvas calculated from a plot of K, vs PI for various OCR £from Brooker and
Ireland. ‘%’ Data used to ovbtain shear modulus from Hardin and Black formulas
are presented in Table 2-3. The values of ' GCmax are plotted with shear modulus
values obtained £rom cross-hole tests on Figure 2-1l. Agreement between the
two methods is excellent, with the empirically derived shear moduli slightly

less thar the seismic values.

Resonant column tests were performed by Q;rdin"' on two block samples taken
in the Pleistocene clay and & tube sample driven into the Miocene clay using a
Dames & Moore sampler. Hardin tested each sample at the end of primary
consolidation, after approximately 2 to 3 hours, and overnight to determine
the effects of secondary consolidation. The shear wave velocitiaes
corresponding to these shear moduli were plotted with time for each sample
water content, and the shear wave velocity and shear modulus at 20 years were
extrapolated to determine the long-term effect of secondary consolidation.
Anderson and Woods''*?' have shown that laboratory determinations of shear
modulus on clay soils agree with field determinations when the 1l "icratory data
are extrapolated to a time of 20 years. Figure 2-16 shows that the laboratory

obtained shear moduli 227 damping agree well with the cross hole obtained
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SURRY POWER STATION, UNITS 1 AND 2

shear moduli for a wide range of effective confining stresses and natural

vater contents.

2.6.,2 Strain Dependent Modulus and Damping

The calculation of strain dependent modulus and damping profiles is discussed

in detail in the following sections.

2.4.2.1 Summary of SHAKE Analysis

The computer program SHAKE¢'®) was used to obtain values cf shear modulus and
damping at strain levels compatible with those induced during DBE and OBRE
conditions. The time histories from the El Centro 1940 (North-South
component) and Kern County (Taft S69E) earthquakes were normalized to a peak
acceleration of .15g and .07g for the DBE and OBE, respectively. These
motions were input at the ground surface and deconvolved in the free field to
El -380 feet, which was established as the base layer for SHAKE. The
deconvolved time history was then amplified up through the soil prefile to the
base of the structure. Iterations of shear modulus and damping with strain
vere performed internally by SHAKE in both .the free field and under the
structures. The values cbtained from the final iteration were tabulated for
each layer in the soil profile, and the average values of shear modulus and

damping using El Centro and Taft ac elerograms as input were used in soil-
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SURRY POWER STATION, UNITS 1 AND 2

structure interaction calculations. Strain compatible shear modulus and

damping values for the DBE and OBE are included in Tables 2-4 to 2-1l.

2.4,2.2 Earthquake Accelerogranms

Two strong motion time-history accelerograms were used in the SHAKE analyses
to detarmine scrain compatible soil properties: the 1940 El Centrc earthquake
(North-South component) and the 1952 Kern County earthquake (S69E component of
the Taft record). The El Centro earthquake record was chosen because it is
representative of the strongest motions available from deep soil sites,

vhereas Taft was chosen because of its wide frequency range and strong motion

character.stics.

The Taft S69E racord, from the 1952 Kern County earthquake, has a maximum
acceleration of .179g at a time of 3.70 sec and a mean square f{requency of
2.95 Hz. Each value of the accelerogram was multiplied by a factor of .836 to
scale the record to a pea' acceleration of .158 for the DBE at Surry. A
similar scaling technique was used to obtain the Taft record for the OBE.
Frequencies over 20 Hz were exciuded from the time history input at ground
surface in order to allow convergence of the iterations when deconvoluting in
the free field and to maintain deconvoluted time histories with mean square
frequencies close to the original Taft record in each of the layers of the

soil profila. The time history at the base layer, El -280 feet 4in this
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analysis, was stored for later use in amplification analyses under each of the

structures. The peak acceleration of the Taft record at the base layer after

daconvolution to El ~380 feet was .215g.

The 1940 El Centro earthquake, North-South record, was also used in the SHAKE
analyses. The maximum recorded acceleration at El Centro was .349g at a time
of 2.12 sec, with a mean square frequency of 3.18 Hz. Each value of the
accelerogram was multiplied by a factor of .43 to scale the E1l Centro record
to the Surry DBE. Frequencies above 15 Hz were cut off the tl_c.n:ro record.
The peak acceleration of the El Centro record at the. base layer after

deconvolution to El -380 feet was ,3243.
2.6.2.3 5o0il Profile

A horizontally laysred, idealized soil profile was established for the SHAKE
analysis based on pravious studies discussed in Section 2.2. A description of
the profile and relevant soil properties for each layer are included in
Tables 2-4 to 2-1l for the free field case and for each structure. In the
free field, the profile consists of three layers of Pleistocene soils, from
the ground surface at El ¢26 feet to the ¢top of the Miocene clay at
ElL =40 feat. The Miocene clay extends £from -40 to -280 feet, overlying a
100 foot layer of Eocene and Paleocene sands. The base layer has been set at

El -380 feet.
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The soil profilss under each structure are identical to the free field case
below El ~40 feet. The soil profiles shown in Figures 2-3 and 2-4 have been
used to define the soil layering under each structure in the Pleistocene
sediments. The containment is founded on the Miocene clay, at El =40 feet,

but the other structures are founded at higher elevations, either on the

Pleistocene clay or sand.

The structures themselves have been represented as "preaudoscoils™ in the SHAKE

analysis. These soils are described by unit weights and shear wave velocities

that are compatible with the Qtructtrc. For unit weight, the total weight of

the structure wvas divided by the thickness of the pseudosoil layer. The shear
vave velocity was computed from the first harmonic natural period of the

structure, using the following equation:

equivalent shear wave velocity for structure
thickness of pseudosoil layer

natural period of the structure
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2.64.2.4 Strain Dependency Relationships

The variation of shear modulus with strain is input into SHAKE using the shear
modulus factor K varying with strain. K {3 an empirical factor relating shear
modulus to confining stress for sands and undrained shear strengch for clays.
The shear modulus is calculated from the shear modulus factor K by the

following equations:
For sands:

1000K (o) % F

shear modulus in psf
shear modulus factor for sands
effective octahedral stress in psf

scaling factor of low strain shear modulus value

For clays:
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vhare:

Fc = gcaling factor for low strain shear modulus value

!c = shear modulus factor for clays

The decrease of shear modulus with increasing shear strain is presented in
terms of K to conform with the input format required in the SHAKE program.
The strain dependency relationships of Xs and K¢, plotted with shear strain,
are presented in Figures 2-12 and 2-13, respectively. These curves are based
on empirical data plotted by Seed and Idriss and reported in the Shannon and
Wilson report.‘''’ The factor F is calculated internally by the program, using
the small strain values - aear modulus and Ks or Kc input into the program.
This calculated value of F is used in subsequent iterations to compute the new
shear modulus based on a K vs shear strain curve that has been shifted from

the empirical curve by the factor F to account for site conditions as defined

by Cmax.

The increase of damping ratio for sands and clays with increasing shear strain
is plotted on Figures 2-14 and 2-15, respectively. These curves are based on
data plotted by Seed and Idriss.‘''’ The curves were modified by the use of a
damping correction factor,!'®?’ which accounts for the variability of damping

with depth:
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p = 2.53 - 0.45 log ov

FD = factor modifying damping curvas

Ov = vertical effective overburdeh stress in psf

2.6.2.5 Strain Compatible Shear Moduli and Damping

The shear moduli and damping values corresponding to the shear strain induced

by the DBE and OBE arae presented in tabular form for each structure analyzed
and for the free field case in Tables 2-4 through 2-11. The results represent
values obtained from the last iteration of shear moduli and damping. Criteria
for convergence of iterations were established at plus or minus 5 percent of
the previously iterated value. The data include strain-compatible moduli and
damping ratios calculated from the two earthquake accelerograms described in
Section 2.4.2.2, i.e., El Centro North-South and Taft S69E. An average value
wvas calculated for each soil layer and used to model the soil in subsequent

scil-structure interaction analyses.

Fee the reactor containments, values of shear modulus and damping from the
first iteration of SHAKE are listed for DBE and OBE conditions in Table 2-12.

Thase values represent SHAKE's £irst estimate of the shear strain level
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induced by the earthquake and, therefore, result in shear moduli values that
are too high, and damping values that are too low in the upper portion cf the
profile, and too high at depth. The differences between the low strain values
of shear modulus (Gmax) and the first iteration values vary by as much as
450 percent, but subsequent iterations converge quite rapidly. Typical
variations Dbetween first and second iteration values are only 10 to

20 percent, which is close to the final iteration convergence criterion of

5 percent difference.
2.4.2.6 Variation of Shear Modulus

The oeffect of increasing and decreasing the low strain shear moduli (Gmax) by
50 percent was evaluated using SHARKE. The El Centro and Taft oarthéuako
records, normalized for the DBE, were input at the ground surface in the free
field, deconvoluted to the base layer and then amplified up through the soil

to the containment structure. All soil parameters other than the low strain

shear moduli remained unchanged.

