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EXBCUTIVE SUMMARY

Lawrence Livermore WNational Laboratory (LLNL) is designing and
constructing the Mirror Fusion Test Facility (MFTE-B) for the purpose of
conducting magnetic fusion energy experiments. The facility consists of three
basic structuress the vacuum vessel, the shielding vault, and luilding 431
which surrounds the vault and contains equipment essential to the
experiments, Seismic analysis of the Axicell vacuum vessel is the subject of
this report, The A-cell, a configuration of the vacuum vessel which has been
superseded by the Azicell, was the subject of a preliminary swudy., The
overall characteristics of the two configurations from a seismic response
standooint are similar and the general trends previously observed are similar
to those for the Axicell., The specific results reported herein, such as
member forces, are applicable to the Axicell confiquration only.

The Axicell vessel is a cylindrical stainless stesl structure about
186 £t. long, 25 to 35 ft, in diameter, and extending to a height of about 50
ft. above its foundation. It is supported on four foundation mats in an east-
to-west pattern, the assembly being essentially symmetrical about the north-
scuth and east-west centerlines of the vessel. The vessel weighs about 8070
kips; its foundation weighs about 6900 kips. The shielding vault is
essentially a rectangular box-shaped structure, with a central stiffening
buttress, woich sutrounds the vessel. It is about 238 ft. long by 84 ft. ‘wide
ard it is abwout 8@ ft. in height. The vault walls are 7 ft. thick and the
central buttress is 8 ft. thick. The walls are supportad on foofingé 17-1/2
to 18 ft, wide and 6-1/2 ft. thick, The total weight of the vault including
footings is about 70,907 kips. Building 431 is a light steel frame structure
surrounding the vault and housing the support equipment and controls for the
METF experiment.

The objective of this study was to obtain a best estimate of the
response of the Axicell vessel to & seismic excitation of 9.25 pesk ground
acceleration in the free-field. In the course of our study we performed a
series of seismic analyses on a medel of the Axicell vessel that was identical
‘to the model developed by LINL except for certain differences in assumed
flexibility beneath the vessel's foundation piers and support columns. The
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different analyses we performed were: a response spactrum analysis using the
same method as LINL; a fixed-base analysis using the CLASSI methedolooy; and
831 analyses which included foundation to foundation interaction between the
vessel and vault.

e Resoonse $Spectrum analvsis. The response spectrum analyses was

performed using computer program RESPAN, Its purposs was to
provide a benchmark between the two structural medels. Response
was calculated for tha M™MF design response spectra, at 5%
damping, reduced by a factor of 25%. fThe results were comparad
with the LUML results to determine the effects of the differences
in modeling assumptions at the foundation pier and column bases.

e Fixed-base analysis. We parformed a’ fixed-base analysis using
comguter program CLASSI to benchmark the combined effects of
diffarences in modeliny assumptions and analytical metheds, and

to provide a basis for compariscn of the subsequent SSI analysass
of the vessel. The Fixad-base analysis was made with 5% damping
in the vessel and used as input motion frze-fiald time histories
whose spectra lovsaly matched the METF desiga spectra.

e SSI analysis of the vessel including through-soil couling with

the vault, Becauss the vault is significantly mora massive than
the vessel and is founded in close proximity to the vessel,
through-soil coupling between the two is expected to be
significant, The motion of the vault is likely to induce similar
motions in the vessel. &SI analvsis of the vessel including this
through-soil coupling was performed. The dynamic model of the
vault was basad on the modal developed by Foster Engineering,
Inc. and was used for our Seismic analysis of the vault, fThis
forms our best estimatz analysis. Building 431 was not included
since its moticn is not likely to induce significant motion in
the vessel or vault due to its mass and foundation conditions.
We porformed analyses for three sets of soil properties
*  bracketing the estimated range of uncertainty in scil modulus.
For these analyses we used composite modal damping for the vassel
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to reflect different damping levels in different structural
membars, We also parformad an SSI analysis using a damping ratio
of 17% in all medes to study this effect on response.

All of the CLASSY amalyses performed here were for a 2.25g design
earthquake, Design resgonse spactra were specified, for which artificial
acceleration time histories were generated. Three components of motion were
treatad simultaneously ~— two horizontal and the vertical. Results were
obtained in the form of time histories; peak values are presented here for
comparisen purposes. The CLASSI methoddalegy was used to perferm the §SI
anaiyses. This is an implementation of the subsiructure approach. All of the
analysis results include a correction for excluded modes or “missing mass.®

In-structura response of the vesse) reported here takes the form of
meximum accelerations and response spectra at 56 locations, maximum foundation
forcas for 8 elements where the vessel supports connect with the foundation
mats, maximum forces at 8 locations whera vessel support legs are connected to
the end cell piers, maximum forces in 66 magnet hangers, and maximum relative
displacements between 6 locations on the vessal and 15 locations on the vault,

Qur results are prasented in this report as tables of comparisens of
specific member forces from our analyses and the analyses performed by LLNL.
Also presented are tables of maximum accelerations and relative displacements
and plots of response spectra at various selected locations. Based on these
results we made the following observations., In general, we '6bserved a
reduction of about 26% in calculated vessel forces due to the combined effact
of SSI and interaction with the vault. This was based on comparisons batween
our CLASSI fixed-base and SSI amalyses. However, a comparison of our RESPAN
results with LINL results showed that the diffarences in the way that the
foundation flexibility bensath the foundation piers and éupport columns was
modeled led to significant increases in forces and moments at the bases of the
piers. After an extensive study of these modeling differences, we concluded
that our representation of the foundation flexibility was more appropriate for
the seismic analysis of the vesseal. The differences due to modeling
assutptions are raflected in all our anmalyses. Our best estimate of vessel
raesponse is summarized in Tables 4.4A to 4.4C. We recommend that
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1. INTRODUCTION
1.1 BACKGROUND

The Mirror Fusion Test Facility (METF-B), located at the Lawrence
Livermore National Laboratory, Livermore, CA, is the site of one of the latest
in a series of experiments, soonsored by the U.S. EOE, studying the potential
of magnetic fusion energy. As part of the design of the facility, seismic
analyses were performed on each of the major structures - the vacuum vassel,
the shielding vault and the enclosure building. The basic objectives of the
analyses are to provide seismic design information in the form of member
forces in the structures, foundation forces, and in-structure response spectra
for the definition of the design environment for equipment.

Seismic analysis of the Axicell vacuum vessel is the subject of this
reort. The Axicell is a configquration of the vacuum vessel which supersedes
the A-cell, which was the subject of a previous study by SMA, reported in
Reference 1. Scil strceture interaction (SSI) was an important phenomenon to
be considered in the analyses. The CLASST family of computer programs was
used, The amalyses performed ranged in complexity from fixed-base to SSI
analyses including through-soil coupling between the vessel and the vault.
The main features of the structures are summarized below.

