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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. He outwash deposits are granular, consisting pr*Aami=tely of
poor- to well-graded sauds with some zones of gravelly-sandsimThe fill is heavily
compacted. The outwash depositiare very'deise'is a rWult ofloadihidue to giacisition.

,

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) (shil profile 2).

| In addition, shear wave velocities wem 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.
i

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

laboratory tests and range from, about 300 fps at the ground surface to over 1,000 fps
'

at a depth of about 40 feet.

! "' ~

Liauefaction

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, regardless of the magnitude and peak
| ground acceleration of the earthquake. A conservative stability analysis conducted using
l 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,

|

i
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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 total
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 botvsa any one building and,the ground

and between adjacent buildings,-such-as- those-within-the Power Blocy'beneath thedue tof the
different" thick 6 esses of tifsoil strata bendith'tsiifous structures an'd

~ ~ ~

ground surface. Those between a building and the surrounding 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' sui can occur abruptly at construction or expansion joints
between or within the buildings.

For a given value of 5cceleration, the settlements for the NUREG/CR-5250 and EPRI !
hazard results are identical.

Permanent Horizontal Disolacements

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, I are slightly less than those for soil profile 2. Estimates of the
differential pennanent 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.

Transient 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,

ii
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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

1

reasonably taken to be uniformly distributed over the distance between the two buildings. |

The differential;displeemant beiween any two buildings within' the Power Block is
conservatively bounded by*the absolste sum of the peak displada6ents'of the two

'
structures. The differential dispir-mt 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 j
and EPRI hazard results are identical. '

The above described proceduits for determining the differential transient displacements
are generally conservative procedures that do not account for the effects of flexibility and 1

rocking of structures. The effect of rocking is likely to be small due to the high stiffness
'

of the soils at the Pilgrim site and is likely to be compensated by the effects of soil- ;

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.

4
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1. DiTRODUCTION

l

1.1 Purpose and Scope
,

i

|
The pmpose of this report is to provide estimates ofliquefaction 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,
y- - . . . n. ~_.g. .a - a,p~ a : = w , z .. = t - .a

--- -

p.py ,,cg.c ;
_

.y,,

b. Estimate seismically induced displacementa of' sloping ground using published ;
correlations of displeamant with ground mo+1on intensity. :

m. . 4. ..-

c. Estimate seismically induced settlementa using published correlations of volumetric
strain with ground motion intentity.

'~ '*

d. Estimmte transient displacemant 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.

1.2 Background
_.'.

.

e - 1;t -,. .

'Ibe Pilgrim Nuclear Station is located in Plymouth, Mannehneetts. 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. 'Ibe 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 planned 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.

- .
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1.3 Project Personnel

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

Project EngineerEdmund William.*
Gonzalo Castro, Ph.D., P.E. Project Principal

1.4 Authorization

* Ibis work was authorized by 'a contract signed by Mr. Thomas i Tracy[tal[ty Iisurance
of Stevenson &

Associates? 'Ihe work was performed imder GEI Consultants,' Inc.'s'Q

| Program, which complies with the requirements of 10CFR50 Appendix B.
.
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i 2. SUBSURFACE CONDITIONS AND SOIL PROPERTIES

2.1 Introduction

The information presented in this report is based on Bechtel Drawings C1 through C9
and MIS 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.'

!

Soil Profue M,, lid L & t s; c, 7.. j" '. ~ - .
2.2 e. v- . .

. m., ; -

The stratigraphy of.the' Pilgrim I site consists of 30 to 50 feet of comycted fill
materials, designated as type A and typ: B. fills on Bechtel Drawing C8, above approxi-
mately 30 to 50'feifof glacial outwash deposits. - De soil depositsfam underlain by

,

bedrock at a degh of approximately 80 feet.
' ~

The type A and B fills were specified to be compacted to a minimum of 98% and 96,
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 ofloading 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.

m

$
' ' [ 4 ,,

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 soi!' descriptions and ranges
of blowcounts at the Pilgrim 1 and 2 sites. Bey have the same depositional history and
were both subjected to glacialloading.

