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EXECUTIVE SUMMARY

The purpose of this report is to provide estimates of the liquefaction potential, and the
seismically induced settlements, permanent horizontal displacements, and transient
horizontal displacements of the ground versus peak ground surface acceleration due to
an earthquake, for the Pilgrim Nuclear Station in Plymouth, Massachusetts.

The stratigraphy of the Pilgrim site consists of 30 to 50 feet of compacted fill materials
above approximately 30 to 50 feet of glacial outwash deposits, which are underlain by
bedrock at a depth of approximately 80 feet. The fill consists of sand and gravelly sands
with less than 6% fines. The outwash deposits are granular, consisting predominately of
poor- to well-graded sz ds with some zones of gravelly sands. The fill is heavily
compacted. The outwash deposits are very dense as a result of loading due to glaciation.

For the outwash deposits, previous cross-hole testing by Weston Geophysical gave shear
wave velocities ranging from about 1,700 to 2,700 feet per second (fps) (soil profile 2).
In addition, shear wave velocities were calculated for the outwash soils using empirical
correlations available in the literature and blowcount and laboratory test data from the
Pilgrim site. The results range from 800 to 1,400 fps (soil profile 1). For the outwash,
the shear wave velocity profile that produces the more severe loading should be used.

It is reasonable to expect that the two shear wave velocity profiles bound the true shear
wave velocity profile at the Pilgrim site.

For the compacted fill, cross-hole test results were not available. The shear wave
velocities for the fill were calculated using empirical correlations and the results of

iaboratory tests and range from about 300 fps at the ground surface to over 1,000 fps
at a depth of about 40 feet.

Liguefaction

The soils at the Pilgrim site are highly dilative due to their dense state, and thus their
undrained steady-state shear strengths are greater than their drained strengths. Therefore,
a liquefaction stability failure is not possible, regardiess of the magnitude and peak
ground acceleration of the earthquake. A conservative stability analysis conducted using
the drained shear strengths gives a factor of safety of 1.9 against failure,

Settlements

For soil profiles 1 and 2, the maximum calculated settlements at the ground surface are
0.29 inch and 0.72 inch, respectively. These settlements correspond to peak ground



accelerations of 0.35 g and 0.7 g, which are the largest peak accelerations that would
develop at the ground surface for soil profiles 1 and 2, respectively.

Differential settlements can be expected within the foundation imprint of any one
building and within the areas between buildings due to natural variability of the
compressibility of the soil deposits. These can be taken equal to 50% of the totai
settlements and can be taken to occur over a distance of about 25 feet for structures on
individual spread footings and for the areas between buildings. For structures founded

on a continuous mat foundation, the differential displacement can be taken to occur over
a distance of about 50 feet.

Differential settlements can also be expected between any one building and the ground
andbetweenadywentbtﬂldingx. such as those within the Power Block, due to the
different thicknesses of the soil strata beneath the various structures and beneath the
ground surface. Those between a building and the swrounding ground will occur over
a distance of only a few feet. The distance over which the differential settlements
between adjacent buildings will occur is dependent on the interaction of the foundation

mat with the foundation soil and can occur abruptly at construction or expansion joints
between or within the buildings.

For 2 given value of acceleration, the settiements for the NUREG/CR-5250 and EPRI
hazard results are identical.

P n i 1 Di n

For soil profile 2, the maximum calculated permanent horizontal displacement occurs for
the Intake Structure for the NUREG/CR-5250 hazard results. It equals 1.7 inch and
occurs for a peak ground acceleration of 0.7 g. The permanent horizontal displacements
for soil profile 1 are slightly less than those for soil profile 2. Estimates of the
differential permanent horizontal displacements between structures can generally be taken

equal to the difference between the permanent horizontal movements of each structure,
which will be less than 1.7 inches.

The permanent horizontal displacements for the EPRI hazard results are about one third
of those calculated using the NUREG/CR-5250 hazard results.

T'ransient Horizontal Displacements

For soil profiles 1 and 2, maximum transient horizontal displacements at the ground
surface are 1.05 inches and 1.12 inches, respectively.



Differential transient horizontal displacements can be expected between any one building
and the surrounding ground, between buildings separated by some distance, and between
adjacent buildings within the Power Block. The differential displacement can be
conservatively taken equal to the absolute sum of the peak displacements of the building

and the surrounding ground or the absolute sum of the peak displacements of the two
buildings.

The differential displacement between a building and the surrounding ground can be
conservatively taken to be uniformly distributed over a distance of about 25 feet from the
foundation. The differential displacement between two separated buildings can be
reasonably taken to be uniformly distributed over the distance between the two buildings.

The differential displacement between any two buildings within the Power Block is
conservatively bounded by the absolute sum of the peak displacements of the two
structures. The differential d splacement between any two buildings within the Power
Block may occur abruptly across construction joints or expansion joints between or
within the building foundations or structures.

For a given value of peak ground acceleration, the settlements for the NUREG/CR-5250
and EPRI hazard results are identical.

The above described procedures for determining the differential transient displacements
are generally conservative procedures that do not account for the effects of flexibility and
rocking of structures. The effect of rocking is likely to be small due to the high stiffne:
of the soils at the Pilgrim site and is likely to be compensated by the effects of so
structure-interaction or, i.e., flexibility of the foundations. The Condenser Tanks appear
to be the most likely structures to be significantly affected by rocking, due to their high
center-of-gravity and small depth of embedment.
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1. INTRODUCTION

1.1 Purpose and Scope

The purpose of this report is to provide estimates of liquefaction potential and seismically
induced permanent and transient displacements of the ground at the Pilgrim Nuclear
Station. These are provided as a function of the peak ground acceleration.

The scope of the work is:
a. Perform an evaluation of the liquefaction potential and seismic stability,

b. Estimate seismically induced displacements of sloping ground using published
correlations of displacement with ground motion intensity.

c. Estimate seismically induced settlements using published correlations of volumetric
strain with ground motion intensity.

d. Estimate transient displacement of the ground and building foundations during a
seismic event.

e. Present the results of the above items as a function of the peak ground surface
acceleration.

12 Background

The Pilgrim Nuclear Station is located in Plymouth, Massachusetts. The location of the
site is shown in Fig. 1.

A site plan showing the major structures, including the Power Block and the Intake
Structure, is shown in Fig. 2. The power block consists of the Reactor Turbine,
Auxiliary Bay, and Rad-Waste Buildings. Three sections through the main structures are
shown in Figs. 3, 4, and 5.

Subsurface investigations have been performed for Pilgrim 1, as well as for a potential
expansion referred to as Unit 2 that was plunned but was not built. The site for Unit 2
is located immediately east of Unit 1, and thus subsurface data in Unit 2 were also used
to develop results presented in this report.



1.3 Project Perscnnel

The following GEI personnel were responsible for performing the majority of the work
for this project:

Eugene Marciano, Ph.D. Project Manager
Paul Joseph Project Engineer
Edmund Williams Project Engineer
Gonzalo Castro, Ph.D., P.E. Project Principal

1.4 Authorization

This work was authorized by a contract signed by Mr. Thomas J. Tracy of Stevenson &
Associates. The work was performed under GEI Consultants, Inc.’s Quality Assurance
Program, which complies with the requirements of 10CFR50 Appendix B.



2. SUBSURFACE CONDITIONS AND SOIL PROPERTIES

2.1 Introduction

The information presented in this report is based on Bechtel Drawings C1 through C9
and M15 through M29, Bechtel's Soils Report for the Pilgrim 2 site (Bechtel, 1976), and
a compendium of Pilgrim boring logs conducted for both the Pilgrim 1 and 2 sites (GEI,
1978). The Pilgrim 2 Soils Report contains GEI soils data reports conducted for the
Pilgrim 2 site. In addition, GEI's project files for geotechnical investigations conducted
for the Pilgrim 1 and 2 sites were used.

2.2 Soil Profile

The stratigraphy of the Pilgrim 1 site consists of 30 to 50 feet of comzcted fill
materials, designated as type A and typs B fills on Bechtel Drawing C8, above approxi-
mately 30 to 50 feet of glacial outwash deposits. The scil deposits are underlain by
bedrock at a depth of approximately 80 feet.

TbetypeAmdBﬁllnwmspeciﬂedtobecompactedtoaminimmof%%and%%,
respectively, of the maximum dry density as determined by ASTM D1557. The type A
and B fills consist of sand and gravelly sands with less than 6% fines.

The outwash deposits are very dense as a result of loading due to glaciation subsequent
to their deposition. The outwash deposits are granular, consisting predominantly of poor-
to well-graded sands with some zones of gravelly sands.

A comparison of the boring logs for the Pilgrim 1 and 2 sites and the geological history
of the sites indicates that the outwash deposits have similar soil descriptions and ranges
of blowcounts at the Pilgrim 1 and 2 sites. They have the same depositional history and
were both subjected to glacial loading.

Plots of blowcounts versus effective vertical stress for several boring logs from the
Pilgrim 1 and 2 sites are presented . Figs. A-1 and A-2 in Appendix A. These
blowcounts correspond to the outwash soils and are limited to blowcounts obtained using
the standard penetration tests for which no gravel was observed in the split-spoon
samples. It can be seen that the blowcounts at the two sites are similar and very high,
indicating similar properties of the outwash materials in Units 1 and 2. Note that the
shallower soils were excavated below the Power Block structures in Unit 1, as shown in

Figs. 3, 4, and 5. The range of effective overburden pressures at the excavation bottoms
is shown in Figs. Al and A2.
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Boring logs from the Soils Report for three borings (Borings 505, 609, and 610)
representative of the Pilgrim site conditions are included in Appendix A, and the
blowcounts are plotted in Fig. A2 where they are identified by the open square symbols.
Corrections for the effect of the gravel content were made to the blowcounts, if required.
However, the majority of the blowcounts did not require correction. Nearly all of the
blowcounts in these borings are in excess of 50 blows per foot, and many exceed
100 blows per foot and are similar to the blowcounts from the other orings.

2.3 Existing Foundations

The Reactor Building's foundation bears directly on the glacial outwash. The Turbine
Building is underlain by about 10 feet of compacted fill above the glacial outwash. The
foundations of the Diesel Generator Building and the Condenser Tanks are close to the
ground surface and thus are fou on the fill. The Intake Structure is founded on the

glacial outwash. The foundation elevations for these structures are given in Figs. 3, 4,
and §.

The following vertical bearing pressures were obtained from the Soils Report (Bechtel,
1976) for the Pilgrim 1 structures:

Structure Gross Bearing Net Bearing
Pressure Pressure

(ksf) (ksf)
Reactor Containment Building 1.7 1.7

Reactor Auxiliary Building 2.3 0.5 to 3.0
Radwaste Building 45 0.3
Turbine Building 22 -0.9
Intake Structure 4.1 -1.8

The net bearing pressure is equal to the gross bearing pressure minus the total vertical
stress in the soil at the bearing level prior to excavation.

The dimensions of the Condenser Tanks were estimated based on Bechtel Drawing C8
and a recent site visit by GEI. The tank load was estimated assuming that the tank is
filled with water, giving a value of about 3.5 kips per square foot (ksf) at the ground

surface. The load exerted by the Diesel Generator Building near the ground surface was
taken to be 2 ksf.



2.4 Ground Water Table Elevations

The elevation of the ground water table in this area can be expected to undergo
fluctuations due to tidal effects and normal rainfall. Based on observation well readings
conducted by GEI (1983) over nearly a 3-year period within and surrounding the Pilgrim
1 area, the highest recorded ground water elevations varied from +4 feet at approximately
100 feet from the shoreline to +8 feet at the southern end of the Turbine Building, about
600 feet from the shoreline. The corresponding values for the lowest recorded ground
water elevations are +1 to +5 feet. The above values do not include the potential effects
of flooding, storm surges, or other extreme events on the ground water table.

The mean high water and mean low water tidal elevations from the nearest National
Oceanic and Atmospheric Administration tide station, located in Boston, are +4.98 and
-4.56 feet, respectively, GEI (1983).