1.2 DESCRIPTION OF THE METF-B FACILITY

The METP-B facility consists of three basic structures (Fig. 1.1):
the vacuum vessel within which fusion experiments are conducted, a massive
reinforced concrete shielding vault which surrounds the vessel, and a steel
frame building enclosing both vault and vessel and housing equipment essential
to the experiments,

The vacuum wessel is a cylindrical stainless steel structure about
18@ ft. long, 25 to 35 ft. in diameter, and extending to a height of about 56
ft. above its foundation, It is supported on, four foundation mats nriented in
an east-to-west array, the assembly being essentially symmetrical about the
nétth-south and east-west centerlines of the vessel. The vessel itself
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consists of three sections or cells. The east and west end cells housz the
large Yin-Yang magnets. Each end cell is supported by four large (18 £t. x 13
ft.) piers. The end foundation slabs under the piers are about 4 ft. thick
and about SB ft. square with a 22 ft. sguare hole in the center, The center
cell comnecting the two end cells houses a saries of solenoids and is
supported by the two inside foundation slabs, each 4 ft. thick and about 25
ft. x 50 ft., and by the center buttress of the vault, The support system for
the center cell consists of two box beams, oriented longitudinally beneath the
vessel, on which the vessel legs rest, The box beams in turn, are supported
by steel braced column systems on the two inside foundation slabs, They also
receive vertical Ssucport only from the vault center buttress, For all
analyses performed on the vessel, the array of four foundations was assumed to
behave as a rigid body for calculating soil impedances (i.e. the stiffness of
the foundations themselves in conjunction with the stiffening effect of the
vessal and supporting structure induces rigid behavior). However, additional
flexibility was superposad as part qf the strucrural model to account for
differential rocking of the separate "slabs in the longitudinal direction as
well as slab flexibility between the piers of the end cells. The vessel
weighs about 8009 kips; its foundation weighs about 6080 kips.

The vault is a rectangular hox-shaced structure with a central
stiffening buttress. In plan view, its exterior dimensions are 233 ft..x
84 £t. In elevation the structure extends 80-1/2 ft. from the base of the
foundation to the top of the cap beam. It is embeddad 27-1/2 ft. - Removable
precast prestressed interlocking T-beams form the roof, The vault walls are 7
ft. thick and are supportad on footings about 18 ft. wide and 6-1/2 ft.
thick. The eastsrn half of the vault was constructad for prior expsriments
and‘ uses concrate block walls above grade; the western half was added for the
METF-B experiments and is a post-tensionad monolithic concrete structure, The
total weight of the vault including footings is about 76,900 kips. The vault
is the subject of a separate study by SMA, reported in Refarence 2.

Building 431 is a light steel frame structure about 300 ft. long,
166 ft. wide and 108 €t. high, with concrete floor and low bay roof
diaphrams. The eastem‘po:tion was bailt for prior experiments; the extension
t0 the west was added for the METF-B experiments. A trussed roof system spans
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the high bay area supporting a tar and gravel roof over corrugated mefal
decking, The lateral force resisting syste: is a combination of diagonal
cross-bracing and moment resistant frames. Column bases in the pre-existing
porticn of the building are supported by piers. Columns in the extension are
supoorted by a combined pier and shear beam arrangement. The total weight of
the building and equipment is about 6000 kips. Because of the size and
location of the vault, the effects of building 431 on the vessel are
considered to be relatively insignificant and it was not included in the study
reported herein. However, a detailed study of huilding 431 was conducted by
SMA and is the subject of a separate report (Ref, 3).

1.3 OBJECTIVES AND SCOPE

The cbjectives of this study were to perform seismic analyses of the
METF-B Axicell vacuum vessel configuration to provide LIML with our best
estimate of its response to a 0.25g earthquake excitation. Analyses were
performed for two foundation support conditions:  fixed-base and soil-
structore interaction .(SSI) including th:ougfx—soil coupling with the vault.

. The latter case is our best estimate of the behavior of the vessel, The

relative mass and close proximity of the vault to the vessel was expected to
affect significantly the dynamic response of the vessel. WMotions of the vault
are likely to drive the vessel. the fixed-base analysis serves two

" purposes. First, it serves to benchmark the fixed-base LINL response Spectruin

analysis. Second, it serves as a basis of comparison for the subsequent SSI
analyses performed herein, The coupled SSI analysis was performed for three
soil property estimates to account for uncertainties in their values.

This report is organized as follows:

Section 2 describes the methods of SSI amalysis used in this
study. The computer programs denoted CLASSI were used extensively. CLASSI is
an implementation of the substructure approach.to SSI. 1In all analyses,
corrections for truncated medes or "missing mass" were made. These
corractions are applied in the time domain and are described in Sec. 2.

Section 3 presents the elements of the analyses — free-field
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memoar forces in these tables be reviewed and used for comparison with design
capacities, If significant yielding should be observed to occur in any major
structural elements, a reanalysis using degraded structural properties would
obtain better estimates of response,
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motion, foundation impedances for the coupled vessel-vault system, and the
structure models of the vessel and vault.

Section 4 presents numerical results and comparisons between the
various analysis scenarios.

Section 5 contains conclusions ard recommendations,



2. METHODS OF ANALYSIS
2.1 SSI ANALYSIS OF STRUCTURES WITH RIGID FOUNDATIONS

Toae subsiructure approach to SSI analysis of structures with assumed
rigid £ -“stions i3 depicted schematlcally in Fig. 2.1, The key elements of
the approacn are: specifying the free-fleld grouhd hoflon; calculating the
foundation input motion; calculating the foundation impedances; determining
the dynamic charzateristics of the structure, and performing the SSI analysis,
i.e. combining the previocus steps to calculate the response of the coupled
séii-atructure system. Each aspect Is described below. The computer programs
denoted CLASSI (Ref. ﬁ) were used for the analysis.

Free-field ground motion.  Speeification of the free-field ground motion

entails specifying the control point, the frequency characteristics of the
control motion (typically, time histories or response spectra), and the
spatial variation of the motion. For the MFTF vessel analysis, the control
palnt was specifled on the surface of the soil, the control motion consisted
of acceleration time histories generated to match the design ground response
spectra, and, in all cases, no spatial variation of motian has been assumed,
1.e. the foundation input motion has been assumed identical to the free~field
3;oﬁnd motion.

Foundation input motion. In general, the foundation input metion differs from

the free-field ground motion in all cases, except for surface foundations
subjected to vertically {ncident waves. First, the free-field motion varies
with soil depth. Second, the soil-foundation interface scatters waves because
points on the féundahion are constrained to move according to its geometry and
atiffness. The foundatfon input motlon {U*} {s related to the free-field
ground mdfion by means of a transformation defined by a scattering matrix
{S(w)], which i{s complex valued and frequency dependent:

{U¥{w)} = [S(w)] [r{w)) (2.1)

The vector ir(d)) ls the complex Fourler transform of the free-fleld ground
motion, which contalns its ccmplete description. For the MFIF vessel SSI
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analysis, scattering effects were not included. This retains some
qonservatism albeit unquantified.