The depth of the soil profile for the analysis using Gmax minus 50 percent was
reduced from 406 to 261 feet. The use of such low values of shear moduli with
a deep soil profile causes the iterations for strain dependent properties to
diverge. Convergence was attained by eliminating the frequency content of the

tima histories above 10 Hz and by establishing the half space at a higher
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elevation. The full profile was used in the soil-structure interaction
analysis, using extrapolated values of strain compatible modulus and damping

for the bottom layers of the profile.

The strain compatible soil properties for Gmax plus 50 percent and Cmax minus
50 percent are listed on Tables 2-13 and 2-14, for the free field and under
the reactor containment, respectively. Poisson's ratio, calculated for these
cases using small strain values and strain compatible values from the DBE, are
listed on Table 2-2. Strain compatible soil properties for Gmax are included

in Tables 2-4 and 2-5 for the free field and containment, respectively.

The expected variation of shear modulus at low strain levels and at strain
levels associated with strong motion earthquakes was evaluated using cross-
hole data from the site'?’’ and laboratory data used to obtain the shear

modulus factor for clays curve in Figure 2-13, as reported in Reference ll.

In this analysis, the shear modulus factors G/Su vere noraal;zod with the low
strain value of Gmax/Su from the same curve, resulting in a G/Cmax versus
shear strain relationship. To determine the variation of G, which is a
function of the product of Gmax and G/Gmax, it is assumed that Gmax and G/Gmax

are uncorrelated. Thus
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Vé 3 v&ll! e v&/c-ax - V&nax V&/G-ax

vG-ax = coefficient of variation of in situ Gmax values from
shear wvave velocities determined from cross~hole data

(Figure 2-11)

Vc/G = coefficient of variation of G{Gnax from SW-AJA curves

(Ref. L)

vc = coefficient of variation of G values at various shear

strain levels

From Vc. the expected variation as a percentage of the average G value for a
particular shear strain level can be estimated. This variation was
£8.4 percent at low shear strains and ranged from 246.1 to 277.8 percent of
the average shear modulus at a shear strain level c¢f 2 . x 10-* to 6 x
10-' percent, the range of shear strain levels generated by the DBE and OBE at
the site. Although the percentage variation of the average G value is higher
at higher shear strain levels, the actual range of moduli values 4is

approximately the same as at low strain levels.
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2.5 SUMMARY ON SOIL PROPERTIES

Procedures folloved to obtain soil properties for the soil-structure
interaction analyses and their use in developing amplified response spectra

are summarized as follows.

First, a small strain soil profile was developed from the best available soil
data, including cross hole seismic shear wave velocity measurements, as well

as data from borings and samples.

fecond, the effect of an earthquake in the free field was evaluated using the
SHAKE computer program. The control motion was specified at the surface of
the free £field; two real records were used - El Centro and Taft - normalized
to the acceleration level of the specified design earthquake (OBE or DBE).
The program iterated to obtain values of shear modulus and damping compatible
with the levels of strain developed during the earthquake. The average of the

results from the two records was used in further analyses and is here called

the strain compatible, free field profilo.'

Third, the moduli and material damping for the strain compatible, fres field

profile were used for the REFUND/FRIDAY analyses.
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Fourth, the motion at the sase of the profile obtained in the SHAKE analysis
of the free field was input to several profiles representing the soil column
under the Category I buildings. The top layers of these profiles had masses
and fundamental periods equivalent to those of the corresponding buildings.
The small strain values of soil shear moduli were adjusted to account for thes
additional static stresses imposed by the buildings. The computer program
SHARKE was run to obtain strain compatible moduli and damping values for each

building profile. The average of results for the two time histories

established each profile.

Fifth, the strain compatible properties under each building were used in the
finite element dynamic analyses as soil properties directly under the
corresponding buildings. The strain compatible, free field soil properties
wvare used for the elements representing the free {field. Strain compatible
soil properties were interpolated between these values for two columns of

elements adjacent to the building.

Sixth, no further iteration on soil properties was performed in either the

REFUND/FRIDAY or the finite element analysis.




SURRY POWER STATION, UNITS 1. AND

2.6 REFERENUCES

Dames & Muore Report, Environmental Studies Proposed Nuclear Power Plant.

Surry, Virginia, December 1966.

Virginia Electric & Power Company, Final Safety Analysis Report. Surry

Power Station, Units 1 and 2, Part B, Volume 1, Decembe:r 1769.

Virginia Electric & Power Company, Geotechnical Report. Surry Fower

Station, Units 3 and 4, June, 1973.

Virginia Electric & Power Company, Preliminary Safety Analysis Report,

Surry Power Station, Units 1 and 2, Appendix 59.9A, October 1967.

Hardin, B3.0. and Black, W.L., Closure to Vibration Modulus of Normall
Consolidated Clays. Journal of Scil Mechanics and Foundations Division,

ASCE Volume 95, SM 6, November 19695.

Schmertmann, J.M., The Undisturbed Consolidation of Clay. Trans. ASCE,

Vel 120, p 1201, 1933.

Virginia Electric & Power Comrany. Preliminary Safety Analysis Report.
Surry Power Station, Units 3 and 4, Comment 2.62, Amendment 7 and Comment

2.5.4.4, enclosure 3, Amendment l.

2255 153




SURRY POWER STATION, UNITS 1 AND 2

T.W. and Whitman, R.V. Soil Mechanics, Fig. 10.12. 128, John

New York, 1969, after Hendron, 1963.

T.W. and Whitman, R.V. Soil Mechanics. Fig. 20.8, p 300, John
New York, 1969, after Brooker and Ireland, 1965.

. Schnabel, P.B., Lysmer, J., and Seed, H.B. SHAKE, A Computer Program for
Earthquake Response Analysis of Horizontally Layered Sites. Earthquake
Engineering Research Center, Report No. EERC72-12 December 1972 (as
modified for SWEC Computer System in Program ST21l Version 2 Level 0).
Shannon & Wilson =~ Agbabian-Jacobson =~ Soil Behavior Under Earthquake
Loading Conditions. Resport prepared for U.S. Atomic Energy Commission,

Contract No. W-705-@ng-26, January 1972.

Newmark, N.U., and Hall, W.J., Seismic Design Criteria for Nuclear Reactor

Facilities. May 25, 1967.

Anderson, D.G. and Woods, R.D., Comparison of Field and Laboratory Shear

Moduli, in In §itu Measuxement of 3Soil FPropsxties, ASCE Specialty

Confarence, No. Carolina State University, June 1975.

2255 154




SURRY POWER STATION, UNITS 1 AND 2

TABLE 2-1

SUMMARY OF GEOPHYSICAL DATA

Compression

Shear Wave Wave
Elevation Velocity Velocity

-l 3 - - - N G -
+10 900 5200
0 900-950 5800
-10 900 5600
-20 900 5700
-30 900 5500
-40 950 5500
=50 1000 5400
-60 980 5400
-70 970 5400
-80 1000 5200
-390 950 5500
-100 970 5000
-110 1000 54C0
-120 950 5600
-130 1000 . 5500
-140 1000 5500
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TABLE 2-2
POISSON'S RATIO
FREE FIELD
Top of . -
1 +26 4642 642 406 .406 473 473
2 +35 491 487 A7 482 L493 497
3 -20 .496 494 Ny 493 .493 499
4 -40 496 494 475 493 .492 .498
5 -65 495 493 475 .493 .492 . 499
6 -90 L4955 493 476 491 492 499
? -123 496 493 476 492 .492 499
8 -1357 496 .493 476 492 492 .499
9 -190 .496 493 476 492 .492 499
10 =235 496 493 476 493 492 499
11 -280 477 .468 446 457 484 LA493x
12 -330 .481 A7l 446 463 484 LA96x
NOIE:

% Extrapolated Data used in SS1.

9G1 GGZ<

lof 1



Elevation
of

lLaver

+26
+5
-20

to
to
to
to
to
to

to

+5
-20
-40
-90
~190
-280
-380
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TABLE 2-3

SHEAR HODULUS DETERMINATIONS
HARDIN AND BLACK EQUATIONS

Plastic
Index

Soil Unit = (Pexcent)
Pleistocene Clay 44
Pleistocene Sand -
Pleistocene Clay 32
Miocene Clay 46
Miocene Clay 36
Miocene Clay 30

Eocene and -
Pi1leocens Sands




SURRY POWER STATION, UNITS 1 AND 2

TABLE 2-%
STRAIN COMPATIBLE SOIL PROPERTIES

Free rield
Average Gmax

o il Dl — e . —~ T .