Plots of blowcounts versus effective ve.rtical 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.
;
|

t

I
,

. - _ _ ..
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I 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.

| Conections 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 borings.

2.3 Existing Foundations

The Reactor Building's foundation bears directly on the glacial outwash. The Turbinei

Building is underlain by about 10 feet of compacted fill above the glacial outwash. The
~ foundations of the Diesel Ocierator Building an' ~the Canw' tenner Tanks att close to the _

~

d
' ground surface and thd:W(oGided on the fill. The' Intake Strs5t6re~is fodnded iis the

glacial outwash. The foundation elevations for these structures are given in Figs. 3,4,
and 5.. .

-

._ - ~

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

Structure Gross Bearing Net Bearing
Pressure Pressure

(ks0 (ks0

Reactor Containment Building 7.7 1.7

Reactor Auxiliary Building 2.3 -0.5 to 3.0

Radwaste Building 4.5 -0.3

Turbine Building 2.2 -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 groundi

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

|
,

!

|

, - -
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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 gel (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. 'Ibe 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 AtmospherkiAdministration tide station, located,in Bostbo, areM.98fand

- //~? %| -4.56 feet, respectively; OEI (1983).1 :
~ '

2.5 , Total Unit Weights
.. 4

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 pcf for the compacted fill below the water table, and 129 pcf for the outwash
deposits. Bechtel indicates in the Soils Report (1975) 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 evi_denced
by the high blowcounts in the outwash and the minimmn 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
j steady-state condition, which is a state of continuous deformation at constant volume,
I

r

1
1

- , . - . _ . - - _ . -.
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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.
i

:
| |

peak strength: So, = o', tan $,

steady state ]

|
strength: Sos = 0'r tan $,

where So, = drained peak shear strength
So, = draited steady-state shear strength

.

,

'
^-- c', = effe:tive normal' stress on the failure surface FI' ' "-

" (, = peak friction angIe* *7/ #7 [^ "
$, = the steady-state friction angle

.c .. a i,

1Based on the results of the S tests,$ the average peak and steady state friction angles for .,

I 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_ta .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 Thornburn (1974) and Gibbs and Holtz (1957) indicate a drained peak
friction angle of about 42 to 45 degrees for the glacial outwash. 'lliis is higher than the
value of 38.3 degrees from the triaxial compression tests. I

'Undrained Strength 1 w

During undrained shearing of a dilative cohesionless soil, the shear stress increases
gradually and approaches the undrained steady-state dwar stmngth 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 undramed
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. 'nius there is no well-definedi

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
!
i

!

- . _ - . -. --,
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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

,'c E, ? - V i Ff- Mi#e k - -

~~

pilgrim 2.
.-. =.y : y 3ng.y .,

1

Depth Elevation Shear Wave Velocih
!

_ (feet) (feet) (fps) 0
.

. ~

,

j 35 to 51 -13 to -29 1,950
. . _ . . .

| 51 to 71 -29 to -49 2,300 *

|

| 71 m 49 m 7,M0
,

| bedrock bedrock )
bedrock bedrock 5,900

| We have also calculated the shear wave' velocities ~of theloutwashIsidls and the
compacted fills based on blowcount and unit { weight'datR%hich were input'into-

,

empirical correlations, and'on laboratory testing data from the Soils Report (Bechtel,
1976). * @' a- - -

i
.

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.

c. 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. |,

|
;

f

I

l
__ _
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|
d. Hardin and Drnevich's (1972) empirical relationship for granular materials. The l

range of unit weight for the outwash deposits was determined from in situ field
density test results 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 estimated from the empirical correlations and laboratory test
results described above fall within a relatively narrow band (see Pip. 6). _ However, for,

|
the outwash soils, plottSd,fidepths larger thsit%25)miit i@la' factor of aboutbo ~6', thiqgTsuls|are:7

.

lower than those obtained froni the cr6ss'-lioWM 6y|
~

.

m w mem m.
The empirical correlations are an average ofilata for a wide range of soils and thus,2

| involve considerable scatter.1 ne laboratory tests may underestimate somewhat the in
! situ shear way'e 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. k 6~

~

633 .