Foundation impedances. Foundation impedances [K,(w)] describe the force-
displacement characte}lstics of the soil. They depend on the soil
configuration and materizl behavior, the rreduency of the excitation, and the
geometry of the foundation. 1In general, for a linear elastic or viscoelastic
material and a uniform or horlzontally atratified soil deposit, each element
of the impedance matrix {s complex-valued and (requency dependent. For a
rigig foundation, the impedance matrix is a 6 % 6 which relates a Eesultant
set of forces and moments to the six rigid-body degrees-of-freedom.
Foundation impedances are calculated using the CLASSI programs GLAY an&
CLAN. When foundation~to-foundation interaction {3 included as in our
analisis of the coupled vessel-vault systeu, the impedance matrix {ncreases in
8ize to include through-soil coupling of the foundations. For a two
foundation system, e.g. vessel and vault with each foundacion assumed to
behave rigidly, the lmpedance matrix ig a 12 x 12.

Structure model. The dynamic characteristics of the structures to be analyzed
are described by their fixed-base eigensystem and modal damping factors. The
structures dynamic characteristics are then projected to a point oﬁ the
foundation at which the total motfon of the foundation, including SSI efrectg.
is determined, Typically, structural data for CLASSI is calculated using the
finite elemeni program SAP4 or GEMINI, in conjunction with the post. processor
INSSIN.

SSI analysis. The final step in the substructure approach is the actual SSI
analysis. The result: of the previous steps -- foundation input motion,
foundation impedances, and structure model -~ are combined to solve the
equations of motion for the coupled soil-structure system. For a single rigid
foundation, the SSI response computation requires soluhion of, at most, six
simultaneous equations -- the response of the foundation. The formulation is
in the frequency domain. Hence, one can write the equation of motion for the
unknown harmonic foundatian response (U] exp (iuwt) for any frequency w,
about a reference point normally selected on the foundation,

2-2
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(<2 [,) + P (@]) + [Rgl)]) {0} = [Rglw)) (UM} (2.2)

Equation 2.2 separates the effects due to scattaring from those caused by
interaction between soil, structure, and foundation. The effects of
scattering are included in the foundation input motion  {U¥} . The
interaction effacts of the structure, foundation, and soil are reprasented in
the term

2 (M) + Dy()]) + [Kglo)]

wherz [M)] is the mass matrix of the foundation, [Mylw)] is the frequency-
dependent equivalent mass matrix of the structure, and [Ks(m)] is the
impedance matrix of the foundation. The total motion {U} of the foundation
results from a combination of both types of effects.

The equivalent mass matrix of the structure, when multiplied by w 2,
represents the force-displacement relationship of the structure subjectad to
base excitations, BAll of the physical and dynamic characteristics of the
structure pertinent to the solution are contained in it:

(M)l = (M) + (F17(0(w) 7] 12.3a)

The matrix (M1 is the 6 x 6 mass matrix of the structure for
rigid translations and rotations about the reference point:

Myl = fo1 (M (o) ‘ (2.30)

whera [M] is the mass matrix of the structurz and [¢] defines the node
point locations relative to the reference point. [Mbo] is independent of
frequency.

The second term on the right-hand side of Eq. 2.3a represents the
dynamic behavior of the structure using its fixad-base modes. 'The matrix
[Fl  comprises the modal participation factors for bass translations and
rotations:’



ir) = 21T ol (2.3¢)

where the columns of [¢] are the mass normalized fixed-base mode shapes.
Finally, the diagomal matrix [D{w)] contains the dynamic amplification
factors Dj (m) for each fixed-base mode of the structyre:

(wi'td-)z

] : -
D (w) = . - (j = 1,nf) (2.39)
J u-m"'/m§) + 28 W)

where

wy = the frequency of the jth fixed-basa mode,
Bj = the modal damping ratio of the jth fixad-base mode,
nf = the number of fixed-base modes included in the solution.

Note that the temm [Mbo(u;)] is compley-valued for damped structures, Once
the equations of motion (eq. 2.2) are solved for the response {U} of the
foundation {three translaticns and three rotatiens), in-structure responsa may
be obtained simply as

{Ugpg()} = (0] (U@} + 1701 TH{UMW)} (2.4)

2.2 CORRECTION FOR TRUNCATED MODES

As part of this effort, we 'developed and implemanted a method to
correct the dynamic responses calculated by CLASST to account for the effects
of higher modes of the vessel not included in the dynamic analysis; This is
referred to as modal truncation affects, excluded modes affects, or "missing
mass" effects. Depending on the location in the structure where forces are
being calculated, these effects can be significant, even pradominant.

The procedare involves performing a static analysis of the
structure, applying load vectors consisting of the portion of the aodal point
wasses not included in the dynamic analysis. Six load vectors are applied;
one each for the six foundation degrees-of-fresdom. The resulting element
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stresses become influence coefficients relating element strass to foundation
acceleration, Again six values are obtained — each value relates element
stress to a foundation degrese-of-freedom acceleration.  These influence
coefficients are applisd to the six acceleration time histories of the
foundation and then added by direct superposition to the dynamic response.
Because this method of combination uses algebraic summation, the total force
can be greater or less than the dynamic portion — it is a function of the
phase relationship between the foundation motions and the dymamic response.
All results presented here include corractions for modal truncation.

»e
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Fig. 2.1 Schematic Representation of the Elements of the Substructure
’ Approach to SST Amalysis.
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3, ELEMENTS OF THEL ANALYSES

Soil-structure interaction (SSI) analysis by the substructure
apprcach using the CLASSI family of comguter programs uses three basic
elements of data. These are the definition of the earthquake in the free-
field; the foundation impedances, which depend on the foundation geometry and
the dynanic soil properties; and the dynamic characteristics of the
structure. These elements are discussed separataly below.

3.1 FREE-FIRLD MOTTON

Th= free-field ground motions used in the prasent analyses were
threa acceleration time histories, two horizontal components and the vertical
componant, generated to match the MFIF design ground rasponse spectra. These
time historiss were generated with the program SIMQKE. The time histories
were digitized at a time interval of 8.0l saconds, and have a duration of 18,0
seconds followed by a 2.5 second quiet zone. In accordance with the MFIF
design criteria, the horizontal components wera scaled to a 2zero period
acceleration (ZPA) of 0.25g; tha vertical component has a ZPA of B.l17q.
Figure 3.1 shows response spectra at 5% damping for sach component comparad
vith the MFIF design spectrum.

Before proceading, selected observations concerning the definiticn
of the free-field ground motion are in order. Definition of the design
earthquake as a single set of time histories whose resgonse spectra
approximate the design ground response; spactra dozs not constitute a unique
definition. No single set of time histories uniguely define corraspending
response spectra. This is especially true for broad-band design ground
rasponse spectra intended to reprasent a range of possible earthquakes rather
than a single event, The standard practice for the seismic analysis of
comercial nuclear power plants is to generate actificial acceleration time
histories whosz response spectra envelope the design groumd response
spectra. This practice can add significant conservatism. For the present
analyses, we sought 3 best estimate fit as evidenced in Fig. 3.1 rather than
introducing artificial conservatism. An additiomal point is that seismic
responses calculated by a response spectrum analysis procedure will not match
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exactly those calculated by a time history procedure —- minor differances are
to b2 expected.