Top
Thick~ of Values ﬁlt £)
Layer mess Layer Gmax Cs Taft tro Aver- Tait lEtgim- Mtﬂ'gﬂoivw- Taft iE-m Aver -
memmmmm_u_m_m_u__m_m_u_n_MJi__n_
1 29 +26 1585 «120 Pleisto- 581 Sa7 568 .06 072 LO0M LL1] 823 232 .05% .051 .051
cene Clay
2 a5 +5 330 «120 Pleisto- 1859 1786 1802 .077 076 .078 2068 2380 2028 .08% .0A0 .08
cene Sand
3 20 -20 33% «120 Pleisto- 793 766 780 .00 L0717 L0717 1255 1201 1228 .052 058 .053
cene Clay
] 25 -840 33% « 110 Miocene 760 M 778 .068 067 068 1149 1155 1152 .053 .053 053
Clay
S 25 -65 3310 «110 Miocene 88 895 868 .060 .060 060 119 1267 1226 .050 .07 .09
Clay
6 3 -90 3530 120 Miocene 976 %09 o83 .05 .058 .057 1876 105 WAl .0Wm 083 082
Clay
7 i3 -123 353 «120 Miocene %16 L ¥} %8 .055 056 <056 125 1323 173, .0om .083 -082
Clay
i) 8 -157 353% «120 Miocene 908 89%0 8% .053 .053 .053 1368 1308 1336 .00 082 .0MY
Clay
] 85 -19%0 353 «120 Miocene "M 3 257 .051 052 052 1A% 1388 1387 .03 -039 .039
Clay
10 a5 -235 353 «120 Miocene ( b1 m2 79 .08 053 L0517 129 1301 1300 .038 -.038 .038
~No Clay
™ " S0 -280 8225 «135 Eocene S897 8018 4758 .03% L0517  .O0A3 6859 6195 6327 .028 027 .026
wn Sands
(& 5
72 50 -330 8225 «135 Paleocene V6% 3309 2003 .0MY .05% 050 6105 5654 5800 .026 0N 029
c— Sands
o
(& @)

1 of V.
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TABLE 2-5
STRAIN COMPATIBLR SOIL PROPRRTIRES

Reactor Containsent
Average Gmaz

Top Llov Strain Total Shear mﬂu . Shear du
Thick- of values Gnit _wi___ __ﬁ__rlull P-——
Layer ness Layer Gmax Ca we t Centzo Rvexr~ Taft E tro Aver- Tait ElCemtro Aver- Taft Centro Aver-
L_mmmmmnmsmn_u__m_m_tz_m_m_u_m_m_u_m_
v 21 +26 %073 .1106 Structure 4

2 85 °5 073 .9906 Structure

3 25 -80 « 190 mMiocene
Clay

25 -65 « 110 Miocene
Clay

33 -90 «120 Miocene
Clay

33 « 720 #Hiocene
Clay

kL] «920 itlocene
Clay

as «920 HMiocene
Cley

Clay

50 «135 Rocene
Sands

. 135
Sards
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TABLE 2-6
STRAIN COMPATIBLE SOIL PROPERTIES
Auxiliary Building

Low Strain Total _ﬁ;ﬁm muing'

Top Shear
Thick~ of Values Unit = irgﬂ w s E_
Layer ness Layer Gmax Cs "t Taft X0 Aver- Taft tro Aver- t Aver- Taft tro -
Bo. _(ft) Blev. (ksf) (fps) (kcf) Soll Unit Se5E M-85 age S6E N-5 age  SEE N5 aqe S N3  age
1 an *26 1057 .0093 Btructure
2 7 *5 1057 .0893 Structure
3 18 -2 33%¢ «120 Pleisto- 1118 001 1060 .068 063 D067 W5 1543 1597 .08 088 087
cene Clay
& 29 -20 33%0 .120 Pleisto- 149% 1833 1366 .085 .088 087 2277 2292 22602 .05 .053 .052
cene Sand
5 a5 -80 339 «10 Mioc~ne 729 769 " 0m 070 07 M2 N56 168 055 055 055
Clay
6 25 -65 3390 « 110 HNiocene 79 069 838 066 063 .065 1150 1208 1179 053 .05% .052
Clay
? 33 -90 3530 «120 MNiocene 0 876 930 .057 L0617 .059 A% 1822 136 083 .08 0w
Clay
8 33 -123 3530 «120 Miocene 93 [ 1 2] " 056 057 057 wn 1333 1373 .02 008 083
Clay
s kL) -157 3530 «120 Miocene %01 872 887 .058 055 055 1326 1372 14% 082 081 082
Clay
" 45 -1% 353 «120 Miocene | 11 825 880 .053 LO58° 058 1382 1361 1352 .08 .039 .oar
N Qay
™o " L] -235% 353 « 120 Miocens 8rs 752 778 051 053 052 12m 1209 1205 .03 .039 03
N Clay
N
12 50 -280 0225 «135 Eocene 5528 3983 A5 .0 052 .083 6830 6260 605 025 .027 026
i Sands
o~ 9 50 -330 8225 «135 Paleocene %696 3280 3%8 .082 061 052 &' 5720 s .o 03 029
- Sands

1of 1
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TABLE 2-7
STRAIN COMPATIBLE SOIL PROPERTIRS

Turbine /Service Building
E-% Component

S Guatn. Satet — i ik — e .
;.,..:::"'E.d.“'&—“' SR e e R Rl Tt T Falt et e

Mo, _ift) Blev. (kef) ifpe} (kcf) Soil Unit S65E N-3 aqe S69E N-5 age S6F N5 aqe SEIE N6  mge

1 20.5 26 163 .0A3) Structure
2 25.5 5.5 33 «120 Pleisto- WO0S "n "mos  .058 .058 058 2005 1963 11238 .083 086 085
cene Clay
3 20 -20 33N «120 Pleisto- 1608 767 728 .000 oM 079 2806 2337 2372 .0%8 051 .050
cene Sand
A as -0 33% «110 Miocene 760 0" 808 073 069 L0077 1306 1267 1287 .052 .053 053
Clay
5 25 -65 33 « 110 Miocene 7% "M 813 .07 068 067 1N A\ rill 1227 .052 051 .052
Clay
6 33 -3 353 . 120 Miccene " LA L) 953 .05 061 060 22 NS6 W3 085 088 085
Clay
7 kX ] -123 3530 «120 Miocene 925 25 75 .09 061 059 M 1982 1313 .08 O8NS 086
Clay
L] 3 -157 353 «120 Miocene " "3 888  .056 055 056 1368 ”nn 117488 .082 083 083
Clay
~NO % L L3 ~190 3530 «120 Miocene L LY 2 838 058 .055 055 1313 1359 1336 .om1 080 .08
Clay
~NO
wn 10 45 ~235 3I5% .120 Miocene 858 758 7% 050 058 053 1203 129 1287 .080 .039 .080
N Ch’
" 50 -280 9225 «135 Eocene 5555 8050 AB03 .03 052 L0 6620 619 682 023 .028 .02e
o .
R ” 50 -330 8225 «135 Paleocene 8738 3268 007 .082 061 LO52 6285 57 5%2 026 831 .029
Sands

Tot



TARLE 2-8
STRAIN COMPATIBLE SOl1L PROPERTIES

Main Steam Valve House
N-8 Component

— .

gos = 0,070

Top Llow Strain Total us T Bhear us
el e g N R T T Telt Hltetrs W=
Layer ness layer Wt t Aver- Tait ElCentro Aver- Taft =5 -
Mo, _Aft) Elev. (ksf) ifee) (kcf) Scil Unit 3698 _N-3 _pge SE9E N3 age BEE N5 age S8R N6 pqe
1 " *26 935 .132 BStructure
2 3 «8 1585 «120 Pleisto- N 3N 370 ..UM .083 081 628 598 M 05 059 058
cene Clay
3 25 +5 330 «120 Pleisto~ 310 1670 7% .o 078 075 2088 2366 2005 L0835 088 08
cene Sand
a 20 -20 33% «120 Pleisto- " 72 700 .07 070 070 2% 1203 12323 .052 058 053
cene Clay
S 25 -840 3390 « 110 Miocene 762 06 708 087 .066 067 180 1766 M55 .05 .052 .053
Clay
[ 25 -65 33%0 « 110 Miocene %02 "0 206 .05 059 059 1195 1263 1230 .08 .08 .oas
Clay
7 3 -% 3I5% « 120 Miocene %9 %01 235 .056 .058 057 M8 1392 nmL .00 .088 .083
Clay
1] 33 -123 353 « 120 Miocene [ 1]] | ¥ 2082 .056 .056 056 N» 192 137 .o 083 082
Clay
9 kL) -157 353 «120 Miocene [ L X ] eso0 %7 .05 053 053 137 1206 1333 .0%0 082 08
Clay
~NO
~NO 10 L 3 -19¢ 3530 «120 Miocene | 13 835 15y .05 052 052 1335 11982 1733 .03 039 03
Clay
(& o)
N n 4 -235 3% «120 Miocene [ 3.1 726 7% .08 053 052 12% 1208 12% .03 038 038
Clay
e 72 50 -280 0225 «135 Eocene 5499 3%23 8717 .0n 052 083 6875 6168 6320 .02% 027 .026
O™ Sands
~NO
Lk ] 50 -330 8225 «135 Paleocene 1799 3243 802Y .08 .060 050 6066 seN 5889 027 03 029
Sands

Tot V



TABLE 2-9
STRAIN COMPATIBLE SOIL PROPERTIES
Containment Spray Pusphouse

— e — I .