2.5 Total Unit Weights

Based on the data available in the Soils Report for Pilgrim 2, the average total unit
weights are 126 pounds per cubic foot (pcf) for the compacted fill above the water table,
137 pef for the compacted fill below the water table, and 129 pef for the outwash
deposits. Bechtel indicates in the Soils Report (197J) that the unit weight of the bedrock
is 168 pcf.

2.6 Shear Strengths

The compacted fills and glacial outwash at the Pilgrim site are very dense, as evidenced
by the high blowcounts in the outwash and the minimum specified relative compaction
values of 98% and 96% (ASTM D1557) for the class A and B fills, respectively.

The results of triaxial compression tests conducted by GEI were reported in the Soils
Report (Bechtel, 1976). Consolidated drained (S) triaxial compression tests and
consolidated undrained (R) triaxial compression tests with pore pressure measurement

were conducted for undisturbed tube samples of the glacial outwash, as well as for
samples representative of the fill.

Drained Strengths

Because of the dense compacted state of the fill and the dense state of the outwash due
to glacial loading, these materials are dilative during shearing. Therefore, during drained
loading they increase in volume (dilate). The shear stress increases to a maximum value
as the soil dilates, reaching the drained peak shear strength of the soil. The shear stress
then drops off until the soil is completely remolded. At that point, the soil reaches the
steady-state condition, which is a state of continuous deformation at constant volume,



constant normal effective stress, constant shear stress, and constant rate of shear strain
(Poulos et al, 1985). The shear stress at the steady-state condition is the minimum

drained strength of the soil and is referred to as the drained steady-state shear strength.
The strength is equal to:

peak strength: Sp, = 0"/ tang,

steady state
strength: Sps = O’ tang,
where S, = drained peak shear strength
Soe = drained steady-state shear strength
o’ = effetive normal stress on the failure surface
¢, = peal. friction angle
o, = the steady-state friction angle

Based on the results of the S tests, the average peak and steady state friction angles for
the outwash are 38.8 degrees and 33.4 degrees, respectively. Tests on samples

representative of the compacted fill indicated peak friction angles of 40.5 (0 43 degrees
and steady state friction angles of 36 to 39 degrees.

Analysis of the blowcount data for Borings 505, 609, and 610 using correlations by Peck,
Hanson, and Thomburn (1974) and Gibbs and Holtz (1957) indicate a drained peak
friction angle of about 42 to 45 degrees for the glacial outwash. This is higher than the
value of 38.% degrees from the triaxial compression tests.

Undrained Strength

During undrained shearing of a dilative cohesionless soil, the shear stress increases
gradually and approaches the undrained steady-state shear strength as the soil is
remolded, i.e., the peak strength is about equal to the steady-state strength. The
undrained steady-state shear strength, S,,, and thus in effect the peak undrained shear
strength as well, is given by the same expressions as for drained strengths given above.
However, for dilative material, the pore pressure decreases during shearing, resulting in

an increase in effective stress and consequently larger shear strength for undrained
conditions than for drained conditions.

The results of the R tests give a friction angle of 33.2 degrees for the peak and the
steady-state strength. Note that this is about equal to the drained steady-state friction
angle of 33.4 degrees, as expected. The results of R tests indicate that dilation continues
until the pore pressure becomes low enough to cavitate. Thus there is no well-defined
undrained strength since it is a function of the effective stress at which cavitation occurs
which, in turn, is a function of the initial pore pressure and effective stress. In the



analyses presented in this report, the strength available during the earthquake is con-
servatively assumed to be equal to the drained strength, thus neglecting the possibility
of negative-induced pore pressures.

2.7 Shear Wave Velocities

The results of seismic cross-hole testing conducted by Weston Geophysical at the
Pilgrim 2 site in 1972 and 1976 are available in the Soils Report (Bechtel, 1976). The
results are plotted in Fig. 6, and the shear wave velocity ranges from 1,700 to 2,700 fps.
There is no compacted fill in the Pilgrim 2 area, and thus the cross-hole test results are
not available for the fill. For the outwash deposits, the following shear wave velocities
based on the cross-hole results were recommended by Bechtel (1976) for design of
Pilgrim 2. el

TR ST

Depth Elevation Shear Wave Velocity
(feet) (feet) (fps)
35 to 51 -13 to -29 1,950
51 t0 71 -29 to 49 2,300
71 to -49 to 2,650
bedrock bedrock
bedrock bedrock 5,900
We have also calculated the shear wave velocities of the outwash soils and the
compacted fills based on blowcount and unit weight data, which were input into
empirical correlations, and on laboratory testing data from the Soils Report (Bechtel,

1976).
The shear wave velocities were calculated using the following data:

a. Blowcount data within the glacial outwash corrected for the influence of gravel
content, if necessary, and an empirical correlation between shear were velocity and
blowcount by Ohta and Goto, 1978, as presented in Sykora (1987).

b. Impulse shear wave velocity tests on undisturbed samples of glacial outwash.

¢. Resonant column test results on specimens prepared by compaction of materials
from bulk samples obtained from the glacial outwash. The bulk samples were
obtained from borings in the vicinity of the Pilgrim 2 cross-hole survey tests and
are believed to be representative of both the outwash and the fill.
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d. Hardin and Drnevich's (1972) empirical relationship for granular materials. The
range of unit weight for the outwash deposits was determined from in situ field
density test resuits conducted by GEI (Bechtel, 1976). The range of unit weight of
the compacted fills was estimated using the results of compaction tests conducted
by GEI on samples of the outwash materials (Bechtel, 1976).

The results of the various estimates of the shear wave velocities are shown in Fig. 6. All
of the plotted points and curves in this figure are based on a ground water table elevation
of +5 feet, i.e., a depth of about 17 feet below the ground surface.

The shear wave velocities estimnated from the empirical correlations and laboratory test
results described above fall within a relatively narrow band (na 6). However, for

the outwash soils, ploited for depths larger than 25 feet in Gm ults are
lower than those obtained from the cross-hole by a fac two.

The empirical correlations are an average of data for a wide range of soils and thus
involve considerable scatter. The laboratory tests may underestimate somewhat the in
situ shear wave velocity because of unavoidable disturbance of the "undisturbed” samples

used in the tests. However, it is not likely that the laboratory tests would underestimate
the shear wave velocities by a factor of two.

The shear wave velocities measured using the cross-hole method appear to be unusually
high even considering the high densities and high overconsolidation of the outwash soils
at Pilgrim. For example, recent shear wave velocities determined in glacial till in Boston
were about 1,800 fps as compared to 2,500 fps for the Pilgrim outwash at similar depths.
The glacial till is denser than the outwash, and it is also highly overconsolidated. The
procedures used to perform the cross-hole mfa?ﬂuimhclndedthemdmvu
for the signal source and relatively large spacings between the source and receiver holes.
The use of explosives for the source generates a larger percentage of compressive wave
(P wave) energy than shear wave (S wave) energy. The velocity of the S wave is
typically about half that of the P wave, and thus the P wave arrives before the S wave.
The result of this is that the high P wave content tends to obscure the arrival time of the
S wave recorded at the receiver holes. In addition, the large spacings (approximately 150
feet) between the source and receiver holes may have resulted in refraction of the wave

through deeper, denser layers, which would result in an overestimate of the shear wave
velocity.

Based on the above discussion, it is our opinion that the actual shear wave velocities of
the outwash soils are bounded by the results obtained from the empirical correlations and
laboratory test data and those obtained from the cross hole measurements. Since the
range between the lower and upper bound is large, it is recommended that analyses be
performed for both lower and upper bound values as shown in Fig. 8, designated as
profiles S1 and S2, respectively. Alternatively, one could perform additional cross-hole
determinations using closely spaced boreholes (10 to 15 feet) and signal generation
devices that enhance shear wave energy.



For the compacted fill, we recommend that the empirical/laboratory results be used, as
shown in Fig. 8.
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3. SOIL LIQUEFACTION EVALUATION

The potential for seismically induced liquefaction involves consideration of several
related phenomena and mechanisms of failure. In this section we deal with the potential
for pore pressure build-up and with the potential for overall instability of the ground.
These two subjects are discussed separately in the following sections.

3.1 Potential for Seismic Pore Pressure Build-Up

Two approaches were used to evaluate the potential for pore pressure build-up induced
by earthquakes of vanous leveh of peak ground surface acceleration.

..-‘.E ”

The first approach isw‘”&"m‘iﬁmmmwm%ofm
pressure build-up in sand deposits as a function of earthquake seismic shear stresses
induced in the ground by the earthquake. The sites are level ground sites, and the soil
characteristics are represented by SPT blowcounts normalized to a standard confining
pressure (1 ton per square foot {tsf]).

The field observations consisted generally of sand boils or sand volcanoes, which are
evidence of high pore pressures and settlement. They are not an indication of instability,
as instability was not possible for the level ground deposits.

As part of the liquefaction ev:luation for the Pilgrim 2 site (Bechtel, 1976), the
blowcounts were analyzed using the then available correlation by Seed et al (1975),
shown in Fig. 7. The curve shown was based on the data plotted by Seed et al (1975)
and shown as open and closed circles. In addition, we have added to the plot the more
recent curves by Seed et al (1983) for earthquake magnitudes 7.5 and 8.5.

The square and triangular data points in Fig. 7 are the average shear stress determined
using Seed and Idriss's (1971) simplified expression for shear stress and are plotted
versus the corrected blowcount for each standard penetration test in Borings 505, 609,
and 610. Only the blowcounts for which the spoon samples had no gravel content were

shown. The square and triangular data points are for peak ground surface accelerations
of 0.15 and 0.25 g, respectively.

For a peak acceleration of about 0.5 g, the shear stresses computed using Seed and
Idriss’s (1971) expression would be double those indicated by the triangles. Therefore,
for a peak acceleration of about 0.5 g and higher, a few of the lowest Pilgrim blowcounts
will plot on or close to the boundary lines in Fig. 7, indicating a potential for pore
pressure build-up in localized zones of the outwash. Note, however, that the N, values
of the Pilgrim site are 34 or higher, while the empirical data are based on sites which,
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with one exception, have N, values lower than 25. Thus the analysis of the Pilgrim case
is based on extrapolation of field data.

A second approach is to estimate pore pressure increases based on the shear strains
induced by the earthquake and the laboratory data collected by Dobry (National Research
Council, 1985). Dobry's data indicate that about 10 cycles of a seismic shear strain of
about 0.3% or higher is needed to reach 100% pore pressure. Based on the results of
SHAKE analyses discussed in Section 4.2, an effective strain of 0.3% (d=fined as 65%
of the peak strain) is reached somewhere in the profile when the earthquake has a peak
ground surface acceleration of 0.4C ¢ and 0.75 g for the high and low estimates of shear
wave velocity defined in Section 2.7, respectively.

32 Seismic Stability

A liquefaction stability failure will occur if: 1) the undrained steady-state shear strength
is less than the driving stresses (i.e., the stresses required to maintain equilibrium) and
2) sufficient deformation is induced, such as by an earthquake, to reduce the shear
strength to the undrained steady-state shear strength.

For the dilative soils at the Pilgrim site, the undrained steady-state shear strength is
greater than the drained strength. Therefore, a liquefaction stability failure, as defined
above, is not possible at the Pilgrim site, regardless of the magnitude and peak ground
acceleration of the earthquake,

A stability analysis was conducted to determine the minimum factor of safety based on
the drained steady-state shear strength. The computer program, STABLS, was used to
perform the stability analyses. The Modified Bishop method of slices for circular failure
surfaces was used.

The geometry used for the stability analysis is shown in Fig. 3 and is based on Bechtel
Drawings No. C1 through C9 and MI1S5 through M29. The gross loads given in

Section 2.3 for the structures shown in Fig. 3 were applied at the level of the foundations
of these structures.