For all seismic analyses performed on the vessal (i.e. fixed-bass,
and SSI analyses assuming it to be coupled with the vault through-the-soil),
the fourdation input motion was azsumed to be identical to the free-field
motions defined on the ground surface, This is equivalent to ignoring wave
scattering effects for the vessel and che vault. Ignoring this phenomenon
adds a degree of conservatism albeit difficult to quantify.

3.2 FCUNDATION IMPEDANCES

The force-iisplacement characteristics of the soil are represented
by comlex-valued frequency-dependent  functions denoted  foundation
impedances, The impedances reprasent the effects of soil stiffness and
damping (including both material and radiation damping) on the foundation,
The soil deposit at the site is modeled as a horizontally layered half-space
with different properties in each layer (shear modulus, material damping, mass
density and Poisson's ratio). ‘The impedance functions are calculated basad on
this definition of the soil deposit together with a description of the
geometry of the soil-foundation interface.

3.2.1 Soil Properties

The soil progerties used for the calculation of foundation
impedances were best estimate values for a 9.25¢ ground surface excitation
obtained from the study by the NTED Geotechnical Group of LLNL (Ref. §).
Figure 3.2 shows profiles of the best estimate shear wave velocities and
damping ratios vs. soil depth. These values are mean value properties
obtained from multiple SHAKE analyses usiug least squares fit strength data
obtained from the site of building 431. Other properties defining the site
that did not vary with depth were unit weight (130 pcf) and Poissen's ratio
{0.42). Our SSI amalysis including vessel-vault interaction was performed for
these best estimate proverties and for a-stiffsr and a softer soil as
described in Sec, 4.3.
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3.2.2 Couvled Imoedances for Combined Vesszl and Vault Foundation System

For our SSI analyses of the vessel, which included the interaction
effect between the vessel and vault foundations, we computed impedance
functions that included coupling between the foundations through the soil,
For the calculation of impedances, each foundation was assumed to behave as a
single rigid body.

For the vessel foundation, we assumed all slabs were rigidly
connected 50 that the assembly moved as a single rigid body. Effects of
differential rocking between slabs in the longitudinal dirsction and of slab
flexibility between the piers of the end cells wera included using rotational
springs attached to the fixed-base structural model.

The behavior of the vault, including flexibility in its foundation,
vas investigated in Ref. 2. The effect of flexibility of the vault foundation
was found to be significant on stresses in the vault. However, it is not
expected to have a significant effact on foundation~to-foundation interaction
with the vessel, '

The procedurz used to compute the impedances involved first using
the CLASST program GLAY to calculake Green's functions, which are steady state
dynamic force/displacement relationships between a point source and
observation points at various specified distances on the surface of the
layered half-space. This was dome for a mumber of specified frequencies. The
Green's functions were then used, along with a discretized modal of the soil-
foundation interface, to generate the foundation impedance functions at the
specified frequencies. This was accomplished using CLASSI program CLAN.
Figure 3.3 shows the model of the coupled vessel/vault foundation geometry
including its discretization into a number of rectangular subregions, The
force/displacement relationships between each pair of subregions were
calculated by integration cf the Green's functions over the subregion areas.
The impedance functions were calculated by applying the constraints of rigid

_ body motion between all subregions of each: foundation to obtain a 12 x 12

complex-valued impedance matrix at each specified frequency. The impedance
matrices give the total steady state dynamic' force/displacement relationship,
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including phase information, of the rigid massless Ffoundations on the soil
deposit. Figure 3.3 shows that the vault foundation and the vessel foundation
slabs are very close to each other along the north and south vault walls.
Therefore we could expact to see strong coupling between the foundation, and
in fact the coupling terms of the 12 x 12 impedance matrix (not shown) are
large. It should be noted however, that this coupling is only through the
soil; no direct contact between foundations is assumed.

3.3 STRUCTURAL MODELS
3.3.1 Vessal Models

The structural model of the vesszl used in our analysis was taken
from the dynamic model of the Axicell vessel configuration developed by
LINL. This model is shown in Fig. 3.4. The model assumes the vessel is
symmetric about the north-south plane at its center and was constructed as two
half-models, one having symmetric and the other antisymmetric boundary
conditions at the plane of symmetry. The assumption of symmetry of the vessel
results in a decoupling of modal response into either pursly symmetric or
purely antisymmetric motion and thus allows the use of the two half-models.

The s;xppo:t configuration used in the LINL Axicell model differs
from that used in the previous A-cell model in that it includes rotational
springs at the bases of the beam elements modeling the end cell piers and
center cell columns and knees which rest on the foundation mats, In the 2-
cell model, these elements were fixed rigidly to the base. The purpose of the
rotational springs was to represent the flexibility of the foundation mats and
the soil beneath them, Spring constants were calculated based on simple beam-
on-elastic-Foundation methods.

The LLNL eigenvalue extraction amalyses calculated 75 modes (up to
33.0 Hz.) for the symmetric model and 75 modes (up to 33.2 Hz.) for the
antisymetric modal. OFf these, the 38 modes havinyg the greatest participation
in each direction were used for the respomse spectrum analysis in that
direction” — that is, a different set of 38 modes was used in each
direction. fThese modes accounted for 86.6% of the total mass of the vessel in
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Revision I

the transverse direction, 88.1% in the 10ngi£udina1 direction and 55.9% in the
vertical direction. Table 3.1 summarizes the most significant medes occurring
in both half-models. The table includes all modes from either model having at
least one percent participation.

The model used for out analyses was adapted from the LUNL medel,
The difference hetween the two models was in the way in which the foundation
springs were applied. For our CLASSI amalyses, the gross effects of soil
flexibility were modeled using impedance functions which assumed that the
array of foundation mats moved as a single rigid body. We modeled local
foundation and soil flexibility effects (rocking) in a way similar to that
used by LLMNL., For the end cell piers, we added to the LLNL model elements
connecting the pier bases, which represented the foundation slab. We used
fully cracked concrete section properties to model the stiffness of these
elements, We also included rocking springs, similar to LLNL, which modeled
the local rocking flexibility of the soil directly beneath each pier, The
spring stiffnesses we used were obtained using commonly accepted soil spring
formulas for square footings (Ref. 6). As a result of the above modeling
technique, our stiffness at the bases of the piers was about forty percent
higher than that used by LLNL. Additionally the counling between pier bases
due to our basemat elements increased the effective stiffness significantly,
At the bases of the columns and knees beneath the center cell, we modeled the
rocking flexibility by adding to the model plate elements representing the
four foot thick basemat.

After the above modifications were made and verified, our work on
the structural model of the vessel consisted of performing eigenvalue
extraction analyses, manipulating the resulting data to put it into a fom
that can be read by the CLASSI response calculation program, SSIN, and
collating the data from the two half-models into a single data set
representing the full dynamic characteristics of the total structure. The
fully automated procedure consisted of the following steps:

e DPerform the modal extraction analyses and obtain modal
frequencies, mode shapes and the mass matrix for each half-
model., Reorganize these dynamic characteristics into a file
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structure that can be read by subsequent programs.