Top Low Straim Total us us
Thick~ of Unit L a&g‘ m g{l = Pj.-__
Layer ness lLayer "t Taft Aver- Taft Aver- 13 Aver—- Taft ElCentro Aver-
Mo, _ift) Blev. (kef) ifepe) (kcf) Soll Unit S69E N-3 pge S693 N-5  pge SE3E N6 ege S6F N8 age
| ” 26 1838 .068 Structure
2 El + 33% «120 Pleisto- M %58 1713 050 .052 059 2352 2297 2325 .038 039 .0}
cene Clay
Al 25 +5 33 +120 Pleisto- 2087 1948 200 .065 072 069 2609 2533 FLYA NN L} ] .088 083
cene Sand
B 20 -20 3310 «120 Pleisto~- 838 808 22y .0Mm 073 073 a7 17277 1309 052 .055 .05a
cene Clay
s 25 -40 33% « 110 Miocene T8 7 766 072 .07 LO77 1175 1%S 1170 .055  .055  .05S
Clay
6 25 -85 33% . 110 Miocene [ 1] 863 86 .065 063 06N 1156 12220 188 .053 .050 .0%52
Clay
7 kX ] -%0 3530 «120 Miccene "9 3 932 L0577 L0617 059 TAST 20 36 .083 .08 .0nn
Clay
8 33 -123 353 « 120 miocene 935 95 215 056 -057 057 W26 1383 12385 .082 .088 083
Clay
~NO L] 38 -157 3530 «120 Miocene 898 878 08 .058 055 055 1 162 189 082 .08T .02
~O A Clay
g "0 a5 ~1% 353 .120 Miocene 855 83 08s .053 .058 058 1387 1358 1388 .080 .03% 0%
Clay
- " a5 -235 353 « 120 HNiocene ey i 705 .05 .053 052 11282 1300 129 .03 .03% 039
o~ Clay
N A ] S0 -280 8225 .135 ERocene 5533 3985 N5 .0 052 083 6815 6256 6336 .025 .027 .02
Sands
Lk 50 ~330 8225 «135 Paleocene 8762 3202 W02 .0A% .06Y L0589 6117 5705 S9WY .027 .03Y .02
Sands
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TABLE 2-%
STRAIN COMPATIBLE SOIL PROPERTIES
Safeguards Building
N-8 Component

. =
Low Strain ‘Total — R e — i -
Thick- of Unit (xsf) w =L gn E- :
layer ness layer Gmax we t RlCentro - t ver- Taft Aver- t tro -
Mo, _ift) Elev. (ksf) ifpe) (kcf) Soil Unit S65E N-8 asge SE9E M-8  asge SEE NS pge PSR NS psge
) 16.5 *26 2888 076 Structure
2 ..s +95% 33w «120 Pleisto- WM 1589 "% ..0m 053 «052 2282 212 2207 .03 080 .080
cene Clay
3 25 +S 330 «7120 Pledisto~ 2027 1882 1955 .067 .078 .07V 2575 284% 2533 .082 .0a5 .0my
cene Sand
L 20 -20 33% «120 Pleaisto- " 7% &N .om 073 072 1328 7 1302 .052 0548 053
cene Clay
s 25 -0 3310 «110 Miocene 7e8 7% 767 L0717 069 070 1T 1183 1175 058 054 .05
Clay
6 25 -85 3310 « 110 Miocene (k) (1) 851 .068 063 068 1962 9225 M98 052 .050 .05t
Clay
7 3] -50 353 « 129 Miocene " L1 1Y 937 .057 .060 059 Wsé "o "33 .083 .08y 088
Clay
[ 33 -123 3530 «120 Miocene 930 (1}] 910 .056 .057 057 W25 1335 1380 .087  .08% 0N}
Clay
o k1) -157 3530 +120 Miocene 97 882 8% .058 055 .055 1326 1343 1335 082 .082 .02
~ -
wn 10 L1 -1%0 3530 «120 Miocene 856 835 e .05 053 053 13w 1333 1337 .08 080 080
wh Chy
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SURRY POWER STATION, UNITS Y AND 2

TABRLE 2-12
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3.0 GROUND RESPONSE SPECTRA

The selection of seismic design parameters has been discussed in detail in
Section 2.5 of the Surry 1 and 2 Final Safety Analysis Report (FSAR).‘'’ This

section of the report describes the smoothed ground response spectra.

3.1 DESIGN BASIS EARTHQUAKE (DBE) AND OPERATIONAL BASIS EARTHQUAKE (OBE)

For a safe and crderly shutdown of the station, a maximum horizontal ground
acceleration of 0.15 g is used for the DBE. A horizontal ground acceleration
of 0.07 g was established for the OBE. Vertical accelerations are taken as
273 the appropriate horizontal accelerations acting simultan sly and in

phase to produce maximum loads or stresses.

3.2 GROUND RESPONSE SPECTRA

The ground response spectra used in design are shown in Figures 3-1 and 3-2
for the OBE and DBE, respectively. The spectra were constructed in accordance

with the principles of the standard Housner spectra as follows:

For frequencies higher than about 2 cycles per second, the Housner spectra
nave been followed and normalized to a horizontal ground acceleration of

7 percent of gravity for the OBE and 15 percent of gravity for the DBE.
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In the frequency range between 0.3 and 2 cycles per second, Housner's
average spectra have been normalized to a maximum ground velocity of about

4 inchas per second for the OBE and 9 inches per second for the DBE.

For <£requencies lower than about 0.3 cycle per second, the spectra were

prepared using data suggested by Newmark and Hall in their paper.‘??

3.3 ARTIFICIAL TIME HISTORY

The artificial time history has a total duration of 15 seconds, with about
3.5 seconds each of rise and fall time, whose ground response spectrum is
forced to £it the specified site spectrum. An artificial accelerogram which
reproduces the frequency content displayed either in a response spectrum or in
a pover spectral density function is simulated statistically by using a
stochastic model as described in Reference 3. 1In this model, ¢the earthquake
motion 4is considered to be a wide-band stationary process whose spectral
density function, duration, and maximum acceleration are specified. The
artificial .>tion 4is generated by matching the target or site spectrum for
several specified percentages of critical damping at 100 oscillator periods
distributed £rom 0.02 (50 Hz) to 6.666 (0.15 Kz) seconds. For a detailed

treatment of the mathematical procedures, see References & and 5.
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The acceleration time history yields ground response spectra at damping values
of 0.5, 2, and 5 percent that envelop the smoothed site design ground response

spectra for those damping values (see Figure 3-3, for example).

3.4 GROUND RESPONSE SPECTRA AT BASE OF CONTAINMENT

At the request of the NRC, the ground response spectra at the level cf the
reactor containment mat in the free field were calculated and plotted using
SHAKE. The artificial earthquake developed for the Surry site was normalized
to the DBE maximum acceleration of .15 g and input at the ground surface of
the free-field profile. The earthquake motion was deconvoluted to the base of
the profile and the computed motion at ELl -40 £t, the containment £founding
grade, was used to calculate the real velocity and acceleration response
spectra and the tripartite plot of real displacement, pseudovelocity, and
pseudoacceleration vs frequency. These spectra are plotted for damping ratios

of .5, 1.0, and 3.0 percent.

Response 3pectra were calculated for three soil profiles, represented by the
Cmax calculated £rom seismic cross-hole surveys and discussed in
Section 2.4.1, Gmax plus 50 percent, and Gmax minus 50 percent. The spectra
fer each soil profile are plotted in Figures 3-4, 3-S5, and 3-6, respectively.

Also plotted in these figures is the envelope for .5 percent damping, as
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presented in Figure 2.5-5 of the Surry 1 and 2 FSAR,‘'’ and Figure 3-2 of
report.
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4.0 AMPLIFTIED RESPONSE ANALYSIS

Soil-structure interaction analysis can be performed using a direct finite
element solution in which the dynamic model is composed of detailed
representations of both the structure and the supporting medium. In a direct
interaction analysis, the effects of embedment upon stiffness and control
motion are automatically included. Although such a procedure may appear to be
efficient, analyses hecome more difficult to manage when large, complex
structures are founded upon greatly stratified media. Also, this procedure

does not produce any intermediate results, which are often useful in making

engineering assessments.

Many different procedures may be used to reduce such an analysis to more
manageable steps. For axample, a detailed finite element soil model can be
used to compute frequency-dependent stiffnesses that are then used in a second
step for seismic analysis of a detailed structural model. For embedded

structures, however, some method that redefines the control motion must be

included. An earthquake with a specified amplitude and frequency content at

the site surface is not necessarily a reasonable input to the detailed model

in the second step.

A multiple-step analysis need not rely upon finite element representations of

eoil. The three-step solution described below is based upon the theory of
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elasticity, and 4includes a solution for the problem of definition of the

control motion in the case of embedded structures.

4.1 DESCRIPTION OF THE THREE-STEP ANALYSIS

The solution of soil-structure interaction problems can be reduced to the

following three steps:

calculations of frequency-dependent soil stiffnesses

modification of the specified surface motion to account for structure

embedment

interaction analysis

These steps are illustrated in Figure 4~ (see Reference 2).