The stability analysis was conducted using steady-state friction angles of 36 and
33 degrees for the compacted fill and the glacial outwash, respectively. These are based
on the results of the triaxial compression tests discussed in Section 2. These were used

to compute the drained steady-state shear strength of the soil along the potential fai! --e
surface,

The slopes are covered with riprap, consisting of large blocks of stone. The riprap was
taken to be about 10 feet thick, as shown in Fig. 3, based on a recent site visit by GEI.



A%

The unit weight and friction angle for the riprap were estimated to be 130 pcf and
40 degrees based on previous experience with similar materials.

The maximum measured ground water table elevations described in Section 2 were used
to define the phreatic surface on land for the stability analysis. These are shown in

Fig. 3. The elevation of the water surface of the channel was taken to be the mean low
water tidal elevation discussed in Section 2.

A search was conducted to determine the critical surface for stability failure. The
resulting critical circle for the stability analysis is shown in Fig. 3. The critical factor of
safety for this circle is 1.9. This factor of safety is based on the drained steady-state
shear strength of the soil. The undrained steady-state strength of the dilative soils is
higher than the drained strength, and therefore, the actual factor of safety against a
stability failure is much higher.
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4. PERMANEMT DISPLACEMENTS DUE TO SEISMIC EVENTS

Permanent displacements and settlements were calculated at critical locations throughout
the site. Newmark's (1965) sliding block analogy was used to calculate the permanent
' splacements due to sloping ground. Previously integrated solutions available in the
wierature were used for this purpose. Correlations of volumetric strain with the seismic
shear strain (Castro, 1987) were used to calculate the settlements due to seismic shaking.
The computer program, SHAKE (Schnabel et al, 1972), was used to calculate the shear
strains and shear stresses versus depth for the soil profile. The results of the SHAKE
analyses represent the case of one-dimensional wave propagation through the soil profile
in the free field. These results do not account for the effects of soil-structure-interaction
or rocking of the structure, which are discussed later in this report.

4.1 Critical Locations for Evaluation of Permanent Displacements

Displacements due to slope movements were calculated for the Intake Structure, the
Condenser Tanks, the Reactor Containment Building, the Turbine Building, and the
Diesel Generator Building.

Vertical settlements due to densification during seismic shaking of the soil above the
ground water table and due to dissipation of pore pressures developed below the water
table during seismic shaking were calculated for these structures. Vertical settlements
were calculated for the structures and for the ground surface to enable calculation of
differential settlement of piping and ducts.

42 SHAKE Analyses

The computer program, SHAKE (Schnabel et al, 1972) was used to analyze the response
of the soil deposit to an earthquake. The purpose of the SHAKE analyses is to determine
the maximum shear strains and the maximum shear stresses versus depth as a function
of the peak ground surface acceleration.

The bedrock was taken to be at about El -58 feet based on the available boring logs for

the Pilgrim 1 site. The strata thicknesses and total unit weights used for input into the
SHAKE analyses consist of the following:




Stratum Thickness Total Unit
Weight

(feet) (pef)

Compacted fill above 18 126

water table

Compacted fill below 17 137

water table

Glacial Outwash 45 129

Bedrock Halfspace 168

The SHAKE analyses were conducted for the two alternative in-situ shear wave velocity
profiles discussed in Section 2 and shown in Fig. 6. The specific values of shear wave
velocity used for each of the two profiles are shown in Fig. 8.

For each of the two soil profiles, analyses were conducted for a range of peak ground
accelerations for each of two seismic records. The two records were generated by
Stevenson & Associates and are referred to as NRO0O98-1 and NR0O098-2 in this report.
NROO98-1 is a synthetic record generated using the NUREG-0098 response spectrum
scaled to a peak acceleration of 0.5 g. NR0O098-2 was generated by changing the peak
value of record NROO98-1 from 0.5 g to 1.0 g; the acceleration values for all other points
in this time history are identical to those of NR0O098-1.

Analyses were first conducted using NROO98-1, which provided strain-compatible moduli
for the soil profile. Then, analyses using NRO0O98-2 were conducted using the strain-
compatible moduli deiermined for NROO98-1. An analysis for NRO098-2 scaled to a
peak acceleration of 0.2 g was conducted using the strain-compatible moduli determined
by the analysis for NROO98-1 scaled to 0.1 g and so forth for higher levels of peak
acceleration. It is our understanding that this procedure was used by Stevenson &
Associates to conduct their soil-structure-interaction (SSI) analyses for the Pilgrim site.

4.2.1 Results for Profile 1

Profiles 1 and 2 refer to the low and high values of shear wave velocity defined in
Section 2.7, respectively. SHAKE analyses were conducted using NR0O098-1 scaled
to peak accelerations of 0.1, 0.2, 0.3, 0.35, 0.4, and 0.45 g. The record was applied
to the surface of the deposit. Results were not obtained for 0.45 g since the
program did not converge to strain-compatible values of shear moduli due to the
severity of the ground motion. This indicates that for the NUREG-0098 design
spectrum, a peak ground acceleration higher than 0.4 g is not possible for soil
profile 1. In addition, for peak ground surface accelerations of 0.3, 0.35, and 0.4 g,
the peak acceleration at the bedrock is 0.67, 1.9, and 11 g, respectively. This
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PILGRIM STATION NO. 800
INTT MO, 2
BOBTON FOBON COMPANY

Dute: Februar 37, 1974 Nevised)

PACE i o | I

®m..—-
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CANGD 3 s
GROUMD KL (VS 209 8

BOR DIC LOCATION lesﬂ P 5448 29

MCLMATION | ertical

Cong szt Nad 2

BEARNG . °

TOTAL DEPTH 2.8 2

NA

DATESTART/FINSM igar Q0 T3/ isiebes LML

DRILLED Y \;acicas Lrilios & Docie. . Tesslss

DEPTH TO WATER/DATE 3 n L. S LOOGED BY W.i, MU' N lesthers
(TR SAMPLE paM | R MARKS OM S ATY™ BOIL AND ROCK DESCRIFT IOWS
s TN Fire | M NYTRA- | ADVANCE OF BIT IKFD T (AT M D47 49 and DIAAA-4Y,
ad TN noORMNL AN ANCY
" L) Neo. in,
1t men f -
] Tricone rolled .
s 1 it 3 9
g 1
. - -
Advameed W < s
casing to A2 A 9
-1 & b P
. :
9 b
» - samd, Laversd; 35 mm medium sand with ahout |7 sonplastic fines wd show 10 S
3 coarse sand awd fne gravel 15 mm flue sand with ot 19 sonplastic fines 3
N bis 1o fomchiss >, | |50 mm madtum © fac sand with shou 5 nonplastic finea; 140 mm (ine sand with 4'
. . sbout 1€ sosplastic faes, comaing several I mm lovers mediam sand: hrows &0, 4
-
3
. 44 - d‘
3 3
-
s : &
9 b
-
P 3
- .h' B
3 :
<
e & Adviaced KW L 3
contng to ¥ 8 . .
<
"" X P—t Madium (o fine grained, showt |0, suhangular to subrounded gravel lo 30 mm 4
3 s13 I1m e ) s 1 b | [maximem size, showt % coarse saml e U nonplastic fimes P, 3
- b
0 £ < ;-
b 4 “
3 . 3
e 72 P -
- 3
4 ]
-+ E. 3
4 3
9
L1 - -
3 3
9
“d G ruvel tokt on 3 :
roller bt o 75 8 R -
. 3
k% E- Sand, Medium 0 fine grounded: stratifiodiess Bhan 7. sonplastic fines, e 2 mm =2
e P8 2w 10,8 1" 3 layer dark brown sfity flae agnd: brown ¢ ", <
-“4. E 3
: -
1 -
™ R .
- - B
Gravel folt oo ! s
voller hit 74,5 A 4 R
R 4 - 4
9 R
1 - .
4 4
p Gravel fokt on ¥ -
. roller Mt WO A - 3
- 5 - -
3 5
S -
- 1 g
- - -
L E Sand.  Fime 1o medium grained, less than i nonplastic fines . brown oM E
E - 3
- 4 515 1o |2 oS " B 3
] E
b < 3
- —fS i o M o T b -
4 fwmn E Approximate s racs change determised (rom wash, 3
b b 3
“'F 3 1
3 p “
< b E
a3 p -
o A - B
3 -
E 9 e
4 1 p
R o 3
- - 3
3 F
- 4 o 2
3 4 3
. } b MR Rapwd @ latancy resction; low dry strengids lees than 17 scatiered medium sand
P 1 gratne; ane 40 mm thick laver ailty madium 1o fine sand with sbowt 3. fine s - E
s jn {1 " AR wi 3
» ‘ - TARLEAN ’
N+ ambard pesstrarion reslstusce, Sows /R of 4 140-B | NOTER
Damanes fulbiag 30 B, 10 drive 3 stit-apoon sampler | |) Teet pit dewstertog aystem In opereion

8 - el e samp
U - Usitis read sampbes
8- Bely whe Ll
¥ Tosd pvem P
O - Omterery 14
SAMD O Ovtatde Samater

Cr e abatned.
1) Blows of 120
- Due ren
- Pwoker
- om
of sempiing spooe

durtag borisg, %0 waler level reedings

PILGRIM STATION NO, 400
UNIT NO., 2
BCETON FDBON COMPANY

and 918,

Date Yeoruary 27, 874 Revised
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BORMG LOCATION _ N¥%0- 44« £3351 W MCLINATION Yeriesl  pEaRmNG _ N4 DATESTART povmw Mareh 13, 1894 ) Marc (4, 197
cAMMG D (0L 8 s cComEeRE _ MA TOTAL DEPTH $71 A DRILLED BY Americws Drilileg & Boriag Co. - K. Alles
GROUND £1 MSL: 21 98 & DEPTHTOWATERDATE ™  #' _____ Loceosy W ¢ e
[ 19 MMFLE 54N LENGTH REMARKS OM SIZETYVE BOIL AND ROCK DESCRIPTIONS
L ﬁl on ra NI RA ADVANCE OF BIT IBFD TO (AT M THART 88 and DRAS-49
féot " - "ﬂ ™ BORING ADYANCY
[ [ o In L3 HORT
71, 94 - -
(wmuq Sm, Tricone b Samd. Widely graded, wih sbow 307 subaaguiar o subrousded grave! 1o B8 ma 3
T artin rolier bit max, slae: hrows, ®W) 4
4 ot | s o ons " _— - 9 <
- E :
1 4 4 4
- 1 1 :l' 1
Cmensiomal - obtied b P
and bouiders noar E 3
P vurtace g y
- 4
18 J . :
e 4 r 1
4 :
3 3
3 = . Roller bitted b | | Ne Recovery. :
“ 3 AS-2 | 4 13ia | None ablee & grevel E
- 4 - -
-
-
K .09 |
p -
¥ g
1" 9 3
- - e
b 3
P R
P B
- . B
- 3
" 3 .
p | [Sand. Untrormiy graded: madium 10 fiee grataed; showt 57 nonpiastic fines | comatas 3
1 3| [1m|n " . coosstonal rounded lumps of silt; brows. &P 1
- r B
-
10 4 E ]
b 12 o -
o 4
; 3
3 _P -
. 4
s
b 14 -
: E
: E
k - Sand. Laversd: 30 mm alightiv silty fine sand: 25 mm clean medium 1o conree samd
$e4 | 47 2 108 " 2 with trace ssbanguler gravel, 50 mm cless fine 10 medium sand: 12 mm o lean 3
b4 e fine (o conree sand. TS mm cloan flme sand with & (race medium send, 35 mam Nae
- 16 ¥ sand with & trece of fiae gravel; browm. &P g
1
-
b :' -:
‘4 g “
L 18 -
9
; ;
a -
i : :
t 4 3 1
<
- 10 £l 1Send. Lavered: 55 mm clems fiae 10 conrse sand with & trace fise gravel; 5] mm -
b E cleas e (10 madium sand. 13 mm Asely lamisated siky fine sand: 175 mm chewn
- S5 | M 1 | 12 " e uniior m fine o madium sand with & trace coarse sand and flae gravel; broes, 873
3 < :
LI 4 P 4
o 27 ;’ d:
- H -
4 :' B
-1 9 4
-
- " 5 o
4
4
E
:' E Sand. Untformiy graded: fine grained; sbow 5 A o ol 1
- - mm (hick lavers of silly Noe sand and ccossional small brows spos v o
ik Ll L AT R e 2 sample brown, S R
- L o o
3 <
1 s
E 3 1
9
" 1
- L - -
F -
- “
- E
b - K
- : -
- 3 1€ i e | ]
*£ w0 - 1
» « Sandard penet ration redietance, biows N of o 140

L]
L

hammer ‘nittng 30 tn. to drive & spitt -epoon sampler
REC -« Length of sample racovered

- Bpli spous samok

§ Crmedwaser

 Und o red sampbes

8 - Sealty whw ¥ - Dewison
¥ Fusd pwicn P - Phicher
O - Owerbery G- Gel

SAMP OO0 - Outalde Mametar of sampling spoon

Or)og:nlll. D SW casing 1o 4 A, Bemo-
wite drilling Nuld wed w sdivance hole.