¢ Use these dymamic characteristics to calculate for each half-
model, modal participation factors, the rigid-body mass matrix,
and modal coordinates and rigid-body transformation vectors of
specified responses. This data is calculated relative to a
specified reference point at which the foundation impedances are
calculated. Apply appropriate scaling factors to account for the
mass of a full model,

e Merge the results of the separate half-model calculations to
obtain data describing the dynamic properties of the total
structure.

Table 3.2 gives a summary of the results of this process. Included
in the table are the frequency and mass participation for each mode having at
least one percent participation. Also, listed for each mode is an equivalent
height in inches above the foundation base at which the participating mass
acts.

It should be noted that the coordinate systems used for the CLASSI
analyses and for the LML analyses are different. The LINGL calculations were
made with an origin located at the plane of symmetry, on the centerline of the
vessel (elev. +1l ft,). The origin for the CLASSI analyses {also called the
fourdation reference point) was located at the same point horizontally, but at
an elevation of =25 ft., at the bottom ;of the foundation slabs, Additionally,
because CLASSI requires that the Z-axis be vertical, the coordinate system
used by LINL had to be transformed by rotation of the axes. The
correspondence between the LLNL system and the CLASSI system are tabulated
below:

Direction LINL CLASST
Longitudinal (E-W) 4 X
Transverse (N-5) X 4
Vertical (4
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3.3.2 Vault Model

The structural model of the vault used for the coupled vault/vessal
§SI analyses was the fixed-base finite element model used for our pravious
vault seismic analyses (Ref. 2). Figurz 3,5 shows an isometric view of the
finite element mesh. The model was based on the FASE2 model developed by
Foster Enginsering, Inc. (FEI) for their vault seismic design calculations.

Reference 2 examined in detail the SSI response of the vault for a
nunber of structure and foundation behavioral assumptions. S§SI analysis of
the- final configuration of the vault assumed no hinge at the blockwall-
retaining wall interface and a flexible foundation. This configuration is the
one that was used for the coupled SSI analyses reported herein.

The dynamic data for the vault model contains 115 modes of vibration
and included frequencies in excess of 58 Hz. These modes accounted for 74.5%
of the total mass in the longitudinal direction, 78.5% in the transvarse
direction and 69.3% in the vertical direction., The fredquencies and percent
mass participation of the significant modes are summarized in Table 3,3. For
all modes we used 5% damping in the SSI analyses.

The system of physical units to define the vault model was kip-ft-
sec. Because this was not compatible with the system in which the vessel
model was defined (lb-in-szc), the vault model data was conve;ted to the
vessel system by applying appropriate scala factors to the mass matrix, mode
shapes, node point coordinates and: modal coordinates used to compute
acceleration rasponse in the structure.

3.3.3 Composite Modal Damping

Preliminary estimates of stress levels, as well as the variety of
matarials and construction methods used in the vessel indicated that different
portions of the vessel could be expacted to exhibit different damping
behavior. Specifically for the CLASSI SSI analyses of the yessel we made the
" following assumptions for damping:
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Fig. 3.5 Isametric View of the Structural Model of the Vault.
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4. DISCUSSION OF ANALYSES AND RESULTS

We performed three dymamic resgonse analyses of the Axicell
vessel, The first was a response spectrum amalysis using the computer program
RESPAN and the METF design spectra, at 5% damping, which were used by LINL for
their analyses. The purpose of this was to benchrark the differences betwsen
the LLNL and SMA versions of the vessel model. This is discussad in Section
4.1.1.

The second amalysis was a fixed-base amalysis, using the CLASSI
program SSIN, in which the free-field ground sutface motions were applied
directly to the base of the structure and rotations at the base (recking and
torsion) were restrained, All modes contained 5% damping. The results from
the fixed-base anmalysis were compared with these from the LLNL response
spectrum analysis to benchmark the cumilative diffsrences between models and
analysis methods, This is discussed in Section 4.1.2. ’

The third analysis performe:i was én SSI analysis of the vessel and
vault, coupled together through the soil and excited by the same free-field
moticns. Composite modal damping was used for the vessel. This represents
our best estimate of the actual behavior of the wvessel during a 8.25g
earthquake. The results of the coupled SSI analysis were compared First with
those from the vessel fixed-base CLASSI analysis to study the effect of 551
and the vault on the response of the vessel; second, they were compared with
those from the LINL fixed-base response sSpectrum analyses as an aid in
checking them against design capacities of various structural elements in the
vessel and on its foundatien.

We reanalyzed the couvled SSI case to study what effect an increase
in damping used for the vessel had on our results. For this case, we assumed
that a constant 18% danping ratio occurs for all vessel modes. We compared
these results with those from our coupled SSI analysis with composite modal
damping., A discussion of the coupled SSI analyses we performed and the
comparisons we made is found in Section 4.2.

In all CLASSI analyses, we corrected the dynamic force response

4-1



results for the effects of truncated modes or "missing mass."  These
corrections were made in the form of time histories which ware added to the
dynamic response time histories resulting from the CLASSI analyses. The
correction procedure is discussed in detail in Sec. 2.2.

For both the fixed-base analysis and the SSI analyses, we obtained
in-structure resgonse on the vessel at a number of locations specified by
LLNL, For our analyses, each LLNL response consists of a pair of respinses,
on2 in the modeled (east) balf of the vessel and the other in the raflected
(west) half. The responses we ohtained include the following:

o Maximam foundation forces at eight locations where the vessel
supports are connectsd to the rzinforced concrete foundation mats
and resultant €orces under each of the mats.

o Maximum feorces at eight locztions where vessel support legs ars
connected to the erd cell piers.

¢ Maximum hanger forces in 66 hangers comnecting the magnets to the
vessel and to each other, '’

® Maximm sccelerations and responsa spectra at 40 locaticns on the
vessel and 16 locations on the wvault for the coupled SSI
analyses. (Appendix A)

e Maximum relative displacements between 6 locations on the vessel,
15 locations on the vault and between the reference locations on
the vessal and vault from which the other relative displacements
were calculated. Relative displacements were obtained from the
coupled SST analysis only. (Appendix A)
For the §S1 analyses we additiomally computed maximm accelerations and
response spectra of the vessel foundation at the foundation reference point,
Results were obtainad for all six degrees-of-freedom of the rigid foundation

assembly.

The following subsections discuss the results of our analyses and
the comparisons made. Section 4.1 discusses the SMA response spectrum and
fived-base CLASSI results and compares them with the response spectrum
analysis results obtained by CLNL.  Section 4,2 discusses our coupled
vessel/vault SSI anmalyses. These provided ws with ocur best estimates of
'vessel tesponse.  Section 4.2.1 provides a study of the combined effects of
SSI and of interaction with the vault by comparing the fixed-base and coupled
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vessel/vault CLASSI analyses. Section 4.2.2 discusses our final analyses of
the coupled vessel/vault system over a range of soil properties and compares
their envelope with the response spectrum analysis results obtained by LINL
for use in design. Section 4.2.3 discusses the effects of incueasing damping
in the vesszl to 10% for all modes.