4,1.1 Frequency-Dependent Soil Stiffness

The frequency-dependent s*iffnesses of a rectangular footing fcunded at the

surface of a layered medium are computed with the program REFUND, discussed in

Section 9.3. The program solves the problem of forced vibration of a rigid

plate on a viscoelastic, layered stratum using numerical solutions to the
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generalized problems of Cerrutti and Boussinesq (see Figure 4-2). The effects
of unit horizontal and vertical point loads are combined by superposition to

produce the behavior of a ractangular plate.

Solutions to the problem of a point loadion the surface of continuum require
an assumption about the behavior of the medium directly under the load; for
example, see Timoshenko and Goodier.'"’ ;n REFUND, a soluticn directly under
the load is achieved by employing a column of elements for which a linear
displacement function is assumed. Away from this central column, in the "far-

field," the solution for a viscoelastic layered medium is obtained (see

Figure &4-3).

If the central column under the point load is removed and replaced by
equivalent distributed forces corresponding to the intornai stresses, the
dynamic equilibrium of the far field is preserved. Since no other prescribed
forces act on the far field, the displacements at the boundary (and any other
point in the far field) are uniquely defined in terms of these boundary
forces. The problem is thus to find the relations between these boundary

forces and the corresponding boundary displacements.

It is always possible to express the displacements in the far field in terms
of eigenfunctions corresponding to the natural modes of wave propagation in

the stratum, each having a characteristic wave number k. In an unbounded
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medium, any value of the wave number k, and hence any wavelength, is
admissible; for a layered stratum, however, only a numerable set of values of
k (each one with a corresponding propagation mode) satisfies the boundary
conditions. There are thus, at a given frequency, an infinite but numerable
set of propagation modes and wave numbers k that can be found by solving a
transcendental eigenvalue problem. For each eigenfunction the distribution of
stresses can be determined up to a multiplicative constant, the participation
factor of the mode. 3y combining these modal stresses to match any given
distribution of stresses at the boundary, the participation factors and the
corresponding dynamic stiffness function relating boundary stresses to

boundary displacements can be determined. .

In REFUND's cylindrical coordinates, loads and displacements are expanded in

Fourier series around the axis:

ue = 2 ul cos n@
]

u,'lég uy

cos né

°
-
[
©
-2

cos n8

“pg 8in né

"U

ofV8 olvVigé ofV18
°
L3

-]
ug * g-u'é sin nd

w
©
"

For the problem at hand, only the first two components of the ssries are
needed. The (unit) vertical force case corresponds to the Fourier component

of order zero (n=0), and the horizontal unit force case corresponds to the
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Fourier componant of order one (n=1). The cartesian displacement
(flexibility) matrix at a peint chen follows from the cylindrical displacement

components:

%(u:i-u‘a)-#%(u}-u‘a)eosu uy cos & %(u}-u'e)slnza

uy cos 8 uy uy 8in 8

%(u}-u'a)sanO uf sin 8 %(u:-e-u'a)--;-(u',—u'a)cos 260

and the displacement vector for arbitrary loading is

U 4is the displacement vector at a point (x,0,z) while P is the load vector at

(0,0,0). The coordinate system is illusctrated in Figure 4-4,

For points along the free surface, the reciprocity theorem requires that

N U'. Hence, P {s chessboard symmetrics/antisymmetric. REFUND then
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computes the cylindrical displacement components for the two loading cases,
and determines the cartesian flexibility matrix F under the load (axis), at

the boundary, and at selected points beyond the boundary.

To compute the subgrade $tiffness functions for a rigid, rectangular plate,
the program discretizes the foundation into a number of poirts and computes
the global flexibility matrix F from the nodal submatrices F using the
technique just described. Imposing then the conditions of unit rigid body

displacements and rotations, it is possible to solve for the global lcad

vector from the equation

where U is the global displacement vector satisfying the rigid body condition.

It follows that U is of the form

vhere V is a (6xl) vector containing the rigid body translations or rotations

of the plate and T is linear ¢transformation matrix assembled with the
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coordinates of ¢ 2 The stiffness functions are then obtained

from

R

which corresponds formally to

T

Z=TF 'y

A comparison of REFUND results with another method is shown in Section 9.3.

4.1.2 Enmbedment Correction

of foundation embedment

undations and are

2255 207




SURRY POWER STATION, W}

correction factor

foundation radius

embedment depth

depth to bedrock

constants, different values for each degree of freedon.

The frequency dependent stiffnesses, X, determined by REFUND are mcdified to

become

k'= K xCpq

Kinematic Interaction

the second step of the analysis shown Figure 4-1, "kinematic
n" modifies the purely translational input specified at the surface
the stratum ¢to becth a translational and rotational motion at the base
id, massless foundation. The existence cf the addition

igure 4-5.

nastratum uncergoing translational motio
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the boundary conditions at the "excavation'" require the foundation to rotate.

Ignoring the rotaticnal component would result in an unconservative solution.

Note that the modified motion at the base of the foundation is not equivalent

to a deconvolution. The specified surface motion is modified so that

F(Q)[cos(%’ )] , 1071,
n

F(2)|0.483], > 0.71,

Fa)[0.257(1- cos T L1/R], 151,
n

F(Q)[O.ZST/R] >,

Fourier Transform of surface mation
inverse transform
foundation radius

fundamental shear beam frequency of the column of soil

the embecdment level and the free surface
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These relaticonships are taken from Kausel et al.‘'?’

A finite element analysis of a rigid, massless, embedded foundation provides a
demonstration that the relations above are reascnable and conservative. Such

a comparison is shown in Section 9.4.
4.1.4 Interaction Analysis

The third step of the procedure illustrated schematically in Figure 4-1 is the
analysis of the structural model supported on the frequency-dependent springs
from Step 1 for the modified seismic input from Step 2. The solution is

achieved using the program FRIDAY.

FRIDAY evaluates the dynamic response of an assembly of cantilever structures

supported by a common mat and subjected to a seismic excitation. The support

.

£ the mat can be rigid, or it can consist of freq

springs and cdashpots (subgrade stiffnesses). The egquations

solved in the frequency domain, determining response time

cenvelution of the functions an h transform of the
excitation. The dynamic equilibrium equations can be written in matrix

notation as:

MU +CY +KY 20 2255 210
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vhere M, C, K are the mass, damping and stiffness matrices, respectively, and

U, ¥ are the absolute an relative (to the moving support) displacement

vectors.

These two vectors are related by:

Us=Y+EUg

~
L)
-

where Ug is the base excitation vector (3 translations and 3 rotaticns), and E

is the matrix:

QO » O ™
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-

where I

is the (3x3) i{identity matrix, O {s the null matrix, and

0 Zl-Zo -(YL-YO)

T = ‘(z"ZQ) 0 Xi=Xo

vith x., ¥

{ z

1" %y being the coordinates of the corresponding mass point; x_, Yo!
Zo are the coordinates of the commen support.

In the frequency response method, the transfer functions are cdetermined by

setting, one at a time, the grocund motion components equal to a unit harmonic

of the form uy ® .1wt. It follows then that U, ¥ are also harmonic:

GSHI.‘LUI . (H'_El).lul

U= ;H'.lut v ._‘_(Hj_E‘).lU(
‘W w

‘ﬁ(Hj - El)i‘w'

. ’ o . t
where Hi = Hi (w is the vector containing the transfer functions for the j h

input ground motion, and

EqQq. 3. Substitution of
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(~w?M + iwC + K)Hl = (lwC + K)E,

If the damping matrix is of the form C = % D, which corresponds to a linear

hysteretic damping situation, the egquation reduces to

(=w?M + K +iD)H; = (K + iD)E;

In view of the correspondence principle, it is possible to generalize the
equation of motion allowing at this stage elements in the stiffness matrix K
with an arbitrary variation with £requency. This enables the use of
frequency-dependent stiffness functions or impedance (inverse of flexibility

functions or compliances).

Defining the dynamic stiffness matrix:

The scluticn for the transfer functions follows
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“

Hj = =Kg (K+iD)E;

= = (1 +w?Ky MIE,

Note that the dynamic stiffness matrix Kd does not cdepend on the loading

condition Ej.  Also, for w = 0, Hi(O) = Ei'

Having found the transfer functicns, the acceleration time-histories follow

then from the inverse Fourier transformation:

. .th v
vhere, £4 = f4(w) is the Fourier transform of the j input acceleration

component:
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consists then of determining the dynamic stiffness

r
solving Eq 6 for the six loading conditions K = 1?1 y determini

Fourier ctransforms of the input components F ={;§I,and performing the inverse
-

transformation (Eq 9), which corresponds formally to:

@
Us #fHF ' du
-®

The dynami equations are solved in FRIDAY by Gaussian elimination, and

Fourier transforms are computed by subroutines using the Coocley-Tuckey FF

(fast Fourier transform) algorithm. A comparison of the results of FRIDA

& i

with another soluticn is shown in Section 9.35.

e
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distribution of mass
symmetry/asymmetry of
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The models used in the analysis, tyrically, are generalized, three-
dimensional, multi-mass representations. The total number of degrees of
freoadom included is more than sufficient to encompass all 3significant
frequencies; the number of masses being governed, as a practical matter, by

the locatic.is at which amplified response spectra (ARS) are required.