(2) After horiag complated, 3 in. (D MW
oming metslled o 571 A, bat sot
grovted or backf |led.

(3) Mo water level readings ablained Sue 0
bentonite drilling fhad.

i4) Blows of 502

PILORIM STATION NO, 800
UNIT NO., 2
BOSTON EDISON COMPANY

Dt  May 19, 19%

(D AL B
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BORDIG LOCATION _ N#WIR 488 F3381 36 INCLOVATION Yertieal  BEARING _NA _ DATESTART/PINMN _March 15, 1976 / March 13, 1976

caspG @ 00 B CORMEMIBE ___ NA . TOTALDEPTN ___ #11  f  DRILLED By American Drilling & Bortag Co. - K. Allen
GROUND EL MHLI +21.38 8 DEPTH TO WATERDATE o n wocep py W E. An
. 133 | ] e —— T sy
1N SAMPLE AMH LENOTH RENARES ON SIZETYPE BOIL AND ROCK DESCRIPT IONS
L LN Towm | op i ] ADYANCE OF BrT USED TO (AST M DR4RT 48 and D484
ane TION BONING ADVANC E
B bt STV ST - BOSDNG.
u--duu-‘Ju-Jm-o o Layered: 300 mm clean atform fae 15 medium sead: 50 mm olightly -
bentonite drilling | roller bt 4 stratified fne (o coarse sand; 50 mm slightly oilty fine sund; orange brows, 3
9 81 | im |2 0 " paeeh 5 rust brows, and e, ®F) =
y E
0 ] p
- - o
E
3
- -
4 -
r :' 1
1 4 4 i
e 34 P -
4 -
4 -
A - | [Samd. Untiormly graded; medium 1o fine graioed; (race of coarse sasd, containe B
: S8 |17 |2 N " - several | mm black-staloed lavera; broes @F) ;
14 4
[ 3¢ - -
- 3
3 - i
. 4
BTE 3 p :
e 38 p -.l
3
3
; 3
= r 4
A8 : :
e 40 | |Send. Layered: 150 mm cload flae 1o coures sund. § min silty Nae sand, 45 mm fise -
s (193¢ |2 |28 e - 1© medium sand wiih & (race conres sand; 0 mm (hinly \aminated ilty fine sends
4 and tioe sundy silts: 35 mm slightly slity Gae 10 cunree sand and gbou 5% mb-
- 9 rounded fne 10 conrss gravel wp 10 13 mm; brown, @P and FW) .
20 4 E p
- 41 e -
9 .
- : q‘
9
17 4 1
—— :- s
3 4
4 | | Send. Lapersd: 175 mm widely graded flae to conrse sand and traoe of subangular o %
a i sqol19 s | 12 " . wubromsded gravel o 18 man with seversl intscheds of slity fine sand: 35 mm :
Beas - slightiy stity fine w0 conres send and gravel i 13 mm; brows. (W) -
- o -
: “
9
< < .
a8 : E
pe 3 "J
b 4 b
1
- 2
3 - b
. : 1
b %0 - Layersd; 25 mm fine 1o medium snad 35 mam fine (o modium sand and fine J.
o S-11] 108 |2 | W2 " 4 gravel; 37 mm fine 10 ooarse sand: 30 mm medium to coarse sand. 100 mm 1
. 4 laminated stity fine sand and | wm Layers of aflt; 89 mm silty fine 1o comrse -
3 - sand; brown, GV ead 5P b
w4 ; :
= 3 4
4 E :
3 : -
) 3 -.
Y 3 1
b 04 3 -
E
- - R
p e Sand, lavered. 138 mm cless miform flne (o medium sand: 135 mm alightly allty 2
$ 4 fine 1o medhum sand and subrounded W subsaguiar gravel W 36 mm, brown, WP
Bal SPU [ERT ETLR EX™N RUEC " A e 5% E
] 3 $
. 4 P
A 1 3
g - 3
LN 3 3 R
»n - 4
o p
9 <
E P
4 9 E
R 3 1€ ontimend) p
80 b
N - Swadard pemetraiion redlotance, blows /M of ¢ 140-B [MOTES = L L0, esto-
hammer (alling 30 tn. “"‘:"' 4 WE-9pem selpler ite drilitng Nuld used 1o advance ole.
REC - Longth of sampie recove @) Afer boring completed, 3 la. 1D NW "
R A caning tnetalled 1o 471 A, but o Hu:lllﬂ::;k): NO, 800
U - Uslwserted sanpies routad or backfllied. ¥ N0,
b4 BOSTON EDBON COMPANY
§ 9 - Mty whe ¥ - Deueen (3) No water level readings biained due Lo
P Fied pletan P - Poker bamtomite drilling fuid.
O« Cwsertmry G- 0o Date  May 19, 1978
SAMP 0D - aneide dlameter of sampling spoon 6 o 9
pace _? o l

C) P LI = L



BOR NG LOCATION

NEVEY 449 78381 36

DICLINATION Verticsl

M, o

CASING © .

GROUWD EL ML, 41 58 &

Come size NA n

DEFTHE TO WATERDATE L)

BEARDIC WA
TOTAL DEPTH LA T

DATE START /FINEM Macsh 34, AR 7 Marsh M. AR1%
DRILLED BY Americs Dviilieg & Boriog Co, - K, Al

-4k %m

e —— s s
'™ SAMPLE  paMM  LENOTH YOIL AND ROCK
AL L3 o0 PRec TPENTTRA: (AST M DR487 40 wad 940049
-1 TION
n " L ~ da, :
» Uncesed hole wing -ia. Tricone [ Send. Usiformiy yraded: medium to Sae grained with sbowt 9% soarve sand and 3
bemtontis drilling | reller bit E showt 108 sbasgular gravel 0 10 mm max. sise; brows, B9 3
b S-131 188 |2 in, 1 1] - P b
- 4 : :
- = -
3
3
4 b
2 -
- - -
3 “
“r 4 b 3
a3 -
- “ p— -
9 - K
: :
. 3
3 | | Sead. Layered: flae o wediom smd with cocasional | mum layer of siity One sands
< 3 ome Oee W mediom ssnd o1 sbout F% ssbrounded o subagular grevel w
e M) sai) j2m | 1 " - 15 mm max. shas brows. 8P 1
s 3 :
E - 4
- -
- B
- 4 9
4 b
- r B
9 3
-
2 -
b - B
R “
-4 4 P
b 70 [7 | | Semd. Layersd: 125 mm medives 10 conrse send with & (race fine swnd and fine ‘!
4 S-1sfies (v | 1 " ; gravel; TS mm finely stratified fine 0 sedivn sand: 75 mm mediem 0 sosrve 3§
R E *and with & Lrace roved Lo subrousd fae gravel; brows, OF) -
b E
p— 3 4
- N b -
- -
1 b
- (1.0 4 -
42 1 3 !
e 14 L -y
- K
b E b
9
L p Gravelly sand, Widely graded; conres 1o fine greined: ~ﬁm-*‘:
- s-16] 138 Is . 1 1 k angalar fas 1o sonree gravel 1o 30 mm max. slre; contudas sbout | 0% aow- 3
b ¢ R plastic fwee: brows.  @W) 2
3 g ;
1 E 3
b b “
e ¢ 3 )
- - .
E - b
4 : -
; ; ’
. & 1 :
4 b E
:'“ ] Send. Ustlormiy graded; mediuim to fine gratoed with sbowt 59 soerce cand ud ‘:
4 st ® s " 1 E whout 10% fiae 0 courne subrounded W subangular gravel 1o 30 mm. snd shew 9
. - 55 souplastic faes: brows, @) -
0 1 k ;
- - -
’ : 3
: k 2
9 9 <
4‘4' 4 ]
s 3 2
2a 3 E
: a :
E - P
] : ;
T S k 4
p . S-tn. NW cantag | | Bend. Widely graded; medium (0 e grained with sbow 104 course send and s =
E 15l ® |2 | o5 10 Sy en, 1 15% fine 10 course subrounded to subanguisr gravel to 30 mm, and abow 185 3
9 Sl E slightly plastic fines hrown, #W) 2
SLK 1. S hate, e 91,1 ﬂ
| PROBABLE BEDROCK - BOTTOM OF BORING
N - Standard peawtvaticn resistascs, blows N o & 140- | NOTES
) Drowe § 1o, 1D SW casing o 4 &, Bawte-
hammer lalilng 30 tn. 1o driwe o Spit -epoan sampler e driliing Nuid wasd 10 advamse hoks.
REC - Langts of sample recoversd ) Aer horisy sompieted, 3 ta. D MW sas- PILGRIM STATION NO. 800
5 it spos semphe L Growsdwaier tog tewtalied w0 87,1 R, bt wot groved or UNTT MO, 3
U - Undwirted samplon bacefllied. BONTON EDBON COMPANY
PR N-D 3) Neo water leval .o“---
¥ Vined pwton P - Picher ) Blows of 4975 wetiy 1401 hammer s
O Oewrosry G-om P68 amd 01/% ustag $00-Ib hammer . Dute  May 19, 1979
SAMP OD - Outaide @ametar of sampling spoes ) Blows of 1384 waing 140-B v 609
A3°8° amd 1064 A0 & wammer
Spenane wmliohuanerge | 20 20 o
4' i o V00 b hammar

Tl TR




Caspc® 0 @

BORDNG LOCATION _ N9a79,00 £3890.8%

WO LIMATION  Veries!

BEARING

NA

DATE START/FDOMN _Marc' 8, 1978

/ Mareh 13, 1974

bammer " -

w drive & splft wpoon sample r

REC - Lamgt  of sample recos. “wd
6 - Splv apoes smmpk 3 O
v U rhad sam ples
§ - Salty whe N Dean
¥ Fied piotm P - Paoker
O - Owwrtmrg G-om

SANMP OF - (nseide Sametar of sampling »poon

of

Nuid

) Drove 6 ta. 1D SW castag 10 4 A, Benso-
nite driling Muld wed 16 advanoe hois.