Before continuing with the discussion of results, a uotz should be
made reqarding the terminology used in the subsequent subsections. Because of
the differences in the coordinate systems used by LLNIL, and CLASSI, directions
will be refarred to as longitudinal (eastwwest), transvarse (north-gouth) and
vertical, For direct forces the use of these terms is clear, For bending
moments the following terminology will be adooted. "Longitudinal Bending
Moment" means bending in the vertical plane oriented in the longitudinal
directien {i.e. bending abont the transverse axis), "ransverse Bending
Moment" means bending in the vertical plane oriented in the transverse

direction (i.e. bending about the lengitudinal axis).

The discussions in the remainder of this section are limitad to
varioys comparisons of maximum forces. For a sumary of maximun
accelerations, rasponse spectra and relative displacements the reader is
referred to Appendix B,

4.1 BENCHMARKING SMA AND LLNL MCDELS AND ANALYTICAL METHODS

4.1.1 Effects of Model Diiferencas

In order to obtain a benchmark between our CLASSI results and the
LLNL response spectrum cesults, we parformed two dynsmic analyses, The first
was a set of response spectrum analyses, using program RESPAN. We performed
sepatate response spectrum analyses for longitudinal, transverse and vertical
earthquake components using the METE design response spectra for 5% damping.
For each direction we used the 38 highest participating modes from the
appropriate half-model. To be consistent with the LINL analysis, we factored
the design spectra by a factor ¢f 06.75-reflecting a predicted general
reduction due to SSI. Modal responses were combined by the SRSS method, as
were the responses to the individual earthquake components. We compared our
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results with the LLNL RESPAN results to isolate differences in responsa caused
by the diffsrences in modeling techniques between the two models, n
particular the modeling of local rocking foundation flexibility beneath piers
and support columns and knses. Tables 4,12 to 4.1C summarize our cemparisons
for vessel foundation forcss, forces in the end cell support legs and magnet
hangar and strut Forces,

Differsnces in modeling techniques had a significant effect on
moments in the piers supporting the end cells (Table 4.13). Bending moments
in t':he longitudinal direction (i.e, about the transvarsez axis) from our
analysis ware about twic2 the LLNL moments., Qur transverse bending moments
{about the longitudinal axis) were 15% to 20% higher. Longitudinal shear
forces were about 20% higner, but transverse shear forces did not differ.
Vertical (axial) forces in the piers were reduced by about 28%. Forcas at the
bases of the support columns in the centar cell wera gensrally raduced by
about 20% for all significant components except axial forcas which were
reducaed to about 4¢% of the LLNL values.

Forces ir the vessal support legs connacted to the end call piers
(Table 4.1B) generally increased. Longitudinal shear forces and bending
maments increased by about 35%. Transverse shear forces increasad by ahout 5%
while transverse bending mements increased by about 20%. As was the case with
the piers, axial (vertical) forces decrsased by about 20%.

Hangar and strut forcas (Table 4.1C) from our analyses varied
overall less than 5% from the LLNL values with a maximum difference of 18%.

Tne significant increases (factors of 2) in the longitudimal bending
moments in the end cell piers are a direct result of the increased rotatiopal
stiffness bheneath them. This increase is not nearly as apparent in the
transverse moments (15% increases) possibly because of differences in the
relative stiffnasses between the end cell and cente': cell supgort systems in
the two directions. It also should be noted that the most significant moments
in the piers are in the transverse direction, the largest transverse moment
being nearly three times the largest longitudinal moment ia our analysis.
Consequently, resultant bending moments were increased by only about 20%.
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AXIAL FORCE (1)
LONG SHR (&1
TRANS SHR 13)
TORSH MNT tu)
TRANS HHT 15)
LONG HMHY t6)
TRAHS MHNT CLUY
LONG HMNT 1121}

AXIAL FORCE (1}
LONG SHR (2)
TRANS SHR 13)
TORSHN HHNT t4)
JRANS HHT 153
LGHG HNT (6)
TRANS MNT 1)
LONG HHT 123

TABLE 4.1A:

SHA

207
(k=]
11
306
4020
50
3730

393

184
15

1
3v2
3960
2
3940
wit

a7
19

5
284
408D
as
4038
571

169
7

"

*- 339
“330
a0
“690
495

a1

3
uwa3li
3500
149000
120
19500040
122

CLOBAL-X
LLNL SHA
Lo
283 « 7310
21 .737
11 981
uia LTu3
5140 782
a0 620
weul Pl
S17 .760
249 + 739
19 . 786
1 1.067
455 )
5070 .38
73 469
5070 L7717
w89 .840
232 .763
23 .810
4 1.155
3y -855
4870 B34
10 2.u62
“w8E0 .829
£64 .860
220 768
21 .B05
12 -934
379 892
5070 .85u
15 1.305
S5u20 .858
Sse3 849
20 1.030
- 2 1.680
555 -r62
3210 1.080
156000 . 958
Baw <155
157000 . 955
eal . 1u9

SHA

25
3

3
29
350
16
327
85

ae
3

a2
a7
3689
an
E1:})
=4l

30
3
4
20
w3
6
426
ai

a8
2

“
3e
LY:1:]
-3
SE6
64

50

2

39
758
1)BDD
127
11900
123

CGLOBAL-Y
LLANL

19
a
2
a7
261
132
269
72

11:]
2

1
28
282
10
27
7

a4
a
3
23
310
-]
350
S

20
e
3
23
334
5
3716

4o

i

1

31
683
8520
=113
8560
560

SHA
LUNC

1.332
1.210
V1.aao0
1.070
1.34)

V.83
1.816
1.19%

1.a29
1.526
1.333
1.305
1.309
1.913
1.3:
1.65%

1.269
1.uug
113
1.280
t.332

-6y
1.217
1.568

431
1.320
1.367
1.6B3
1.461)
) .680
1.50%5
1.335

.23
1.901
L.24e
.10
1.383
.226
1.387
220

SHA

203
224

95
u2?
1510
329
eaoio0

184
219

na
Bua
1480
575
7940

%
214

22
268
2170
563
a3zao

372
2140
&74
o2s0

n
875
L]
3450
3160
73800
ao
75500

COMPARISON BETHEEN SMA AND LLN. RESPAN AMNALYSIS
SUMMARY OF FOUNDATION FORCES

CLOBAL-Z
LLHL

553
am
“

74
369
1750
463
9690

550
273
S
83
uS4
1750
5689
9670

w2l
2u8
5
72
ay
1660
503
asuo

w21
auw?

80
yea
1360
633
ee3p

394
1050

2610
234D
177000
2150
175000

RESULTS
SHA SHA
[R5
<367 a9
.a1e 225
1.043 1.2
1.281 322
1.157 uos8
863 151
ST 1759
827 |0z0
-335 261
<802 220
518 3
1.35% 363
[ 383 1 %029
.B4E 1wl
.976 %000
N:121 7851
177 194
.863 215
1.87¢ e
310 296
-632 “@asp
1.307 2170
. 966 “wQ91
<9489 ewoo
ATy 186
-854% 212
L.779 16
466 Iy
.805 4373
1.289 2140
1.085 w333
.934% €269
.92 375
.033 ars
1.336 “2s
1.322 L1 ¥
).477 14S500
M7 73000
1.484 150509
u22 75500

VECTOR Sun

LLL SHA
Lo

62a 468
27% .a17

12 .9s@
120 .767
5160 .7686
VIS2 .862
4870 .72
970% .B26
604 432
2 .802

S 631

u63 .783
5098 790
1752 84S
ol .783
9683 .an
a1 40
249 .63

a 1.561
352 a2
B9 -839
1666 1.307
“w9u7? 8349
8665 .9ue
w75 . 392
248 05w
19 1.155
388 .ae2
s102 -857
1660 ) .209
8470 .865
oeuwg .93y
387 SIS
1050 .833
556 - 164
4193 1.186
156248 .957
$77003 HET
£97249 .857
179003 w22

PAGE
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TABLE 4.1A; COMT.