Eccentricity between the center of mass and center of stiffness at every level
is included, except where insignificant. As a result, the effects of torsion
upon the modes and frequencies is automatically determined. A typical model
is shown in Figure 4-6. The generalized dynamic members connecting the
centers of mass have stiffness matrices determined by tensor transformation

from the matrices of the structural elements connecting the centers of

stiffness.

To demonstrate the effects of torsion on the results, a comparison was made
between the results of analyses using a generalized three-dimensional model
and a planar model of tha containment. As expected, tle amplified response
spectra are not sensitive to the details of structural modeling for this site.
The results for the generalized three-dimensional model are virtually

identical to those obtained for the planar model.
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4.4 PRESULTS

Output from the third step FRIDAY includes structural response as well as ARS
for all coordinates in each structure analyzed. In general, a structural
coordinate coincides with a building ‘floor level. Typical structural
displacement and acceleratisn profiles are shown in Figures 4-6 and 4-7. ARS
are generated for two orthogonal horizontal and the vertical directicns at
each structural coordinate for both OBE and DBE earthquakes. Typical ARS are
shown in Section 5. For use 4in pipe stress problems, ARS peaks are
automatically broadened ¢ 15 percent to account for variations in soil and

structural material properties.

Comparisons of ARS generated by the three-step REFUND/FRIDAY method and the
finite element PLAXLY method as well as those based on the FSAR earthquake and
the Regulatory Guide 1.60 earthquakes were made at the request of the NRC.
The ARS generated for these comparisons used strain compatible soil parameters

from the last iteraticn of the SHAKE program.

Comparisons were also made of ARS generated from the REFUND/FRIDAY programs

for a variety of soil parameters as requested by the NRC.

All ARS comparisons are described in Section 5.
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FIGURE 4-6
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5.0 COMPARISONS OF RESULTS

Comparisons of amplified response spectra (ARS) were prepared £for the

following cases:

Methodology - REFUND/FRIDAY vs PLAXLY

Earthquake - FSAR vs Regulatory Guide 1.60

Soil Parameter Variation -~ low strain, first and last iterations from

SHAKE; #50 percent variation of low strain input to SHAKE.

S.1 REFUND/FRIDAY VS PLAXLY

The containment structure was analyzed two ways for purposes of comparison

using strain compatible soil parameters from the SHAKE program.

A one-step analysis using the finite element program PLAXLY

A three-step analysis using the methodology described in Section 4.1

The following observations can be made about the ARS shown in Figures 5-1

through 5-3.:
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At the mat level, the results of the two methods are very closa.

With increasing elevation, the REFUND/FRIDAY results become more
conservative with respect to the PLAXLY results. This is a
consequence of the conservative assumption made about the rotational
part of the 4input 4in the kinematic interaction step (see, for

example, Figure 9.4-2),

5.2 FSAR EARTHQUAKE VS REGULATORY GUIDE 1.60 EARTHQUAKE

Additional analyses ware performed at the request of the NRC using the three-
step method (REFUND/FRIDAY) to compare the design earthquake in the FSAR ¢to
that specified by Regulatory Guide 1.60. The ARS shown in Figures 5-4 through
5-6 are compariscns of consistent piping analysis bases; that is, the spectra
for equipment dampings associated with the Regulatory Guide 1.60 earthquake (2
and 3 percent) are displayed with the | percent spectra £for the FSAR
earthquake. The soil shear moduli and damping used for these analyses are

from the last iteration of the SHAKE program.

Even though the Regulatory Guide '.60 earthquake 4is significantly more

gnergetic than the FSAR earthquake, the results are very close.
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5.3 VARIATION OF SOIL PROPERTIES

At the request of the NRC, ARS were generated for a range of soil shear

modulus and damping ratio:

The low-strain soil shear modulus (Gmax) with soil damping ratio

equal to 0.0S5.

Shear modulus and damping after one iteration in SHAKE, starting from

the low-strain modulus (Gmax).

Shear modulus and damping consistent with earthquake amplitude, but
calculated by the program SKAKE starting from 1 1l/2 times the low-

strain modulus (Gmax plus 50 percent).

Shear modulus and damping consistent with earthquake amplitude, but

calculated by SHAKE starting from 1/2 of the low-strain modulus (Cmax

minus 50 percent).

Shear modulus and damping from the last iteration of SHAKE, starting

with the low strain modulus (Gmax).
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The ARS for Cases 1, 2, and 5 are compared in Figures 5-7 through 5-16 for
piping damping ratios of .005, .0l10, and .03C. They 4indicate that the
analysis is sensitive to extreme variations in parameters but that, within the
limits of the iterations of SHAKE, both the amplitudes and frequency content

are vell-behaved.

The ARS for Cases 3, 4 and 5 are shown in Figures 5-17 through 5-24 for piping
damping ratios of .005, .010, and .030. Beginning the SHAKE analysis with 1;2
the low-strain modulus (Gmax minus 50 percent) results in extremely low moduli
for the final 4iteration. Again, while apparently sensitive to extreme
variations of input parameters, the amplified response analysis is relatively
insensitive to variations of modulus and damping 4in the reascnable middle

range of values.
S.4 SAMPLE PIPE STRESS PROBLEMS
On the basis of discussions with the NRC Staff on 20 April 1979, pipe stress

analyses were done for three systems in the containment building. These are

analyses for the DBE condition in accordance with the code equation:

S * Spy * Spag * 1.0 By
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s = Dead weight stress

DL

s = DBE earthquake stress due to restraint displace-

DBE
ment and inertia effects

sh = Allowables stress at operating temperature

Ther) analyses were done using NUPIPE for (a) the original ARS; and ARS using
soil structure interaction by REFUND/FRIDAY, (b) Regulatory Guide 1.60 spectra
and 1.6l damping values, and (¢) FSAR ground response spectra for piping

damping values equal to 0.5 to 1 percent.

Note that, for the purposes of these stress analysis comparisons, the ARS for

conditions (b) and (¢) outlined above were not peak broadened.

Tables S5-1 through 5-3 show pipe stress summaries for three samples.
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TABLE 35-1
SAMPLE PROBLEM 706
PIPE STRESS SUMMARY, PSI

Stressi Per
Stress® Per S$SI Raeg. Guides

Lrxiginal ARS _
Location _J/2X% Dameing
~Loint _ Ipextia Iotal

LOwx 4,631 11,174
10 3,869 9,944
32 2,223 8,047
3,223 10,140

2,625 8,974

5,665 12,693

3,269 9,687

2,122 9,364

690 8,993

980 7,851

1,189 10,376

891 9,327

486 7,605

363 7,233

NOTES:

¥ Computed using NUPIPE computer program for DBE
¥x Elbow

Allowable Stress = 1.8Sy = 30,769 psi
Fundamental Frequency = 4,864 CPS
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TABLE 35-2
SAHPLE PROBLEM 1020
PIPE STRESS SUMMARY, PSI

Stress® Per
Stress¥ Par SSI Reg. Guides

el ~Qxiginal ARS W
~Eoint  Inextia Iotal Ioersia Zotal Ipextia
2 8,812 2,378 8,622 6,379
7,645 752 7,237 5,607
6,612 380 6,283 4,999
3,626 1,040 5,480 4,759
16,311 2,286 14,937 10,545
20,206 2,959 18,437 12,783
21,991 5,026 20,407 13,824
27,211 6,483 25,225 16,857
10,072 1,488 9,823 8,560
8,706 911 8,482 7,578
9,696 439 9,397 8,396

10,629 416 10,209 - 8,897

80 2,330 317 9,212 8,223

86 13,110 1,282 12,418

NOIES:

# Computed using NUPIPE computer program for DBE
#u Elbow

Allowable Stress = 1.85, = 33,730 psi
Fundamental Frequancy = 5.231 CPS
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TABLE 5-3
SAMPLE PROBLEM 1355
PIPE STRESS SUMMARY, PSI
Stressk* Per
Stressi Per SSI Reg. Guides

Sxizinal ARS
Location _ls2X% Dameing
~Loint = Inextia ITotal

1 2,863 5,309
L 2,661 4,744
3,055 5,604
1,198 3,310
6,176 7,976
9,691 11,926
7,726 9,781
3,266 4,976
3,895 5,765
3,080 4,687
s,181 7,328

6,402

NOTES:

¥ Computed using NUPIPE computer program for DBE
¥% Elbow

Allowable Stress - 1.85) = 30,882 psi
Fundamental Frequency = 4.070 CPS
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FIGURE 5-9
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FIGURE 5-15
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FIGURE §-17
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FIGURE 5-18
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FIGURE 5-19
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FIGURE 5-20
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FIGURE 5-22
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FIGURE 5-23
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FIGURE 5-24
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6.0 APPLICATION OF SEISMIC INPUT TO PIPE STRESS ANALYSIS
Seismic dinput to pipe stress analysis, in general, consists of inertia loads
obtained through the application of amplified response spectra and building

seismic digplacements applied at support points in accordance with the design

load combinations for each piping system.