@) Alar boring completed,
n“ﬁl‘h.ﬂ.'hl‘-mdw

backf!
1) No watar level reading sbiained due 1o sae
bantoutts

S D NWoes-

) Blows of 874" beiore secouaring
bouider

PILORIM STATION NO, 400
UNTT MO, 2
BOSTON EDBON COMPANY

Date: May 12, 197

PAGE i o 3 I
—

) - CORE SIRE KA o TOTALODEPTH ™7 8 ORILLED BY Americes Oriliieg & Bortay Co. - K. ALse
GROUND EL (MSL) :23,05 A DEPTH TOWATER/DATE O n'  NA LOGGED BY W I Pn
TA- —— e —— '—“w
oo LENGTH L MA RS O SIZETYPE BOIL AND ROCE DESCRIPTIONS
~ PERTTRIT| ADVANCE OF BIT 81D TO (AST M DB4A7-49 and [3488-49)
TION BRI ADVANCE
in. n BORING
f | | Semi.  Uniformiy graded: medium (o fine grained with shout 3% soarse sand and b
81 10 im |18 1" |Uscassd hole waing |6 1n, Tricone [ a-l‘lu.n-luma.n-mn-nibuuxmﬂh p-
< driliing | roller M1 < -
il - s s
-
qr 3 -.
9 3
L
b 4 1
" -
ir. :~ 1
g 3
b
- | | Send. Unttormiy graded: sigh fine 1o medium graioed with sbow 5% ‘:
- b . I - 3 vonres sand and sbout 5% subrownded (o subsagular grevel 10 15 mm; last 50 mm 3
0 > - i and fioe sand with treoe fine gravel; rusty brows snd gray, 89 -
4
4 b :
b iaan F 3
94 b
(L W -
.
3
< -
9
, -
. -
2
& 10 | | Send.  Layered: widely gras d very silty fine to mediva sand s
1 . » Py 18 E coares cand with asbrow fed 1o subosguiar gravel 1o 36 mm; comalae & 25 mm
3 3 hmd‘.no-ddmmotﬁnw maxiled rust
brows w gray, BSW - ")
10 S 12 -
1
s
4 s
S -
.
o
L % 1] -
3
L [ 3 v e boulder i Po——
P Eravei to 20 A bl |
s
LA S8 1] -
4 -
4
;
b v
] <
L ST ;-
. b
- -
b 9
- -
b -
L
b -
4 s
Tt Lo poe Oravelly sand. Widely graded: fine 10 conrse grained with show 259 subsngular to
3 Nex - subrownded g ravel 10 40 mm aad ahow 10% nomplastic fmes: sample siightly
E. 8-5 nru. maas 10 ._ mottied; brows 1o rusty brows. SW - §M)
3 .
, -
o Lo -
- 9
< o
E 9
- 9
- Holler b1 boulder 4
2 r from 33.5 to 4.5 R
3 A (94,5 e
4 b Sand. Widely graded: fiae 10 coarse gratned with sbow | 0% subrousded 10 sub- -
E :‘ anguinr gravel to 12 mm and abowt 159 sonpiastic Mnes; brows, ®W - SM) <
;
1 . | 10,8 1 b p
+ L o S6| % 1 m E' E
: b ;
. L 4
3 1 E
q : 3
e ST - -
3 R 3
: : 3
s 5 3
9
3 30 (Comtinwed) .
¥ - Manderd pesetration resistance, biows ‘A of a 140-B | NOTER

610

® P S ————




BORING LOCATION  NPAT 03 F5330 64 HULINATION Vertiesl BLARNG N4 DATEATART /FONEN _ Merch 4, 187 / Mareh 12, 19%
CASNG @ ) @ - CORE MIZE XA a TOTAL DEPTH "’

ORILLED BY Amerioan Uvililag & Bortng Co - K. Alien

GROUND KL (MR L) 22,08 DEPTH TO WATER/DATE o " LOGGED BY W, E. P
[ 1% NP oMM LENGTH REMARRS ON SIZETYPE BOIL AND ROCK DESCRIPT IOMS
ML o ADVANCE OF AT BN TO (AT M (740749 and D3408-49)
o f REC | PURELRA- BORING ADVANCE
" n wo in, n RORING
T
Umeannd hole uu.Tt n, Triconse [ Sand.  Laversd. 100 mm uniform ciean flne send: 175 o alighiv tiity fing o 3
4 1 Bemanite drtliing roller hit r madiver sand with showt 5. subamviar 1o subrounded coarse sand and 3
. =118 j2m) N - p fine gravel o T mm b #ize; brown, BP) -
4 3
el - -'
< L
< 3
3 4 4
- P
E -
g E
L k. 3
K e
b 3
. 3 g
Sand. Layered 77 mm clesn, undform foe sand; 3 mm clean medium (0 cosres samd: 1
e s | nejam) 1 3 % mm chean (e 10 conrse sund; 50 mm Wilorm medium (o cource sand: 125 mm 3
4 P wntform siightly stity flae sand with | mm leyers of spparemly axidised sily 3
3 ] fine sond; gray brown, @M 3
< - 3
-
P e
b b 3
4= - -
1 3 3
s 3 ;
- r 1
- 3
L ST 5 Sand. Uniformir graded; fioe 1o medium sand grading to mediam (o coarse -i
i S0 | W j2m | M4 e 9 Eradued; contalne abow § conrse sand and sbowt 9 sowplastic Mines 5
E R ormge brows, 8P 3
- 3
: -
‘n ra 3 -
3 3
P -
E b
-
3 : :
4 : :
2 L -l e
- i
- -
9
1 - Sand.  Untiormly graded: fine o modium grained with shout 57 conrse sund, j
s10] 9 lam )| 18 1. B comtaine seversl | mm lavers flae 1o coarse sand and evidence of 4
[ E strastficacion. ligh brown, &P 3
3 J-‘. - -
P 4 ;
b 4
b
e ' ; :
" 3
: -
2 L4 » -
3 S
E < E
- P -
- - 4
3 : -
2 Fow p— | | Sand. Simtler 1o Sample 8-10, -
p
. san| o Jam| sl s : ;
< - 2
o - -
4 o -
4 4 3
-0 L8 :— 4‘
3 : b
b E -
9 3 E
3 < “
- 4 g
-n‘_ - - -
b : :
4 - 3
g - Sand, Usiformiv graded: fine 10 eoarse grained with sbanst 5 subrounded 10 %
9 s12) w |2m| 18 " 9 sabanguiar Nine gravel 10 abow 7 mm and abeart 5 . nonplastic Anes S
ML o * brows. 8P -
3 3 )
k - 3
b E 3
b 1 <
“4:- L L] e v
- 4 <
- -
3 : :
- o -t
3 - E
b < (Continwed 4
b o - y
NOTES

REC -
L © Bplit mpaos sample
v C Usw i roed campler

N . Sandard penetration resistancs, blows 11 of & 140-1b

nammer faliing 30 tn. to drive & spiti-apoon sampler
Langt of sample recove
r Lor oumareaie

5 - Maly whe N - Demwon
¥ Fawd puus P - Plicker
O Cmmrtmry G-Gn
SAMP 00 - Onmetde dlameter of sumpling spoon

1) Drove 6 in. D 5W casiag 0 ¢ R, Bemo-
afte drilling Nuld wsed o advance hole.
2 Ale; boring completed, 3 n

iag set I hole 1o 457 (1 but not growmed

or beckfilied,

30 Mo wnier level reading ottained dur 10

use of bemonite Nuwtd.

1D NW cas - PLLGRIM STATION NG, 800

UNTT NO. 2
BOSTON EDISON COMPANY

Date May 12, 197

610
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cAING D 0L )

GROUMD KL /MSL) 33,00 A

BORING LOC/ (HON  N#TH 03 £5530 68

COonE size NA &

WCLATION Yericsl BEARING
TOTAL DEPTH

NA DATE START Po@K  Mareh 0, 1974 | Mareh 13 197¢

LI DRILLED BY Americas Drilitag & Bortng Co. - K. Alien

hammer falling 30 in. to drive & splii-spoon sampler

REC - Lewgth of sample
B - Spik epeos ssmple Cromateeiar
v C Umttees rood samplee

4 - By whe N Demes
¥ Pl pistos P - Phrober

SAmp rg‘- m‘.-gr: a-i- oo

™

Aher boring compiet
ing set o hole 1o 89 7
Sackfillnd.

s Nuid,

mer and 11 47, 5278

T Al RA¥ ot 48, By

o, TD NW cas-
bt non g rossted or

31 No wator level reading sblalned due Lo wee
of namtoni e
) Biows of W l',Mj' using

140

DEPTH TOWATER/DATE _ ™  n LOGGED BY W, £, P
L AMPLE SAM LENGTH REMARKS ON SIZE/TYPY BOIL AND ROCK DESCRIPTIONS
uaL o0 REC 1 PENET RA- ADVANCE OF BIT BED TO AST M 149 and -
i | " TION BORMNG ADVANCE S e
" n No. n 6. BORING
il w
1 Unossed hole wing)| ¢ In. Tricome [ Sand m.m---u-mLuh—-um-mmnu 3
s-13 hyr 1w " 1" [entondin driliing | roller bit 4 and fne gravel. 12 mm oless medium 10 conres sand and subrounded 10 s e b
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GEIl Consultants, Inc.

1021 Main Screet
Winchester, MA 01890.194}
617721+ 4000

July 10, 1992

Project 92012

Mr. Thomas J. Tracy
Vice President
Stevenson & Associates
Ten State Street
Wobum, MA 01801

Dear Mr. Tracy:

Re: Uncertainties in Soil Failure Analyses
Pilgrim 1 IPEEE, Pilgrim Station, Plymouth, Massachusetts

This letter is in response to Dr. Fred Mogolesko's request at the June 11, 1992, meeting
with BECo, Stevenson & Associates, and GEI Consultants, Inc. for a letter describing any
uncertainties associated with the soil failure analyses.

We understand that the Probabilistic Risk Analysis (PRA) involves mean point estimation
to evaluate the seismic vulnerability of the plant, and therefore, best estimates of the soil
displacements are needed for input into the fragility analyses for the PRA. Due to the
fairly high density of the soils at the Pilgrim site, it was determined prior to performing
the soil failure analyses that relatively simple methods of analysis would be adequate.
Some reasonably conservative assumptions were made to apply these methods of
analysis.

The uncertainty associated with the analyses conducted and the conservative nature of
the assumptions made are described below for each set of results from the soil failure
analyses. These results are: 1) stability against liquefaction failure, 2) permanent
horizontal displacements, 3) settlements, and 4) transient horizontal displacements. Next,
the earthquake input is discussed. The impact of the soil parameters, the earthquake
input, and the methods of analysis on the results are then summarized.

The uncertainties for the values of shear wave velocity for the soil strata at the Pilgrim
site are discussed in the revised report prepared by GEI. The analyses of settlements,

y b .} ' . s ]
Concord. New Hampshire Rals N ' ‘ L erive f rad



Mr. Thomas J. Tracy -2- July 10, 1992

permanent horizontal displacements, and transient displacements were performed for two
shear wave velocity profiles that are upper and lower bounds for the probable actual in
situ values.

Liquefaction Stability

The blow-ounts and laboratory test data for the Pilgrim site indicate that the outwash
deposits are very dense and highly dilatant. The compaction specifications and laboratory
test data indicate that the fill at the Pilgrim Unit 1 site is heavily compacted and also
highly dilatant. The strength of these highly dilatant soils would be higher for the
shearing.

A conservative determination of the factor of safety using the drained steady-state
strengths of the soils gives a value of 1.9, which is quite high. Typically, factors of
safety of 1.5 are considered to be adequate. Since the soil response will be undrained
during shaking, the actual factor of safety against liquefaction instability is much higher
than 1.9.

Permanent Horizontal Displacements

A finite amount of permanent horizontal displacement can be expected to occur during
shaking as a result of movements of the ground downslope toward the waterfront. These
displacements have been calculated for the structures as a function of the peak ground
acceleration.

The expression used to estimate the permanent horizontal displacement bounds nearly all
of the values of displacement calculated for a large number of western United States
wﬂxqucaooclmﬁonmdsbyNewmark(l%S)mdmabyanﬂinmdﬂlmg
(1977). The characteristics of eastem seismicity were taken into account by using the
hazard results in NUREG/CR-5250 and EPRI Report No. NP-6395-D for the Pilgrim site
to determine the values of ground velocity to input into the expression for displacement.

The values for the yield acceleration used to calculate the displacements are based on
conservatively selected values of yield strength. The yield strengths were conservatively
based on the peak drained strength of the soil, since there would be some uncertainty as
to whether the higher undrained strengths could be fully mobilized.