24% AXJAL FORCE 1)
LONG SHR 2}
TRANS SHR (31
TOASH HNT (41
TRANS HNT 5)
LCOHD HMT (89
TRANS HNT ()11}
LOHG MHT 120

246 AXI1AL FORCE (11
LONG SHR t12)
TRANS SHR (31
TORSH MNT (41
TRANS MNT (5)
LONG MNY t5)
TRANS MUT t1)1)
LONG MNY (12}

247 AXIAL FORCE (1))
LONG SHR (2}
TRAHS SHAR 3}
TORSH MNT (41t
TRANS MNT (5)
LONG MNT 18)
TRANS MHT (11
LONG MHT 121

24B AXIAL FORCE (D)
LONG SHR 12}
TRANS SHR 1)
TORSH MNT (%)
TR4RS MNT (5)
LONG MNT (6)
TRAHS HHT (i1
LONG MNHY 128

305 AXlaL FORCE 1)
LOHG SHR (21
TRANS SHR 13)
TORSH MNT 14)
TRENS BT 15)
LONG MY B
TRIMS HMBT L1
LONG HIY (12

UNITS: FORCES - KIPS
HOMENTS - KIP-]N

43

17
230
w0
81700
3300
86300
3640

39

1
334
“waso
69700
“390
6400
w450

uz20

260
1210
ES000
2980
Twi100
31300

329

284
1360
57100
S470
€2700
5590

115

J100
44000
483000
25100
“+590a0
25000

39

25
228
2840
71600
2310
76500
kLRI

36

13
w7
2760
61300
3370
£a8300
3550

537

254
8690
7000
2770
62800
3220

uzs

268
29%0
47800
4160
23600
4390

[0

32
1110
44500
208000
34300
210000
3un50

1.113
.689
1.002
1.518
1,141
1.134
1.2
1.087

1.078
.823
.963

1.793

1.137

1.303

t.t19

1.254

Jre2
128
1.024
.830
1.184
1.076
1.180
1.025

il
. 865
.993
B
1.195
1.309
1.120
1.273

1.281
.86t
.99l
.99

2.226
.732

2.186
.727

B1

15

a2
1540
13100
2240
1000
2440

[:}-]
en
L1
msa
13200
244D
twaao
2600

72
(M1
18
1840
2890
2280
4160
25040

96
7
co
1770
“a260
24ao
4580
2720

262
26
e
35300
38600
15200
33100
19100

a6
15
a5
1558
w180
842
4080
1050

as
1
16
2200
6300
1010
&350
1150

76

"
1220
1850

a2
1BS0
aua

91
12
12
1990
2190
782
2230
E=1]-

335
21
wo

16500
9550
16400
9560
16460

.839
1.041
2.885

. 99%
3.126
2.660
3.423
2.371

. 956
3.5
3.025

.659
2.095
2.416
2.20%
2.435

.985
1,544
1.979
1,34y
2.103
2.708
2.259
2.634

1.093
1.487
1.681

.BB9
1.945
3.095
2.054
2.969

.82
1.203
2.835
2.139
4,042
ran
3.985
1.165

109
210
Q7
eez20
0310
26800
a640
33600

213
227
S2
8630
7800
27700
8770
32200

110
210
17
[1:1V]
“w870
27200
5110
31400

a3
212
3
5540
3ena
26380
4340
30500

519
859
116
8840
wu200
156000
w3700
153000

135
160
i?
7840
2860
12000
160
15200

a2s3
V18
33
7860
3w20
11300
3020
14S0D

33
159
12
€420
2270
11300
2480
tS00

61
165
16
6400
2130
11000
awlo
14200

31y
€61
&8
0400
318500
101000
187500
103000

- Taw
.32
1.630
1.125
2.153
2.460
2.125
e.173

.8ua
1.275
1.573
1.131
2.281
2.u58
2.295
2.161

3.323
t.321
1.410

-963
2.145
2.497
2.060
2.166

1.522
1.28%
1.963
I.022
}.7B4
2.397
1.€01

2.148

1.653
1.300
1.706

-850
2.389
1.545
2.337
1.485

192
211}
237
9937
a3sa
29075
87874
33293

233
228
3u2
o278
71366
2B8)52
786G
32626

w40
21
261
2637
63281
27458
T304
a1

355
213
286
6910
57365
26372
63017
3127

593
660
1112
57099
“w667D4
159168
“UE264%47
156201

173
163
230
auB1
71826
12377
76323
159613

273
119
3439
8676
61718
11835
€9701
1L 360

43

161

255
10873
57874
11655
62876
tngay

“39
166
a87
7323
%+7898
11793
53701
4831

u£B
€62
13
wase?
299033
1079:9
211048
109824

.B21
§.299
1.03)
1.172
1.158
2.349
t.151
2.132

«860
1.276

.979
1.193
1.156
2.379
1-128
2.12%

.B10
1.312
1.026

.886
1.197
2.354
1.183
a.\128

.80s
1.284
999
<G44
1.198
2.287
1.173
2.090

1.267
1.299

~999
1.175
2.233
1.475
2.18e
1.422
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TABLE 4.1B: COMPARISON BETHEEN SHA AND LLNL RCSPAN ANALYSIS RESULIS
SUNMMARY OF VESSEL END CELL SUPPORY LLG FORCES .