6.1 AMPLIFIED RESPONSE SPECTRA

Amplified response spectra for pipe stress analysis are developed and peak

broadened in accordance with methods described in Section 4 of this report.

Damping values for piping systems are 0.5 percent for the OBE and 1.0 percent

for the DBE.

For piping routed between bLuildings, or at different elevations within the
same building, an enveloped response spectrum curve is developed. This
enveloped curve represents the highest acceleration for all periods for either

separate buildings or different elevations within the same building.
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6.2 BUILDING DISPLACEMENTS

Relative seismic structural displacements within a building, as determined
from the building seismic analysis, are used as inputs to support motion cof
piping systems and are considered as static boundary displacements in the
piping analysis. For piping running between buildings, the relative support
motion includes the effect of each building's motion taken out of phase; this

is the most conservative approach.
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7.0 INVESTIGATION OF THE EFFECTS OF EARTHQUAKES SMALLER THAN THE DBE

Bacause the scil shear moduli used in the generation of ARS are functions of
strain, the ARS are not direct linear £functions of maximum ground
acceleration. Therefore, it is theoretically possible that at some

frequencies the ARS for some smaller earthguake exceed those of the DBEE.

The ARS generated for a range of soil moduli provide a basis for estimating
the ARS for earthquakes smaller than the DBE. For example, the DBE shear

moduli for the first iteration of SHAKE are actually consistent with a smaller

earthquake.

For the purpose of this study, an average strain compatible shear modulus for
a range of peak horizontal ground accelerations from O0.15 to 0.05 g was
determined using SHAKE. The analyses were conducted f£or the free-field
profile using the Taft and El Centro accelerograms and initial GCmax values.
The average shear modulus correspending to each peak horizontal ground
acceleration was determined by first averaging the shear moduli from the last
iteration of SHAKE for the two accelerograms, then calculating the average
value over the profile extending below the containment foundation elevation

f60r a depth of at least 1.5 times the radius of the containment. The

variation in average shear modulus versus peak horizontal ground acceleration
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In the course of this study, ARS have been computed for a variety of values of
average shear modulus. By referring to Figure 7-1, the peak acceleration can

be established that corresponds to each of these values of average shear

modulus.

The maximum ground acceleration consistent with the various moduli, divided by
0.15 g, yields a ratio that can be applied to the ARS calculated using the
first 4iteration SHAKE moduli <for the DBE. These ratios were used to scale

spectra at the operating floor.

Figure 7-2 shows that the resulting family of ARS at the operating floor are
enveloped by the DBE spectrum, demonstrating that the effects of the DBE are
not exceeded by those of smaller earthquakes. Therefore, it can be concluded

that the stresses in piping due to the DBE are not exceeded by those due to

smaller earthquakes.
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8.0 CONCTUSIONS

Based upon the data and studies in this report, the following conclusions can
be drawn about the use of soil-structure interaction (SSI) analysis in

developing amplified response spectra (ARS) for the Surry Power Station site.
8.1 USE OF SOIL-STRUCTURE INTERACTION

The ,:inciples and the methodology of SSI as used herein to develop ARS are
applicable to the Surry site and can “e used with confidence to conservatively

predict the seismic forces on piping systems.
8.2 SOIL PROPERTIES

The soil investigations made at the site to previde information for the
licensing and design of Units 1, 2, 3, and 4 ars summarized in Section 2 of
this report. The data from these investigations provide an adequate basis for
the development of strain compatible soil properties for use in the SSI

analysis.

Soil shear moduli values derived from in situ measurements at the Surry site

are consistent with those obtained from empirical relationships.
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The use of low strain shear moduli (Gmax) values for soil is not appropriate
in developing ARS because earthquake-induced soil strain levels are

approximately 2 orders of magnitude higher than low strain levels.

Using 2 range of low strain shear moduli values, equal to 250 percent of the
mean value, to develcp the strain compatible free-field seoil profile is
excessive when compared to a standard deviation on measured values for
saturated clays subjected to varying strain levels. A more meaningful range

would be a variation of <the terated strain compatible soil shear moduli

val.es by 250 percent of the mean value.

8.3 GROUND RESPONSE

Licensed ground response spectra and an enveloping artificial time history as

input motion at the ground surface in the free field is appropriate for use in

the SSI-ARS analysis.

8.4 AMPLIFIED RESPONSE ANALYSIS

The use of the multi-step analysis procedure described in Section & of this
report provides an approach that includes conservatisms in stating the

magnitude of the amplified acceleration values and allows development of the
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problem in a series of logical steps convenient for an engineering evaluation

of results.

8.5 COMPARISON OF KESULTS

The results of comparing the different methodologies, the FSAR earthquake
compared with the Regulatory Guide 1.60 earthquake and the effect of varying

soil parameters lead to the following conclusions:

Comparison of ARS shown in Figures 5-1 through 5-3, calculated using
the three-step analysis (REFUND/FRIDAY) and the one-step analysis
(PLAXLY), show good agreement at all building levels with respect to
frequencizs at which peaks occur. The magnitudes of amplified
acceleration agree reasonably well at lower levels in the structure.
At higher levels, the REFUND/FRIDAY results generally exceed the
PLAXLY results. At some frequencies, the ARS calculated for the base
mat by REFUND/FRIDAY have amplitudes less than those obtained <£rom
PLAXLY. Since the spectral amplitudes involved are small fractions
cf 1.0 g, there would be no serious consequences in using these
spectra in pipe stress analysis. Nevertheless, it is concluded that

base mat spectra will not be used in pipe stress analyses.
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Comparisons of ARS mzde from Regulatory Guides 1.60 ground response
spectra and 1.6l damping values and ARS calculated on the basis of
the FSAR committed ground response spectra and damping values

indicate good agreement in amplitude and frequencies of the peaks.

A comparison of ARS for soil parameter variations in Figures 5-7
through 5-15 using low strain shear modulus (Gmax), £irst iteration
SHAKE, and last 4iteraticon SHAKE soil properties shows little
variation in frequency of peaks but increasing amplitude of peaks

with increasing shear modulus values.

Comparisons of ARS for soil parameter variations in Figures 5-16
through 5-24 using strain compatible soil proper’ .es £from the last
iteration of SHAKE based upon (a) the low stra.n shear modulus (Gmax)
input to SHAKE, (b) Gmax + 350 percent input to  SHAKE, and
(c) Gmax - 50 percent 4input to SHAKE show a large variation in

amplitude and frequency of the maximum response.

Changes in the shear modulus of the scil change the frequencies at
wvhich the amplification function has its peaks. This shift in
frequency is evident in the general shapes of the response spectra
for different values of G. The axact <£requencies of the specific

individual peaks are influenced by the £frequency content of the
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artificial earthquake, so that each individual peak appears in all
spectra. However, the essential phenomenon displayed is a shift in
frequency of the amplification function, causing different pre-

existing peaks to be selected for amplification.

The results show that ARS are not sensitive to torsion in the

structure.

Studies conducted on three sample pipe stress problems, shown in
Tables 5-1, 5-2, and 5-3, compare the results of using ARS based upon
Regulatory Guides 1.60 and 1.61 versus FSAR requirements in terms of
pipe stresses. Examination of these results shows that neither

earthquake produces excessive inertia stress.

Spectra calculated using the three-step method, the FSAR Design Basis
Tarthquake (DBE), the FSAR DBE structure and piping cawping values,
and the strain compatible free-field soil properties are an adequate
basis for analysis of piping systems when peak broadened 213 percent,
In order to provide additional conservatism encompassing the effects
of an exceptionally wide variation in soil properties, the resulting
inertia forces on the piping system will be increased by 50 percent
in accordance with the NRC position cenfirmed in a letter dated

May 25, 1979.
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8.6 APPLICATION OF ARS TO PIPE STRESS AWALYSIS

The applicatior of seismic 4input to pipe stress inalysis as defined in
Section 6 of th.s report is conservative and serves as an adequate basis for

reevaluation of the designated piping systems.

8.7 EFFECTS OF GROUND ACCELERATION ON ARS

The ARS resulting from the DBE are not exceeded by those of smaller
earthquakes. Therefore, the inertial pipe stresses cdue to the DBE are an

adequate basis for qualification of piping.

8.8 COMPUTER PROGRAM VERIFICATION

The computer programs used to generate the SSI ARS have been qualified by (1)
comparison of results to those obtained £from similar programs which are
recognized and widely wused; or (2) comparison of program results to those
obtained by hand calculations or analytical results published in technical
literature. These comparisons zre shown <£for the SHAKE, PLAXLY, REFUND,
KINACT, and FRIDAY programs in Section 9 of this report. Reasonable agreement

is demonstrated for these computer programs.
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9.1 SHARE

SHAKE is a public domain computer program developed at the University of
California and described by Schnabel, Lysmer, and Seed.?'’ Stone & Webster has
made a few changes in the program, principally the addition of plotter
capability and improvement of some of the output format, but the program in

use for this work is essentially th’t described by Schnabel, et al.