! 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. De
procedures used to perform the cross-hole tests for Pilgrim liicluded the use of explosives
for the signal source and relatively large spacings between th'e' source and receiver holes.
The use of explosives for the source generates.a larger percentage,of compiessive wave

_ , _

(P wave) energy than shear wave (S wave) energy. De 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 asi

i 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.

!
|

|
. _ . _ - _ .I
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For the compacted fill, we recommend that the empirical / laboratory results be used, as|

shown ,n Fig. 8.i
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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 grotmd.
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 various levels of peak ground surface acceleration.
_ s_.

Errdd$nEQ9559 = ?YER = - - NE .: n

Thifirfipproach isl5EiYaE55"plSial"ciEtYiN611iesveedr4&6f p6re
~

-

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 1
-

characteristics are represented)yLSPT blowcounts normalized to a standard confining I
pressure (1 ton per square foot'[tsf)). ~

|

d ~
~ |

ne fieldibservations consiste' generally of sand boils or sand volcanoes, which are
evidence of high pore pressures and settlement. They are not an indication ofinstability,
as instability was not possible for the level ground deposits.

l

As part of the liquefaction evduation 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. De curve shown was based on the data plotted by Seed et al (1975) I

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 ea@*= magnitudes 7.5 and 8.5.;

.

-- m
The square and triangular data poidts in Fig. 7 ire the ah 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. De 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 valuesi
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 casei
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% (defined as 65%

| of the peak strain) is reached somewhere in the profile when the earthquake has'a peak
| ground surface acceleration of 0.40 g and 0.75 g for the high and low estimates of shear

wave velocity defined in Section 2.7, respectively.

3.21 SeismicSf$bility~ W
-

.,

'

_ N 6pe- -

y[ ',| _=
'

. _,
"

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 theIundrained steady-state shear strength. ? '~

For the dilatEve soils at the Pilgrim site, the undrained steady-state shear strength is
greater than the drained strength. %erefore, 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, STABL5, 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 MIS through M29. He 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!we
| surface.

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

!

..
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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. 'Ihis 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'i6ucti higher. 1 *" 9. *

|

|

t

!

I I

| |
|
|
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| 4. PERMANENT DISPLACEMENTS DUE TO SEISMIC EVENTS I

L

; Permanent displacements and settlements were calculated at critical locations throughout )
| the site. Newmark's (1%5) sliding block analogy was used to calculate the permanent '

Msplacements due to sloping ground. Previously integrated solutions available in the
inerature 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 munt for the effects of soil-structure-interaction
or rocking of the structure, which are discussed later in this report.

.n. . pp- g v.;.c pp~y . :r 9.
-

.,
.

.
.

. . . .
.

4.1 Critical Locations for Evaluation of Permanent Displacements
-

Displacements due to slope movements were calculated for the Intake Stmeture, the
Condenser Tanks, the Reactor Cantninment 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 arid for the ground surface to enable calculation of
differential settlement of piping and ducts.

. ..

4.2 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 I site. The strata thicknesses and total unit weights used for input into the
SHAKE analyses consist of the following:
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Stratum Thickness Total Unit
Weight

(feet) (pcf)

Compacted fill above 18 126
water table

Compacted fill below 17 137;

water table

Glacial Outwash 45 129

Bedrock Halfspace 168

'Ihe 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 west enaaeted 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 NR0098-1 and NR0098-2 in this report. |
NR0098-1 is a synthetic record generated using the NUREG-0098 response spectrum
scaled to a peak acceleration of 0.5 g. NR0098-2 was generated by changing the peak
value of record NR0098-1 from 0.5 g to 1.0 g; the acceleration values for all other points
in this time history are identical to those of NR0098-1.