The values for the maximum acceleration of the potential soil mass subject to permanent
movement are based on the maximum shear stresses calculated using the computer
program, SHAKE. The maximum shear stresses are conservative for the reasons
described below in the section on the earthquake input.
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Settlements

Correlations available in the literature were used to determine the reladonships between
the volumetric compression and peak seismic shear strain for the soils at the Pilgrim site.
The correlations are based on test data involving several different granular materials and,
therefore, involve considerable scatter. Mid-range values were used to determine the
relationships. Better estimates can only be made by using site-specific test data.

The volumetric compression increases with the peak seismic shear strain. The peak
seismic shear strains calculated using the computer program SHAKE are conservative for
the reasons described below in the section on the earthquake input.

Transient Displacements

The results of the SHAKE analyses represent one-dimensional wave propagation through
the soil in the free field and do not account for the effects of the weight and flexibility
of the structure or the effects of rocking of the structure.

Since the weights of the buildings are approximately equal to the excavated soil that they
replace, the presence of the building will have a small effect on the accuracy of the
calculated shear strains in the soil.

The buildings were assumed to be rigid by taking the building displacement to be equal
to the displacement calculated by SHAKE at the elevation of the base of the building
foundation; this is conservative since any flexibility of the building foundation will result
in smaller differential transient horizontal displacements between the building and the
surrounding soil.

The effect of rocking on the structures is likely to be small due to the fairly high stiffness
of the soils, with the possible exception of the Condenser Tanks due to their high center-
of-gravity and small depth of embedment.

The differential transient displacements were taken to be the absolute sum of the peak
transient displacements of the points being considered, e.g., the building and the adjacent
soil, which is conservative.

The transient displacements were calculated by integrating the peak seismic shear strains
calculated using the computer program SHAKE. The peak seismic shear strains are
conservative for the reasons described below in the section on the earthquake input.
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Earthquake Input

The acceleration time history used for the SHAKE analyses is conservative for
determining the peak seismic shear stresses and strains in the soil deposit, which are thus
conservative for calculating the settiements and the permanent and transient horizontal
displacements. The time history ‘was synthesized by Stevenson & Associates using the
NUREG/CR-0098 spectrum. For the same value of peak acceleration, the NUREG/CR-
0098 spectrum eavelopes the response spectra provided in NUREG/CR-5250 and the
EPRI Report No. NP-6395-D for the Pilgrim site. The NUREG/CR-0098 gives a maxi-
mum spectral velocity of 80 in/sec/g compared to values of 30 and 18 in/sec/g for the
NUREG/CR-5250 and EPRI spectra, respectively.

The effect of the spectral shape on the peak seismic shear stresses and strains is
illustrated in Figs. 9 and 10 in the report by GEL. The results for the acceleration record
based on the NUREG/CR-0098 spectrum scaled to 0.2 g are presented in Fig. 9. The
results for an acceleration record for which all the acceleration values except the peak
value are half of those of the acceleration record for Fig. 9 are presented in Fig. 10.
Thus the ordinates of the response spectrum for the acceleration record for Fig. 9 are
essentially twice those for Fig. 10, with the exception of very high frequencies where the
peak accelerations are identical. It can be seen that the peak seismic shear stresses and
strains in Fig. 9 are about double those in Fig. 10.

Summary

The results of the soil failure analyses are conservative estimates of the soil
displacements rather than mean value estimates. The degree of conservativeness for each
set of results is affected by uncertainties associated with the values of the soil parameters,
the earthquake input, and the methods of analysis.

The soil parameters relevant to the soil failure analyses are 1) shear wave velocity, V;
2) modulus reduction and damping curves, G/G,, and D versus shear strain; 3) density;
4) drained and undrained shear strengths; and 5) volumetric compression versus shear
strain.

The probable actual shear wave velocities at the site are bounded by the two sets of
values determined and used for the soil failure analyses. The average modulus reduction
and damping curves presented in Seed and Idriss (1970) for sands were used for the
SHAKE analyses. The shapes of these curves have little effect on the resulting
accelerations, st ar stresses, and shear strains, especially for very stiff soils such as those
at Pilgrim.

The densities and drained strengths of the soils are well known from the results of in situ
tests and laboratory testing on both compacted, remolded samples and undisturbed
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samples. The test data also indicate that the undrained strength is greater than the
drained strength.

The relationships between compression of the soil and seismic shear strain are reasonable.

The earthquake input record is reasonable and is conservative for the purpose of
calculating the soil displacements. The effects of eastern United States seismicity have

been taken into account by selecting the peak ground velocity, V, based on the hazard
results for the Pilgrim site.

The results of SHAKE analyses represent one-dimensional propagation of shear waves
vertically through the soil strata. The effects of soil-structure-interaction or rocking of
the structures on the settlements and the permanent horizontal displacements are small.
Conservative approximations have been made to determine values for the transient
displacements from the resuits of the SHAKE analyses.

Please call me if you have any questions.
Sincerely yours,

GEI CONSULTANTS, INC.

Eugene A. Marciano, Ph.D.

Project Manager

EAM:ms
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indicates that the largest realistic peak ground surface acceleration for soil profile 1
is less than 0.35 g.

SHAKE analyses were conducted using NROO98-2 scaled to peak accelerations of
0.2,04, 0.6, and 0.8 g. The record was applied to the surface of the deposit.

Typical results for each of the records scaled to 0.2 g are shown in Figs. 9 and 10.

The maximum shear strains and shear stresses and peak accelerations are plotted
versus depth.

Comparison of Figs. 9 and 10 indicates that, for the same peak acceleration,
NROO98-1 produces larger values for the maximum shear stresses and maximum
shear strains than NROO98-2. This result is not unexpected since the single, high
frequency, narrow peak in the NROO98-2 record has little effect on the soil profile.
This is confirmed by the fact that the stresses and strains in the soil profile are
about the same for the NROO98-1 record and for the NROO98-2 record with twice
the peak acceleration of the NROO98-1 record.

Based on the above, the results of the analyses obtained with record NROO98-1
were used to determine shear stresses and strains in the soil and accumulated
deformations as a function of the peak ground acceleration.

4.2.2 Results for Prefile 2

SHAKE analyses were conducted using NROO98-1 scaled to peak accelerations of
0.1,02, 03,04, 05, 0.6, 0.7, 0.75, 0.80, 0.85, and 0.9. The record was applied
to the surface of the deposit. Results were not obtained for 0.9 g since the program
did not converge to strain-<compatible values of shear moduli due to the severity of
the ground motion. This indicates that for the NUREG-0098 design spectrum, a
peak ground acceleration higher than about 0.85 g is not possible for soil profile 2.
In addition, for peak ground accelerations of 0.6, 0.7, 0.75, and 0.80 g, the peak
acceleration at the bedrock is 0.67, 1.2, 2.3, and § g, respectively. This indicates

that the largest realistic peak ground surface acceleration for soil profile 2 is less
than about 0.7 g.

SHAKE analyses were conducted using NROO98-2 scaled to peak accelerations of
0.2,06,08, 1.0, and 1.4 g.

Typical results for each of the records scaled to 0.20 g are shown in Figs. 9 and 10.

The maximum shear strains and shear stresses and peak accelerations are plotted
versus depth.
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Companson of Figs. 9 and 10 indicates that NROO98-1 produces larger shear
stresses and shear strains than NRO098-2. Based on the discussion in
Subsection 4.2.1, the results of NROO98-1 are the appropriate values to use.

4.2.3 Discussion of SHAKE Results

The results of the SHAKE analyses represent the case of one-dimensional wave
propagation through the soil profile in the free field. These results do not account
for the effects of soil-structure-interaction or rocking of the structure. These effects
are not likely to have 2 substantial impact on the values of the settiements and the
permanent horizontal displacements. They can have a significant effect on the
transient displacements of the structures. In general, the effects of soil-structure-
interaction would be to reduce the differential transient displacements. The effect
of rocking could be to increase the transient displacements. However, the fairly
high stiffness of the soil strata at the Pilgrim site make it likely that for most of the
structures the effect of rocking will be small and will be compensated by the effects
of soil-structure-interaction. The Condenser Tanks appear to be the most likely
structures to be significantly affected by rocking, due to their high center-of-gravity
and relatively small depth of embedment. If the issues of transient displacements
and thus soil-structure-interaction and rocking are found to be critical, a two- or
three-dimensional model of the soil and the structure should be used to more
accurately estimate differential transient displacements.

Pseudostatic Analyses
43.1 Purpose and Method

Pseudostatic stability analyses were conducted for the critical structures in the three
profiles shown in Figs. 3, 4, and 5. The purpose of these analyses was to
determine the yield accelerations for each critical structure. The yield acceleration
is the value of horizontal acceleration which gives a pseudostatic factor of safety
of 1.

The computer program, STABLS, was used to perform the stability analyses. The
Modified Bishop method of slices for circular failure surfaces was used. Circular
failure surfaces are critical for all of the cases except for the Intake Structure. A
wedge analysis using Janbu's method of stability analysis in STABLS was
conducted for the Intake Structure. The wedge was taken to coincide with the
bottom of the structure. This is equivalent to analyzing the Intake Structure as a
gravity-retaining structure.

The geometries used for the stability analyses are shown in Figs. 3, 4, and 5§ and
are based on Bechtel Drawings No. C1 through C9 and M15 through M29. The
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bedrock was taken to be at El. -75 feet, which is the deepest elevation reported for
the boring logs at the Pilgrim 1 and 2 sites. The gross bearing pressures given in
Section 2.3 for the structures shown in Figs. 3, 4, and 5 were applied at the
foundation levels of the structures. In addition, a horizontal shear load equal to the

horizontal acceleration times the gross bearing pressure was applied at the
foundation level.

The selection of the yield strengths for the fill and outwash materials is discussed
in Subsection 4.3.2. The strength parameters for the riprap and the ground water

table elevations used are the same as those for the stability analysis described in
Section 3.

For each structure, a search was conducted to determine the critical surface and
factor of safety for several values of horizontal acceleration. The search was
conducted for surfaces restricted to intersecting at least part of the structure. The
value of horizontal acceleration giving a pseudostatic factor of safety of 1 is the
yield acceleration. This value was determined by interpolation between the

acceleration values for factors of safety bracketing 1.0, as shown in Figs. 3, 4, and
3.

Note that the pseudostatic factor of safety will be equal to or less than 1 only if and
when the peak value of the acceleration time history of the soil mass exceeds the
yield acceleration and then only for fractions of a second during the course of
shaking. The result will be a finite permanent displacement of the soil mass and
not instability of the svil mass. The method for calculating the permanent
displacement of the soil mass is described in Subsection 4.4.1. In general, the peak
value of acceleration for the soil mass must be substantially larger than the yield
acceleration for the calculated permanent displacement to be significant.

4.3.2 Soil Strengths for the Pseudostatic Analyses

During undrained shearing of dilative soils, the shear stress increases until it
reaches the value of the undrained steady-state shear strength. As the soil is
sheared, the pore pressure decreases, and therefore, the effective stress increases.
For a highly dilative soil, such as is the case for the soils at the Pilgrim site, the
pore water pressure can decrease to a net pressure of -1 atmosphere in theory.
However, phenomena such as release of dissolved gases due to the reduced pore
pressure can limit the net pore pressure to much smaller values, perhaps on the
order of -0.5 atmosphere. A reasonably conservative estimate of the resulting shear

strength for the stability analyses conducted at the Pilgrim site is the drained peak
shear strength.
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The peak friction angle in the triaxial compression tests discussed in Section 2 was
38.8 degrees and was estimated as 42 to 45 degrees based on the blowcount data.
The peak friction angles in the triaxial compression tests for the compacted samples
ranged from 40.5 to 43 degrees. Based on these resuits, a value of 40 degrees was
selected to estimate the yield strengths of the compacted fill and the glacial
outwash. The strength along the critical surface was calculated using the following

expression:
S, = o' tan¢
where S, = the yield strength
o', = effective normal stress on the failure surface
¢ = friction angle of 40°

with 0’ computed assuming drained conditions. This provides a reasonably
conservative estimate of the yield strengths.