The program solves the problem of vertically propagating shear waves in a
layered medium. The values of shear modulus and damping £for a particular
layer depend on the average shear strain induced in that layer by the
earthquake. The program iterates to obtain values of modulus and damping that
are compatible with the strains and with curves of modulus and damping versus

strain.

Although the program is well known and widely used, Stone & Webster has
checked the results computed by the program against those developed
independently by Roesset‘?’ and has also checked that the calculations of
modulus and damping are internally consistent. For example, Figure 9.1-1
shows the comparison of the amplification functions from SHAKE and Roesset's

analysis for the first iteration on the soil profile in Figure 9.1-2.
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PLAXLY i{s an isoparametric, plane-strain, finite element computer program used

in seismic soil-structure analysis. The equations of motion are solved in the

frequency domain.

.

A primary element in the FPLAXLY solution is the consistent transmitting
boundary modeling the layered far-field. This boundary aveoids the unrealistic

reflections associated with more simplistic "free"” or "roller" lateral

boundary conditions.

The principal limitations upon the program and it application are the

following:

Geometry and material properties must bDe such that they can be

satisfactorily modeled in two dimensions.

Properties of the layered far-field cannot change horizontally.

Base rock is assumed to be infinitely stiff.

Material properties are isotropic, linearly elastic.
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For purposes of comparison, the results of PLAXLY and those of a similar
program in the public domain, FLUSH (CDC Version 2.2), are shown in

Figure 9.2-1. The PLAXLY flow diagram is shown in Figure 9.2-2.
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9.3 REFUND AND EMBED

The computer program REFUND is used for computation of the dynamic stiffness
functions (impedance functions) of a rigid, massless, rectangular plate welded
to the surface of a viscoelastic, layered stratum. The subgrade stiffness
matrix is evaluated for all six degrees of <freedom £or the range of
frequencies specified by the user. Embedment effects are applied subsequently

by the projram EMBED.

The program reads the topology and material properties, assembles the subgrade
flexibility matrix, and determines the foundation impedances by inversion.
fhe subgrade flexibility matrix is dctermibcd with discrete solutions, to the
problems of Cerru~i and Boussinesq. A cylindrical column of linear elements
is joined to a consistent transmitting boundary, and the <£flexibility
coefficientes found by applying unit horizontal and vertical loads at the axis.
The rectangular plate 4is discretized into a number of nodal points, and the
slobal flexibility matrix found using the technique just described. The
foundation stiffnesses are then determined solving a set of linear equations
which result from imposing unit rigid body translations and rotations to the

plate.

Since REFUND is restricted to surface-founded plates, the effects of embedment

are included by adjusting the REFUND results with <the program EMBED. The
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theoretical bases of these programs and their application to the solution

methodology are described in Section 4.2.

E The results of REFUND compare very well with published results. The

compariscns shown in Figures 9.3-2 through 9.3-7 are based upon "Impedance
Functions for a Rigid Foundation on a Layered Medium", J.E. Luco, Nuclear
Engineering and Design, Vol 2, 1974, Of the various solutions presented by

Luco, the following was selected for comparison (see Figure 9.3-1):

Laver 1l = Lavexr 2

Shear wave velocity 1 1.25

Specific weight 1 1.1764

Poisson's ratio 0.25 0.25
The comparisons shown are of the coefficients k and ¢ from which the vertical,
translational, and rocking impedances can be expressed:

K=K, [k ¢+ ia, ¢l

in which ay 4s a dimensionsless measure of f{requency and K, is a zero-

frequency stiffnes:.
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The minor differences shown between the REFUND re ult and Luco's analysis can
b. attributed to the use of an "equivalent" ractangular plate in the REFUND
analysis (Luco's is circular) and differences in boundary conditions at the

footing (rough vs. smooth).

The REFUND and EMBED flow diagrams are shown in Figure 9.3-3.
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9.4 KINACT

KINACT is a computer program used in the three-step solution of soil-structure
interaction problems. Briefly, the program modifies the specified
translaticnal time history at the surface to translational and rotational time

histories at the base of a rigid, massless foundation.

The theoretical basis for the program is derived from wave propagation theory
and parametric studies of finite element solutions, described in more detail
in Section 4.1.3. Comparisons of the spectra of translational and rotaticnal

moticn predicted by KINACT and by PLAXLY are shown in Figures 9.4-1 and 9.4-2.

As the figures indicate, KINACT slightly underestimates the tranila:ional part
of the motion, but significantly overstates the rotational part. This

condition results from the dependence of the two variables U and O
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surface translational acceleration
translational acceleration of rigid
massless foundation

constaat

embedment

This self-compensating feature of <the formulation is insurance against an

unconservative result.

The KINACT flow diagram is shown in Figure 9.4-3.
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9.5 FRIDAY

The computer program FRIDAY 4is used for dynamic analysis of structures
subjected to seismic loads, accounting for soil-structure interaction by means

of frequency-dependent complex soil springs.

The structure is idealized as a set of lumped masses connected by springs or
linear members, and attached to a common support, the mat. The latter is
supported by soil sp-ings or impedances, which may or may not be frequency-
dependent. Alternatively, the mat may rest on a rigid subgrade. The
structure may be three-dimensional, but cannot be interconnected; each
structure has to be simply connected. Fourier transform techniques are used

to determine time histories; cutcfif <£frequency is prescribed internally to

15 Hz.

The thecoretical basis and implementation of the program is described in
Section 4.1.4, A comparison of FRIDAY with a public domain program, STARDYNE,
for the =zeismic response of a fixed base, multi-mass, cantilever model is

shown in Figure 9.5-1. The model is shown in Figure 9.5-2.
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APPENDIX 9.6

CONSOLIDATION TEST DATA
CONDENSATE POLISHING DEMINERALIZER
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9.6 CONSOLIDATION TEST DATA

Four constant rate of strain consolidation (CRSC) tests, three incrementally
loaded consolidacion tests, and Atterberg limits were run on samples of
Pleistocens clay as part of the foundation investigation for the Surry 1 and 2
consensate polishing demineralizer, located east of the Unit 2 turbine
building (see Figure 2-1). These tests were used to obtain additional data
for comparison with Pleistocene clays tested at Units 3 and 4 and plotted on
Figures 2-7 and 2-8. Enclosed 4in this appendix are copies of the vertical

strain vs effective stress plots for the seven consolidation tests.
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STONE & HEBSTER ENGIMEERINO CORPORATION PREE HO. e
CONSOLIDATION TEST REPORT ¢ puem——
: cLient  VEPCO J.0. %. 13058.10
sussect SURRY UNITS 1&2 onTE 27 FE2 7Z8Y D
. BORINGC!' SANP11C DEPTH 44.0 FT  cwecxen<.s - : oY
f seszo ov COMP. RUN JB144023 - 02/23/78 15.41.10 revieeo
: ] conerLen 77.196 12.53.37 VER 2 LEV 0 GT-24 OEDPLOT
D CONSTANT RATE OF STRAIN - 0.039 PERCENT PER MINUTE
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STOME & WEBSTER EWOINEERING CORPORATION PROZ MO, —
CONSOLIDARTION TEST REPORT S

curexr VEPCO J.0. No. 13058
susJelr SURRY - UNITS 1&2 DATE /4 Fe= 72 BY
BORINGC3 SRHP12C DEPTH 40.8 FT omcxgn:.-~ -2 BY -

easeo ov COMP. RUN JB144021 - 02/22/78 14.07.28 revisen L
conerLes 77.196 12.53.37 VER 2 LEV 0 GT-24 OEDPLOT

CUNSTANT RATE OF STRRIN - 0.037 PERCENT PER MINUTE
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1.0 10
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' ' STONE & WEBSTER ENOINEERING CORPORATION PROE MO« o |
; CONSOLIDATION TEST REPORT " geeaai—
cuienr VEPCO J.0o. No. 13058.10
sussect SURRY - UNITS 142 DATE <Z Fei 72 BY DEM
BORINGC!' SAMP 150 DEPTH S4.1 FT  cweckep <. = - BY -

saseo o COMP. RUN JB144024 - 02/23/78 15.52.03 nev
cowerLen 77.196 12.53.37 VER 2 LEV O GT- 24 OEDPLOT

CONSTANT RATE OF STRAIN - 0.050 PERCENT PER MINUTE
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Ul & WEBSILa ENGINTEIING CORPORATION CONTILIDATION 175 REPFON

,(n N

_VIRGINIA ELECTRIC POWER COMPANY

} - — o —

R TLA W
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;MAMPLI MUMAPF W
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ps per sq. ft.

APPLIED STRESS - ki

at 100 £ primary consolidation.

NOTE: Points plotted on basis of strain
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