Analyses were first conducted using NR0098-1, which provided strain-compatible moduli |
'

for the soil profile. 'Iben, analyses using NR0098-2 were conducted using the strain-
compatible moduli determined for NR0098-1. An analysis for NR0098-2 scaled to a
peak acceleration of 0.2 g was conducted using the strain-compatible moduli determined
by the analysis for NR0098-1 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 NR0098-1 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. ' Itis

.- - - - - . _ _ _
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gel Consu tants, Inc.
i

1021 Mam Street
Winchester, MA 018901943

617 721 4000
July 10,1992-

Project 92012

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

Dear Mr. 'lYacy:

Re: Uncertalaties in Soil Failure Analyses
Pilgrim 1 IPEEE, Pilgde Station, Plymouth, Mananchusetts

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

We understand that the Probabilistic Risk Analysis (PRA) involves awan point estimatian
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 datarmineA prior to pt ing
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. De impact of the soil parameters, the earthquake
input, and the methods of analysis on the results are then summarized.

De 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. De analyses of settlements,

Cimcord, New Hampshire Ralcich. North Carohna D nver. Colonh
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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.

i
|Liquefaction Stability
|

The blowcounts and laboratory test data for the Pilgrim site indicate that the outwash |
Ideposits are very dense and highly dilatant. 'Ibe compaction specifications and laboratory

test data indicate that the fill at the Pilgrim Unit 1 site is heavily c:-i+M and also
highly dilatant. The strength of these highly dilatant soils would be higher for the
undrained shearing that occurs during cardw==ka shaking than they are for drained
shearing.

4s
-

A cannervative determinatian of the factor of safety using the drained steady-state
signs 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. I

Permanent Horizontal Displacements

A finite amount of per==aaat horizontal displacement can be expected to occur during
shaking as a result of movements of the ground downslope toward the waterfront. These
displacemante have been calculated for the structures as a function of the peak ground l|
N08-

_

\

- - |

'Ibe expression used to estimate the permanant horimatal displacement boundinearly all
of the values of displacement calculated for a large number of western United States
car hg=6a acceleration records by Newmark (1965) and later by Franklin and Qiang I

e
~

(1977). The characteristics of eastern seismicity were taken into account by using the |
hazard results in NUREGKR-5250 and EPRI Report No. NP-6395-D for the Pilgrim site l
to determine the values of ground velocity to input into the expression for displacement.

'Ihc values for the yield acceleration used to calculate the displacements are based on !
conservatively selected values of yield strength. The yield strengths were conservatively I
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. 1

I
'Ibe 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. 'Ibe maximum shear stresses are conservative for the reasons
described below in the section on the earthquake input.

|

|

I
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Settlements

Conrelations available in the literature were used to determine the relationships between
the volumetric compression and peak seismic shear strain for the soils at the Pilgrim site.
'Ibe correlations are based on test data involving several different granular materials and,
therefore, involve considerable acatter. Mid-range values were used to determine the
relationships. Better estimates can only be mada 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.

i Transient Displacements ,
. 7

: q~c
h results of the SHAKE analyses w- 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 approrima'aly equal to the excavated soil that they,

; replace, the presence of the heing will have a small effect on the accuracy of the
calculated shear strains in the soil.

'Ibe buildings were assumed to be rigid by taking the building displacernent to be equal
to the dispLaramaat calculated by SHAKE at the elevation of the base of the building
foundation; this is conservative since any fienWiity of the building foundation will result'

in smaller differential transient horizontal dispteu-- :- between the building and the
surrounding soil - " +

'Ihe effect of rocking on the structures is likely to be amail 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.

'Ihe 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.

h 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 euthquake input.

|

|
!

l
,
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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 settlements and the permanent and transient horizontal

i

displacements. h time history was synthesized by Stevenson & Associates using the
NUREO/CR-0098 spectrum. For the same value of peak acceleration, the NUREO/CR-
0098 spectrum envelopes the response spectra provided in NUREO/Ot-5250 and the
EPRI Report No. NP-6395-D for the Pilgrim site. %e NUREO/Ot-0098 gives a maxi-
mum spectral velocity of 80 in/sec/g compared to values of 30 and 18 in/sec/g for the
NUREO/CR-5250 and EPRI spectra, respectively,

he effect of the spectral shape on the peak seismic shear stadsses 'andistrains is
~