4.4 Analytical Methods for Calculating the Permanent Displacements
4.4.1 Displacements Due to Slope Movements

The displacements due to slope movements were estimated using Newmark's
(1965) method of deformation analysis. In this method, one considers the
movements of the soil mass above the critical surface. Permanent displacement of
the soil mass occurs when its acceleration time history exceeds the yield
acceleration. The yield acceleration is the value of horizontal acceleration that
gives a pseudostatic factor of safety of 1 for the given slope geometry when applied
to the soil mass in question. The displacement is computed by double integration
of the difference between the acceleration time history and the yield acceleration
whenever the acceleration exceeds the yield value. Integration is continued until
the relative velocity of the soil mass is zero. Integration resumes each time the
acceleration exceeds the vield value. The displacement is assumed to occur in the
downslope direction only.

The following approximate expression was used to calculate the permanent

displacements.
2
p=—_[1-N}A
28N A N



Permanent displacement of the soil mass above the critical surface
peak particle velocity of the soil mass

yield acceleration in units of g

maximum value of the acceleration of the soil mass

acceleration of gravity

® >Z<0O
nonouonn

This expression was developed by Newmark (1965) and provides a reasonable
upper bound for the displacements for values of N/A greater than about 0.15. It
was determined based both on theoretical considerations and comparison to the
results of integrating actual recorded acceleration time histories for different values
of yield acceleration.

The above expression was used to calculate the permanent horizontal displacement
for a range of values of the peak ground acceleration. For a given value of peak
ground acceleration, the maximum value of the acceleration of the soil mass and
the peak value of the velocity need to be determined to enter into the above
expression for displacement.

Tbemuimumvalmofthewoelmﬁonofmesoilmmwascomputedbydividing
the peak shear stress calculated by SHAKE at the depth of interest by the total
vertical stress at that depth. The soil profile used for the SHAKE analyses was
used to compute the total stresses. For each critical surface, the maximum average
accelerations were computed just above the depth of the water table, at or near the
bottom of each critical surface, and approximately midway between the water table
and the bottom of the critical surface. These three values were generally close in

value and decreased slightly with depth. The average of these three values was
used for the ground motion parameter, A.

Based on previous work using acceleration time histories recorded in the western
United States, the ratio of the peak ground velocity to the peak ground acceleration
was estimated to be 48 in./sec/g for competent soil conditions. However, this ratio
is dependent on the prevalent frequency content of the ground motion and thus can
be expected to be different for earthquakes occurring in the eastern United States.
The effect of the frequency content of eastern earthquakes is taken into account by
calculating the ratio using the hazard results provided in NUREG/CR-5250 (1989)
for the Pilgrim site. Using these hazard results, the ratio was calculated to be
20 in/sec/g. The method of calculation is described below.

Based on the hazard curves and the uniform hazard spectra provided in
NUREG/CR-5250 for a retum period of 10,000 years and a damping ratio of 5%
of critical damping, the median values for the maximum spectral velocity and the



peak ground acceleration are about 23 cm/sec and 0.3 g, respectively. Based on
NUREG/CR-0098 (1978), the median value of the amplification factor (i.e., the
ratio of the maximum spectral velocity to the peak ground velocity) for spectral
velocity is 1.65. Dividing the maximum spectral velocity of 23 cm/sec by 1.65
gives a value of 14 cm/sec for the peak ground velocity. Dividing 14 cm/sec by
the peak ground acceleration of 0.3 g gives 46 cm/sec/g, or 18 in/sec/g, which for
the analysis presented in this report was approximated to 20 in./sec/g.

A similar computation was performed using the median EPRI Response spectrum
and peak ground acceleration for a 10,000 year return period. The result is a peak
ground velocity of about 11 in/sec/g.

The displacements were caiculated for the NUREG/CR-5250 hazard results. There-
fore, the value of V was taken equal to 20 in/sec/g multiplied by the applicable
value of peak ground surface acceleration.

4.4.2 Seismically Induced Settlements of Level Ground

Settlement of the ground surface and structures due to seismic shaking is the result
of: 1) densification during shaking of cohesionless materials located above the
water table and 2) reconsolidation of materials located below the water table,

shortly after the earthquake, due to dissipation of pore pressures developed during
shaking.

The results of several experimental investigations of the densification of
cohesionless materials above the water table and the reconsolidation of materials
below the water table is presented in Castro, 1987 (see Figs. 11 and 12).

4.4.2.1 Densification of Soils Above the Water Table

The strains due to densification of sands and silts for drained conditions
increase with the number of cycles of uniform shear-strain amplitude and the
value of the shear-strain amplitude. The strains decrease with increasing
initial density of the materials. Based on the available correlations, the log
of the vertical strain was taken to vary linearly with the iog of the shear-
strain amplitude between the following values for the compacted fill at the
Pilgrim 1 site, as plotted in Fig. 11.

Shear Strain Amplitude Vertical Strain
(%) (%)
0.01 0.01

0.5 0.6
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The above relationship is for 10 cycles of uniform shear-strain amplitude.
For an earthquake, the effective shear-strain amplitude should be used,

which is taken to be 65% of the maximum shear-strain amplitude induced
by the earthquake.

The vertical strain increases with the number of cycles of shaking. The
strain for 40 cycles is close to doubie *hat for 10 cycles. Cycles in excess
of about 40 produce little additional strain.

Seed et al (1983) indicated the following number of equivalent, uniform
amplitude cycles versus earthquake magnitude, which is applicable to
earthquakes in the western United States:

Magnitude Number of
Cycles
8.5 26
7.5 15
6.75 10

Earthquakes in the eastern United States generally have had a higher
frequency content than western earthquakes and consequently have a larger
number of equivalent uniform cycles for a given magnitude. Therefore, the
number of equivalent uniform cycles may be closer to 40 than 26 for a
magnitude 8.5 and higher event. Therefore, we calculated the strains in the

compacted fills above the water table based on 10 cycles and then increased
the resulting values by 100%.

4.4.2.2 Consolidation of Soils Below the Water Table

The results of experiments conducted using constant amplitude cyclic stress
tests (Castro, 1987) and recorded earthquake time histories (Nagase et al,
1988) indicate that the reconsolidation strain for materials below the water
table is dependent on the maximum value of shear strain that occurs during
the earthquake. Based on the available correlations, the log of the
consolidation strain of the glacial outwash and the compacted fills below the
water table was estimated to vary linearly with the log of the maximum
shear strain between the following values, as plotted in Fig. 12:
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Maximum Shear Consolidation
Strain Strain
(%) (%)
0.09 0.01
0.20 0.05
0.50 0.30
20 1.0

4.43 Settlement of Structures

The effect of the structures on the vertical strains in the underlying foundation soils
depends on the influence of the structure on the seismically induced shear strains.
These strains are affected by the seismic base shear exerted by the structure at the
bottom of its foundation. The seismic base shear depends on the mass and dynamic
response of the building.

The net bearing pressures under the structures range between -2 and +2 ksf (see
Section 2.2), with the extreme low and high values occurring at approximately

El -25 feet. A stress change of 2 ksf represents the equivalent of removing or
adding approximately 15 feet of soil. This represents a change in total mass,
which is fairly small compared to the total thickness of the soil deposits of about
80 feet. Therefore, the seismic base shear exerted by the building is not expected
to alter the seismic shear strains in the underlying foundation soils appreciably.
Consequently, the seismically induced settlements of the buildings should be about

the same as those computed in the soil column at the elevation of the foundation
base.

Results of Displacement and Settlement Calculations
4.5.1 Displacements Due to Slope Movements

The computed horizontal displacements for soil profile 2 for the critical surfaces
shown in Figs. 3, 4, and 5 are presented in Table 1. For a peak ground surface
acceleration of 0.7 g, all of the displacements are less than ! inch, with the

exception of the Intake Structure, which has a calculated displacement of under
2 inches.

The results for soil profile 1 are slightly lower than those for soil profile 2, since
the maximum values of average acceleration are slightly lower than those for soil
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profile 2. This can be seen from Figs. 9 and 10, where the maximum shear stresses
for soil profile 2 are only a few percent higher than those for soil profile 1.

The results for the EPRI hazard levels would be about one third of those calculated
using the NUREG/CR-5250 hazard results, due to the lower value of 11 in/sec/g
for the peak ground velocity.

The computed displacements listed in Table 1 are those of the center of gravity of
the soil mass above the potential failure surfaces shown in Figs. 3,4, and 5. It is
not possible to compute differential horizontal movements from the results of the
analyses. The computed movements are toward the shoreline and are identified by
the critical surfaces in Figs. 3, 4, or 5 and the name of the structures located within
the soil mass above the critical surface. Thus estimates of permanent horizontal
differential movements can be obtained by comparing the computed movements for
each structure. For example, for a 0.7 g earthquake the Intake Structure would
move 1.7 inches while the Reactor Containment Building would move only
0.2 inch, both movements toward the shoicline, i.e., roughly north. Thus the
distance between the two structures would increase by about 1.5 inches.

4.5.2 Vertical Settlements

The vertical setilements within the soil profile were calculated by integrating the
vertical strains calculated as described in Subsection 4.4.2 with respect to depth.
The settlements are principally a function of the peak ground acceleration and
the depth and density of the soil strata below the level at which the settlements
are being evaluated. The settlements were calculated at El +22, +12, +2, -3,
and -28 feet to correspond to the approximate depths of the foundations of the
critical structures. The results are presented versus the peak ground acceleration
in Tables 2 and 3 for soil profiles 1 and 2, respectively.

The structures are founded at approximately the following elevations:

Structure Elevation
(feet)
Containment Tanks +22
Diesel Generator Building +22
Turbine Building -5
Reactor Containment Building -26

Intake Structure -28
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As discussed in Subsection 4.4.3, it is reasonable to assume that the building

settlements are about equal to those of the soil profile at the depth of the foundation
base.

The estimated building settlements are generally small, less than 1/3 inch up to a
peak ground surface acceleration of about 0.35 g for soil profile 1 and less than
3/4 inch up to a peak ground surface acceleration of about 0.7 g for soil profile 2.
This is consistent with the high blowcounts in the outwash materials, which plot
well below the Seed et al (1975, 1983) curves in Fig. 7, which were discussed in
Section 3. The compression of the fill above the water table is generally greater

than for the material below the water table, due to its drainage during seismic
shaking.

Dilferential settlements can be expected within the foundation imprint of any one
building and within the areas between buildings due to natural variability of the
compressibility of the soil deposits. Differential settlements can also be expected
between any one building and the ground and between adjacent buildings, such as
those within the Power Block, due to the different thicknesses of the soil strata
beneath the various structures and beneath the ground surface.

In general, for a structure founded on individual spread footings, differential
settlements equal to about 50% of the total settlement over distances of 25 feet can
occur due to natural variability of the compressibility of the soil deposits below the
structure. This is based on experience with settlements of foundations on
cohesionless soil deposits. This can also be expected to be true for the settlements
of the ground surface and at the various depths below the ground surface. For
structures founded on a structurally continuous mat foundation, the differential
settlement can be taken to be 50% of the total settiement distributed over a distance
of about 50 feet.

The differential seitlements between a building and the surrounding ground can be
taken equal to the difference between the total settlement at the ground surface and
the total settlement of the building. The differential settlements between the ground
surface and the buildings will occur over a distance of a few feet from the building.

The differential settlements between adjacent structures due to the different
elevations at which these structures are founded, such as for the Reactor
Containmen: and Turbine Buildings in the Power Block, can be taken equal to the
difference in their calculated total settlements given in Tables 2 and 3. The
computed differential settlements are listed in Tables 2 and 3 for the maximum
possible accelerations of 0.35 g and 0.7 g for profiles 1 and 2, respectively. Note
that these differential settlements are in addition to the differential settlements
resulting from natural variability of the soil deposits.
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If the foundations of the adjacent structures within the Power Block consist of a
structurally continuous mat, then this will smooth the settlements over a finite
distance. The distance over which the differential settlement between adjacent
structures is distributed will depend on the interaction of the foundation mat with
the foundation soil with the building settlements imposed under the foundation
imprint of each building. If there are construction or expansion joints between any
of the adjacent building foundations, then the settlement profile is likely to be
discontinuous across the joint.



5. TRANSIENT DISPLACEMENTS

The peak transient horizontal displacements of the ground due to an earthquake were
calculated by integrating the maximum shear strains obtained fiom the SHAKE analyses
with respect to depth. This is slightly conservative, since the peak shear strains do not
all occur exactly simultaneously. The resulting transient horizontal ground displacements
versus the peak ground acceleration are presented in Tables 4 and 5 for soil profiles |
and 2. As discussed in Section 4, the effect of rocking of the structures is not taken into
account by use of the results of the SHAKE analyses. It is likely that its effect is small
for the structures at the Pilgrim site, with the possible exception of the Condenser Tanks.

The transient displacements of the embedded building foundations and the transient
displacements of the ground at some distance away from the building would be different.
For the purposes of computing differential displacements of piping and ducts entering the
building, it is reasonable to approximate the displacement of the building by taking it
equal to the displacement of the ground at the elevation of the base of the foundation.

Differential displacements can be expected between any one building and the surrounding
ground, between buildings separated by some distance, and between adjacent buildings
within the Power Block. The differential displacement can be conservatively taken equal
to the absolute sum of the peak displacements of the building and the surrounding ground
or the absolute sumr of the peak displacements of the two buildings. This is based on the
conservative assumption that the peak displacements will occur simultaneously with their
directions 180 degrees out-of-phase.

The differential displacement between a building and the surrounding ground can be
conservatively taken to be uniformly distributed over a distance of about 25 feet from the
foundation. For example, this gives a differential displacement of about 1-1/4 inches
over 25 feet for ducts entering the Reactor Containment Building near the ground surface
for a peak ground acceleration of 0.7 g for soil profile 2. For the same conditions, this
gives a differential displacement of about 1 inch over 25 feet for pipes entering the
Reactor Containment Building at a depth of about 18 feet.

The differential displacement between two separated buildings can be reasonably taken
to be uniformly distributed over the distance between the two buildings. For example,
this gives differential displacements of about 1/4 inch between the Reactor Containment
Building and the Intake Structure and about 1-1/4 inches between the Condenser Tank
and the Reactor Containment Building over the distances between these siructures.

The differential displacement between any two buildings within the Power Block depends
not only on the soil profile, but also on the stiffness characteristics of the structures and
on the nature of their structural connections, if any. The differential displacement cannot
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be estimated based on the results of the SHAKE analyses, which represent the case of
one-dimensional wave propagation through the soil profile in the free field. A realistic
estimate of the differential displacement can be obtained by performing appropriate two-
or three-dimensional soil-structure-interaction analyses that model the soil profile and the
stiffness characteristics of the structures and the connections between the structures, The
absolute sum of the peak displacements estimated using the results of the SHAKE
analyses provides a conservative upper bound value [~r the differential displacement
between adjacent structures within the Power Block. ¥or example, this gives a
differential displacement of about 0.78 inches between the Reactor Containment and
Turbine Buildings for a peak ground acceleration of 0.7 g for snil profile 2.

The differential displacement between any two huildings ‘vithin the Power Block may
occur abruptly across construction joints or expansior joints between or within the
building foundations or structures.

If it is determined based on the results of the fragility analysis that more refined estimates
of the differential displacements are required, then two- or three-dimensional soil-
structure-interaction analyses can be performed using existing computer codes to develop
more realistic estimates.

The displacements of the structures can occur in any direction, and thus the differential
displacements can be transverse or parallel to the distance between the structures. The
effects of simultaneous occurrence of two horizontal components of differential
displacement or of the resulting forces or stresses imposed on pipe and ducts can be
taken into account using any of the methods available for combining loads due to seismic
excitation in multiple directions.

The methods described above for estimating the differential displacements using the
transient displacements given in Tables 4 and 5 account for motions of the structures
relative to each other or of the structures relative to the adjacent ground. Buried conduits
away from the effects of the structures are subject to strains due to the propagation of
seismic motions across the site. Formulas to estimate these strains are presented in
ASCE (1983, 1984).
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6. SUMMARY AND CONCLUSIONS

The permanent and transient displacements and settlements due to an earthquake were
calculated versus the intensity of the ground motion. The results were obtained using
conservative methodology and previously existing information conceming the soils and
structures at the site. The results were determined using the hazard curves and response

spectra from NUREG/CR-5250 and EPRI (1989) and seismic time histories provided by
Stevenson & Associates.

Based on the results of previous cross-hole testing by Weston Geophysical and the results
of calculations using available empirical correlations and the Pilgrim soils test data, two
shear wave velocity profiles were determined for the outwash deposits. Displacements
and settlements are provided for both of the shear wave velocity profiles. It is reasonable

to expect that the two shear wave velocity profiles bound the true shear wave velocity
profile at the Pilgrim site.

The results of the SHAKE analyses conducted for the purpose of calculating the displace-
ments indicate that the largest realistic peak ground accelerations for soil profiles 1 and
2 are less than 0.35 and 0.7 g, respectively. This conclusion is based on analyses using
the acceleration time history provided by Stevenson & Associates having a peak ground
acceleration of 0.5 g (NROO98-1) scaled to peak ground surface accelerations of 0.1 to
0.9 g in the SHAKE analyses cond:cted for this report.

For soil profile 1 and a peak ground acceleration of 0.35 g, the settlements, permanent
horizontal displacements, and the transient horizontal displacements are less than
0.29 inch, 0.2 inch, and 1.05 inches, respectively. For soil profile 2 and a peak ground
acceleration of 0.7 g, the settlements, permanent horizontal displacements, and transient
horizontal displacements are less than 0.72 inch, 1.7 inches, and 1.12 inches, respectively.
This is consistent with the characterization of the soils at the site as very dense.

A liquefaction stability failure is not possible at the Pilgrim site due to the dense state
of the in situ soils and compacted fill.
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TABLE 1 - PERMANENT HORIZONTAL DISPLACEMENTS (INCHES) FOR SOIL PROFILE 2
Pilgrim 1 IPEEE, Plymouth, Massachusatis

Location

Condenser Tank, Fig. 3

Reactor Containment Building, Fig. 3
Power Block, Fig. 3

intake Structure, Fig. 4

Yard, Fig. 4

Yard, Fig. 4

Diesel Generator Building, Fig. 5

Yield Acceleration
@

0.34
0.48
0.50
024
0.34
0.40
0.40

GEI Consuitants, inc.
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Peak Ground Surface Acceleration
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TABLE 2A - SETTLEMENTS (INCHES) FOR SOIL PROFILE 1
Pilgrim 1 IPEEE, Plymouth, Massachusetts

Depth Elevation Peak Ground Surface Acceleration
-~ (feet) 0.1g 02¢ 03¢ 0.35 g
N N I R AP Co0 N AT ST 00 TRy
0 22 0.02 0.07 0.17 0.29
10 +12 0.02 0.06 0.15 026
20 2 0 0.02 0.09 0.18
25 3 0 0.02 0.08 0.17
50 28 0 0.01 0.06 0.12
80 58 0 0 0 0

TABLE 2B - DIFFERENTIAL SETTLEMENTS (INCHES) FOR
PEAK GROUND SURFACE ACCELERATION OF 0.35 g
Piigrim 1 IPEEE, Plymouth, Massachusetts

Ground Condenser  Diesel

Tubine  Reactor Intake
Surtace Tank Generator Building Building  Structure

Ground Surface, 0 0 0 0.12 0.17 0.17
El. 22
Condenser Tank, 0 0 0 0.12 0.17 0.17
El. 22
Diesel Generator 0 0 0 0.12 0.17 0.17
Bidg., El. 22
Turbine Bidg., 0.12 0.12 0.12 0 0.05 0.05
El -5
Reactor Bidg., 0.17 0.17 0.17 0.05 0 0
El. -26
Intake Structure, 0.17 0.17 0.17 0.05 0 0
El. -28

Project 92012

GEIi Consuitants, Inc.

July 9, 1982



TABLE 3A - SETTLEMENTS (INCHES) FOR SOIL PROFILE 2
Pilgrim 1 IPEEE, Plymouth, Massachusetts

Depth Elevation Peak Ground Surface Acceleration
f
s (feet) 01g 02g 039 049 059 069 07g

0 +22 0.02 0.05 0.10 0.17 027 045 0.72
10 +12 0.01 0.04 0.07 0.13 022 038 063
20 +2 0 ¢ 0.01 0.03 007 0.4 027
25 -3 0 0 0.01 0.02 005 011 o022
50 -28 0 0 0 0 0 0 0.01
80 -58 0 0 0 0 0 0 0

TABLE 3B - DIFFERENTIAL SETTLEMENTS (INCHES) FOR
PEAK GROUND SURFACE ACCELERATION OF 0.7 ¢
Piigrim 1 IPEEE, Plymouth, Massachusetts

Ground Condenser Diesel Turbine  Reactor intake
Surface Tank Generator Building Building  Structure

Ground Surface, 0 0 0 0.50 0.71 0.71
El. 22
Condenser Tank, 0 0 0 0.50 0.71 0.71
El. 22
Diesel Generator 0 0 0 0.50 0.71 0.71
Bidg., El. 22
Turbine Bldg., 0.50 0.50 0.50 0 0.21 0.21
El -5
Reactor Bidg., 0.71 0.71 0.71 0.21 0 0
El -26
Intake Structure, 0.71 0.71 0.71 0.21 0 0
El. -28
sl s m
Project 92012

GEI Consultants, inc. July 9, 1992




TABLE 4 - TRANSIENT HORIZONTAL DISPLACEMENTS (INCHES)
FOR SOIL PROFILE 1
Pilgrim 1 IPEEE, Plymouth, Massachusetts

Depth Elevation Peak Ground Surface Acceleration
ey el 01¢g 02g 03g 035 g
e =
0 +22 0.15 0.37 0.74 1.05
10 +1z 0.14 0.36 0.72 1.03
18 +4 0.13 0.34 0.68 0.98
25 -3 0.12 0.32 0.64 0.93
50 -28 0.07 0.19 0.40 0.58
80 -58 0 0 0 0

Note: The building displacement can be assumed to be equal to the ground movements at the
elevation of the foundation base, i.e., at the elevations given below.

Building Foundation Base Elevation

Ground Surface +22
Condenser Tank +22
Diesel Generator Bidg. +22
Turbine Bidg. 5
Reactor Bidg. -26
Intake Structure -28

L

Project 92012
GEI Consultants, inc. July 9, 1992



Depth Elevation

Peak Ground Surface Acceleration

TABLE 5 - TRANSIENT HORIZONTAL DISPLACEMENTS (INCHES)
FOR SOIL PROFILE 2
Piigrim 1 IPEEE, Plymouth, Massachusetts

(feet) (teet)

0 +22
10 +12
18 <4
25 -3

50 -28
80 -58

01g

0.06
0.0
0.04
0.04
0.01

02¢

0.14
0.12
0.10
0.08
0.03
0

03¢

0.24

0.18

0.14

0.04
0

l

049

0.38
0.35
0.30
0.23
0.06
0

05¢

0.56
0.52
0.43
0.33
0.07
0

06g 07g¢

0.80
0.75
0.62
0.46
0.09
0

1.12
1.06
0.87
0.65
0.13
0

Note: The building displacement can be assumed to be equal to the ground movements at the
elevation of the foundation base, i.e., at the elevations given below.

Building

Ground Surface
Condenser Tank

Diesel Generator Bidg.

Turbine Bidg.
Reactor Bidg.
intake Structure

Foundation Base Elevation

GE! Consultants, Inc.

l

Project 92012
July 9, 1992
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NOTES

Map is taken from U.S.G.S. Topographic 7.5 Minute Series
Map of Manomet, Mass. Quadrangle, 1977.

Datum is National Geodetic Vertical Datum (NGVD).
Contour Interval is 10 Feet.
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