illustrated in Pigs. 9 and 10 in the report by GEI. De results for the acceleration record
based on the NUREGER-0098 spectrum scaled to 0.2 g are presentM in Pig. 9. He
results for an acceleration record for which all the acceleration values except the peak
value are half of those of the acceleration record for Pig. 9 are presentM in Pig.10.
nus the ordinates of the insponse spednuu for the acceleration record for Pig. 9 are
essentially twice those for Fig.10, with the exception of very high frequencies where the
peak accelerations are ideatical. 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
dispIncemente rather than mean value estimates. He degree ofconservativeness for each
set of results is affected by uncertainties ameaciatM with the values of the soil giarameters,
the earthquake input, and the methods of analysis.

De 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.

%e 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, sh ar stresses, and shear strains, especially for very stiff soils such as those
at Pilgrim.

%e densities and drained strengths of the soils are well known from the results ofin situ
tests and laboratory testing on both compacted, remolded samples and undisturbed
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samples. h 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 carthquake input record is reasonable and is conservative for the purpose of
calculating the soil displacements. h effects of eastern United States seismicity have
been taken into account by selecting the peak ground velocity, V, based on the harnrd
results for the Pilgrim site.

W results of SHAKE analyses represent one-dimensional propagation of shear waves
vertically through the soil strata. h effects of soil-structure-interaction or rocking of
the structures on the settlemants and the perm-* horienntal dieal-*= are small.
Conservative approximations have been made to determine values for the transient
displacements from the results 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 NR0098-2 scaled to peak accelerations of

| 0.2,0.4,0.6, 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,
! NR0098-1 produces larger values for the maximum shear stresses and maximum

shear strains than NR0098-2. This result is not unexpected since theisingle, high -
frequency, narrow peak in the NR0098-2 record has'little 'effect on the soil profile.
This is confumed by the fact that the stresses and strains in the soil profile are
about the same for the NR0098-1 record and for the NR0098-2 record with twice
the peak acceleration of the NR0098-1 record. j

Based on the above, the results of the analyses obtained with record NR0098-1
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 Profile 2
|

SHAKE analyses were conducted using NR0098-1 scaled to peak accelerations of
0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.75,0.80,0.85, and 0.9. The record _was applied
to the surface of the deposit. Results were not obtainad for 0.9 g since ~the pmgram
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 5 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 NR0098-2 scaled to peak accelerations of
0.2, 0.6, 0.8,1.0, 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.

!

:
i
!
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Comparison of Figs. 9 and 10 indicates that NR0098-1 produces larger shear
stresses and shear strains than NR0098-2. Based on the discussion in
Subsection 4.2.1, the results of NR0098-1 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. Rese effects
are not likely to have e substantial impact on the values of the settlements and the
pennanent horizontal displacements. Rey 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.:ne Teffect
of rocking could be to increase t$e trans6it dispikements.7HowesGNfairly

~

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 I

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
i three-dimensional model of the soil and the structure should be used to more
j accurately estimate differential transient displacements.

i 4.3 Pseudostatic Analyses
:
i 4.3.1 Purpose and Method
i . .

Pseudostatic stability analyses went conducted for the critical structures in the three
,i profiles shown in Figs. 3, 4, and 5. De purpose of these analyses was to

determine the yield accelerations for each critical structure. %e yield acceleration
is the value of horizontal acceleration which gives a pseudostatic factor of safety
of 1.

The computer program, STABL5, 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 STABL5 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 MIS 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 i

Section 3. |

|

For each structure, a search.was conducted to determine the critical surface and I

factor of safety for seker'al valdes"of horizontal' afcelsration. "1he'sesrch was
conducted for surfaces restricted to intersecting at least part of the stni6ture. The I

~

value of horizontal acceleration giving a pseudostatic factor of safety of 1 is the !

~

yield acceleration. This value was detennined by integolation between the ,

acceleration values for factors of safety bracketing 1.0, as shown in Figs. 3,4, and |
5.

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 soil 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 Pse'udostatic 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, l
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 results, 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 $=
y

where S, the yield strength=

o', effective normal stress on the failure surface=

- $ -- = - friction angle of 40*-
m. - n.w .

- -;
,

.

_ .

with o', computed assuming drained conditions. This provides a reasonably
conservative estimate of the yield strengths.

1

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. Pennanent 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. 'Ihe 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 yield value. The displacement is assumed to occur in the
downslope direction only.

The following approximate expression was used to calculate the permanent
displacements.

' hV2D= 1 _N A
__

2gN A,N
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where:

D= Permanent displacement of the soil mass above the critical surface
V= peak particle velocity of the soil mass
N = yield acceleration in units of g
A= maximum value of the acceleration of the soil mass
g = acceleration of gravity

his expression was developed by Newmark (1%5) 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 ofintegrating actual recorded acceleration time histories for different values

~ ~ ~ of yield accelerationc _ ,g n f , __ gp .

- - x
The above expression was used to c.tenlaw the permanent horiental 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.

The maximum value of the acceleration of the soil mass was computed by dividing
the peak shear stress calcu1=ad by SHAKE at the depth of interest by the total
vertical stress at that depth. De 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 approximataly midway between the water table
and the bottom of the critical surface. %ese 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 eastem 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

.- . - . __ __
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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

I
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.

I 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 calculated for the NUREO/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
i
'

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 Pigs.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 log of the shear-
strain amplitude between the following values for the compacted fill at the
Pilgrim I site, as plotted in Fig.11.

Shear Strain Amplitude Vertical Strain
(%) (%)

;

0.01 0.01
'

O.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. i

,

;

The vertical strain increases with the number of cycles of shaking. The
strain for 40 cycles is close to double that for 10 cycles. Cycles in excess ;

| of about 40 produce little additional strain. l

|

| Seed et al (1983) indicated the following number of equivalent, uniform
i amplitude cycles versus earthquake magnitude, which is applicable to |

| earthquakes in the westem United States:
.

I

Magnitude * ~ '' Number of & - CW "'

| ' Cycles
~

;

| 8.5 26
|

7.5 15

6.75 10
J

t

Earthquakes in the eastern United States generally have had a higher
frequency content than westem 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%. |

| a-
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,

i

1988) indicate that the reconsolidation strain for materials below the water j
table is dependent on the maximum value of shear strain that occurs during |
the earthquake. Based on the available correlations, the log of the |

Iconsolidation 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:

:

!

)

i

!

-- .
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Maximum Shear Consolidation
Strain Strain

(%) (%)
1

0.09 0.01

0.20 0.05

0.50 030

2.0 1.0

4.43 Settlement of Structures . _ _ _ . . _ _

_
my ~ - . m n e3,7.,

The effect of the structures on the vertical strains in the underlying foimdatinnLsoils
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 structme at the
bottom ofits 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 ecs. dug at approximataly
El. -25 feet. A stress change of 2 ksf represents the equivalent of removing or
adding approximately 15 feet of soil. His 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 seinmbHy induced settlements of the buildings should be about
the same as those computed in the soil column _at the elevation of the foundation
base. '%;

1

!

4.5 Results of Displacement and Settlement Calculations |
l

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 j
acceleration of 0.7 g, all of the displacements are less than 1 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

J
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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 i

differential movements can be obtai5ed liy comparing thidmputed m&5diie 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 shotcline, i.e., roughlp north. .. Thus the |

~

distance between the two structures would increase by about 1.5 inches. 1-.

! .

i i

4.5.2 Vertical Settlements'

! |

| The vertical settlements within the soil profile were calculated by integrating the i

.
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. 'Ihe 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 soit 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

f
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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.

_. =.
^

, v~ + . i :37 %55Differential settlements 'can be~bnuexpected within the# bon imprint of any onew

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. his 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 foundadon, the. differential
settlement can be taken to be 50% of the total settlement distributed over a distance
of about 50 feet.

.

De differential settlements 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.

1
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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 fm' ite

| distance. The distance over which the differential settlement between adjacent
i 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 jo' t.m

!

.- - . -. . . --

"& ~

.

l
!

1

|

|

1

|

|
|

!
l

J
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i
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5. TRANSIENT DISPLACEMENTS

The peak transient horizontal displacements of the ground due to an earthquake were
calculated by integrating the maximum shear strains obtained from 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 1
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 giround 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 sum 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 differentini 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.

I{
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 i

Building and the Intake Structure and about 1-1/4 inches between the Condenser Tank I

and the Reactor Containment Building over the distances between these structures. i
i

The differential displacement between any two buildings within the Power Block depends f
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

i

|

/



. _ , - . -. . - - . - -.

|-

-27-.

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 f'r the differential displacement
between adjacent structures within the Power Block. For 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 oil profile 2.

The differential displacamant between any two buildings within the Power Block may
occur abruptly.across_ construction joints or_ expansiort joints between or within the
building foundations or structures. )

'"

Ifit is deurminad based on the results of the fragility analysis that more refined estimatas
of_the differential displacements are: required, then two- or three dimannional 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. .

De 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).
,

i

/
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f 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 concerning the soils and,

stmetures at the site. The results were determined using the hazard curves and response
j spectra from NUREG/CR-5250 and EPRI (1989) and seismic time histories provided by
; Stevenson & Associates.

I

j 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 se'ttlements"are provided for both of the' shear wave velocityiirdfilEIt is reasonable
to expect that the two shear wave velocity profiles bound the true shear wave velocity;

| profile at the Pilgrim site.
. .'\

'

.

:q
! 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
j 2 are less than 0.35 and 0.7 g, respectively. This conclusion is based on analyses using

,

1 the acceleration time history provided by Stevenson & Associates having a peak ground i

; acceleration of 0.5 g (NR0098-1) scaled to peak ground surface accelerations of 0.1 to
0.9 g in the SHAKE analyses conducted for this report..

1

; For soil profile 1 and a peak ground acceleration of 0.35 g, the settlements, permanent
; horizontal displacements, and the_ transient horizontal _disalmts_are less _than

O.29 inch,0.2 inch, and 1.05 inches, respectively. For soil' pro 61e 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.4

i This is consistent with the characterization of the soils at the site as very dense.
,

i A liquefaction stability failure is not possible at the Pilgrim site due to the dense state
j of the in situ soils and compacted fill.
;

i

1

!

i
3

a

.

i
4

,

i
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TABLE 1 - PERMANENT HORIZONTAL DISPLACEMENTS (INCHES) FOR SOIL PROFILE 2
Pilgrim 1 IPEEE, Plymouth, Massachusetts

Location Yield Acceleration Peak Ground Surface Acceleration

'(9) 0.2 g 0.3 g ' O.4 g 0.5 g 0.7 g

-

.

| 4

Condenser Tank, Fig. 3 0.34 0 0 0 0.1 0.6

Reactor Containment Building, Fig. 3 0.48 0 0 0 0 0.2

Power Block, Fig. 3 0.50 0 0 0 0 0.1

Intake Structure, Fig. 4 0.24 0 0 0.2 0.4 1.7

Yard, Fig. 4 0.34 0 0 0 0.1 0.6
. . ..

0'M 0 0 0.4Yard, Fig. 4 0.40 0

Diesel Generator Building, Fig. 5 {0.40 0 0i 0 0 0.4

| ,. v i

'| !|-.

'
,

:

U
gel Consultants, Inc. u 9

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

i

Depth Elevation Peak Ground Surface Acceleration
(feet) (feet) 0.1 g 0.2 g 0.3 g 0.35 g

..

0 +22 0.02 0.07 0.17 0.29

10 +12 0.02 0.06 0.15 0.26 ;

- M. ~07 ;T ]4|0.02 M0.09 g u 0.1.820 - +2,

25 -3 0 0.02 0.08 0.17

50 -28., .0 0.01 0.06 0.12

80 -58 I-0 9 0 0 0

.- .. .

..

TABLE 28 - DIFFERENTIAL SETTLEMENTS (INCHES) FOR
PEAK GROUND SURFACE ACCELERATION OF 0.35 g
Pilgrim 1 IPEEE, Plymouth, Massachusetts

|

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

Buildng

.

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
Bldg., El. 22

Turbine Bldg., 0.12 0.12 0.12 0 0.05 0.05
El.-5

Reactor Bldg., 0.17 0.17 0.17 0.05 0 0
El. 26

1

Intake Structure, 0.17 0.17 0.17 0.05 0 0 |
El. -28 1

(
s

Project 92012
gel Consultants, Inc. July 9,1992
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TABLE 3A - SETTLEMENTS (INCHES) FOR SOIL PROFILE 2 |

Pilgrim 1 IPEEE, Plymouth, Massachusetts i

Depth Elevation Peak Ground Surface Acceleration I
(feet) (feet)

0.1 g 0.2 g 0.3 g 0.4 g 0.5 g 0.6g 0.7 g

0 +22 0.02 0.05 0.10 0.17 0.27 0.45 0.72

10 +12 0.01 0.04 0.07 0.13 0.22 0.38 0.63

20 f.+2''.~ ~ ,~ 01 ~ 1, 0 | " 0.01. 0.03 0.07 0.14 0.27

25 -3 0 0~ 0.01 .0.02 0.05 0.11 0.22

50 _..-28 0 .0. 0 0 0 0 0.01 !

80 - -58 0 0 0 0 -0 0 0

TABLE 38 - DIFFERENTIAL SETTLEMENTS (INCHES) FOR
PEAK GROUND SURFACE ACCELERATION OF 0.7 g
Pilgrim 1 IPEEE, Plymouth, Massachusetts

Ground Condenser Diesel Turbine Reactor intake
Surface Tank Generator Bulldng Bulking Structure

BulkSng

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
Bldg., El. 22

Turbine Bldg., 0.50 0.50 0.50 0 0.21 0.21
El.-5

Reactor Bldg., 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

Project 92012
gel Consultants, Inc. July 9,1992
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TABLE 4 - TRANSIENT HORIZONTAL DISPLACEMENTS (INCHES)
; FOR SOIL PROFILE 1

,

Pilgrim 1 IPEEE, Plymouth, Massachusetts

Depth Elevation Peak Ground Surface Acceleration
(feet) (feet)

0.1 g 0.2 g 0.3 g 0.35 g

0 +22 0.15 0.37 0.74 1.05
- - --10 - - +12 - 0.14 0.36 ..2 1.030.7

..
,

, , .

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 OS0 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

. . - - . - . . - - - . . . .L. . -- . - . . . _ _ . .

Ground Surface +22

Condenser Tank +22

Diesel Generator Bldg. +22
|
.

Turbine Bldg. -5 l

l
Reactor Bldg. -26

'

i Intake Structure -28
|
|

f

|

2

Project 92012
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TABLE 5 - TRANSIENT HORIZONTAL DISPLACEMENTS (INCHES)
FOR SOIL PROFILE 2
Pilgrim 1 IPEEE, Plymouth, Massachusetts

|

Depth Elevation Peak Ground Surface Acceleration
(feet) (feet) 0.1 g 02 g 0.3 g 0.4 g 0.5 g 0.6 g 0.7 g

0 +22 0.06 0.14 024 0.38 0.56 0.80 1.12

10 +12 0.05 0.12 022 0.35 0.52 ~ 0.75 1.06
. . . .

- y
18 +4 0.04 0.10 0.18 0.30 0.43 0.62 0.87

25 -3 0.04 0.08 0.14 023 0.33 0.46 0.65

50 -28 0.01 0.03 0.04 0.06 0.07 ' '~ 0.09 0.i3
80 -58 0 0 0 0 0 0 0

-

i

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

Building Foundation Base Elevation ' J~

'

Ground Surface +22

Condenser Tank +22

Diesel Generator Bldg. +22

Turbine Bldg. -5 '

Reactor Bldg. -26

Intake Structure -28

- - -
.

..

. - .

Project 92012
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Map la taken from U.S.G.S. Topographic 7.5 Minute Series *

-
Map of Monomet, Mass. Quadrangle,1977. - Sc=

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