ELEM COMPORENT GLOBAL =X GLOBAL-Y CLODAL-2 VECTOR Sun
SHMA LLNL SHA SHA LLNL SHMA SHA LLAL SHA SHA L SHMA

LLANL LUNL LLe LLMNL
253 AXIAL FORCE (1) 19 8 a.257 34 4o .853 85 109 -702 au 1nz .805
LONG SHR (23 ] 1 702 [} 1 . 851 9 6 1.371 -] 6 1.383
TRAHS SHR 31 T4 ar .853 27 10 2.685 37 39 -859 a7 as .9L
FORSH MNT 1y 14 14 . 986 4 6 614 153 115 1.330 15% 116 1.325%
TRANS HNT 151 10700 9430 1,135 “0B0 2680 1.522 4560 5260 -867 12326 11125 1.108
LOhO MNRT 160 29 1 .70 20 as  1.162 SuB 395 1.387 550 398 .38
TARANS HNMT (11D 10000 g4+70 |, 140 “090 26860 1.526 4500 5280 .a67 12uay 11169 1.12
LONG MNT (12 29 4l .703 28 2w 1.180 552 398 1.387 SS4 “ol  1.38)
259 AXJAL FORCE (1) 3z 13 2.52y4 32 37 -870 60 86 - T94 a2 94 -867
LGOGNG SHR (21 ] [} -856 t a 1.7u7 7 S 1.336 2 S 1.335
TRANS SHR (3) 117 137 .a54 24 12 2.o00 Su 4?7 1.150 13 15 902
TORSH HMNT t41 10 13 773 3 3 1.147 70 56 1.236 70 58 1.218
TRANS MNT $5) 1550 6230 11.212 3650 3250 1.123 3900 3580 ).0B2 9283 7932 1.70
LO&LS MNT (6 21 26 15 31 i &2.060 u57 339 t.340 4S9 3ug  1.347
TRANS MNT L1112 7610 €360 .208 3660 3260 1.123 4010 3700 1.064 a348 B001 1.168
LONG HNT 112) 21 26 -820 33 13 2.059 460 3wt 1.349 L1 342 1.348
265 AXIAL FORCE (1) 25 i .653 ug 58 .800 188 au7 .61 195 as? - 761
LOKG SHR (23 15 22 .603 i 5 t.669 169 138 1.370 190 w0  1.357
TRANS SHR 33 134 1e 1.186 19 23 .B836 50 S 1,130 144 23 177
TORSN MNT (4} al 15t 535 149 153 <87 3310 2520 1.308 I3 2539 1.30%
TRANS MNT 15) 35300 26900 1.312 3710 “+090 -907 6350 5500 1.155 36050 27760 V.299
LONG HMNT (6) a3 1350 .6786 624 369 1.691 123060 68910 1,280 12350 019 ¥.389
TRANS MRT 111) 35300 27000 ) .307 37t0 w080 . 909 6370 5520 1.194 6062 27859 }.284
LORG 1NT {12 926 1360 676 628 371 1.693 ta4oa 6980 1.381 Lausa 9090 1.370
272 AXIAL FORCE (1) ys 34 3.328 s3 S4 .991 275 338 m-1L) aay 344 .8a25
LOKD SHR t2) -] 8 1.010 3 S 2.440 208 157 1.325 209 157 ).326
TRANS SHR ¢ Xt a9 1|8L 1,093 ° 131 23 .831 aa 21 .97t 204 gy 1.09%
TORSN MNT 14} uis 6a4 .699 2y RS& .Bug 4230 368Q 1.2A8S5 w55 37w .27
TRANS MNT (S 10500 wiSh 2.554 3500 3670 1.035 270 7810 .803 12ea9 9575 1.346
LONG MNT 162 577 704 .820 6858 352 2.438 13000 9660  1.343 130%) 9712 ).343
TRANS MMT (11D tazo0 170 2.566 3800 3660 1.038 €280 7820 .ga3 12976 95688 1.353
LONG MUT (12) 581 708 821 265 355 2.437 13100 9760 1.342 13141 9792 1.342
280 AxlaL FORCE 1133 210 ‘€83 «Twe ua 4“5 .18 104 2014 .517 238 358 &80
LANG SHR (21 15 ‘ea 130 e 4 2.111 19t 138 (.37 192 vt 1,365
TRAHS SHR 13) 171 178 .96 ™ 8 1.897 tS 20 M7 a2 179 .961
TORSH HUT 14) 179 165 1.085 136 106 1.283 3960 4370 1. 36 S964 w374 ).363
TRANS MNT 15) 26800 22300 1.282 2780 3280 . 851 2280 3370 .677 27041 22791 t.187
LCGUG (T (B 1250 1700 735 B4 330 2.042 13300 9948 1.398 13372 10090  1.38%
TRANS 1T 11 28800 22«00 1,196 2800 2230 .851 2280 3380 -675 27042 22891 1.181

LONG MUT ¢(2) 1260 1710 .732 678 332 2.042 14000 10000 ) .%00 ™M073 10151 1.386
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TABLE 4. )C:

gy
265
286
87
3€8
3e9
370
a7
322
373
374
375
376
Rkl
373

AX1aL
AX{AL
AXL AL
AXL AL
AX | AL
Ax|AL
AxiaL
aAX | aL
AX | AL
AXLAL
AX1AL
AX 1AL
AX AL
AX] AL
AxXlaL

CONT,

FORCE 1)
FORCE 11)
FORCE (1)
FORCE (1)
FORCE t1)
FOHCE 1)
FORCE 11
FORCE <
FORCE (11
FORCE (1
FORCE (1}
FORCE (1}
FORCE (1))
FCRCE 1)
FORCE (1)

UHITS: FORCE -« KIPS

n 10
al a4
10 "
a 3

e a

e 2

&

1 1

1 1

1 ]

1 1
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.os2
1.022

31
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35
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§.0086 35
1.1%5 Sl
.997 39
1.036 11
. 969 13
1.061 o
1.1 (L]
1.035 S
1.047 S
1.06%9 S
1.060 S

15
1.039 15
1.067 15
1.073 [§:]
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u3
4o

t.0ott
1.18i
.986
t.a19
1.00%
1.0@8
1.110
1.015
1.027
1 054
1.042
.979
1.009
1.029
1.077



4,1.2 Total Effect of Modeling and Analytical Method

The second dynamic analysis we performed was a CLASSI fixed-base
amalysis, For this analysis, we used the free-field time histories, described
in Section 3.1, applied directly to the base of the model. Globval foundation
rotations were restrainad; only the local rocking which was included in the
structural model was included. We assumed a uniform 5% damping throughout the
vessel, to be consistent with the LLMNL analysis. We compared the CLASSI
fired-base resslts with the LIML results to benchmark the differences in
response caused by the cumulative effects of differences in the models, in the
analytical methods and in the dafinitions of the input motions. Again, to be
consistent with the LLML results, we applied a factor of #.75 to our fixad-

base results.

Tables 4.23 through 4.2C show our comparison between the CLASSI
fixed-base analysis and the LLNL analysis. The CLASSI values shown in these
tables have been scaled by a facter of §.75 to be consistent with the LLML
results which were calculated based on a reduced design responsa spectrum that
was used for input. Also note that two CLASST values are given for each forcz
component listed, These values are for corresponding locations on either side
of the plane of symmetry. They are diffsrent because of earthquake component
phase information that is retained in the CLASSI amalysis but not in a
response spectrum analysis, For our comparison we tock the averages of the
CLASSI pairs of results and divided them by the ULNL results.

Our comparison resulted in ratios that were generally slightly
higher than the ratios obtained from the RESPAN comparisons previously
discussed, 1In the end cell piers (Table 4.23), forces and moments increased
by about 10%. Moments in the center cell columns increased by about 20% to
values about equal to LLNL values. Forces in the vessel end cell support legs
(Table 4,2B) increased by about 5%. Magnet hanger amd strut forces (Table
4.2C) gererally decreased slightly.

In general the differences between the fixed-base analysis and the

"SMA response spectrum analysis were fairly uniform and within the range of

differences one would expsct from comparisons between the CLASSI Fourier

t4-11



TAGLE w.2A: CCHMPARISON BETWEEM CLASSI FIXED SASE AND LUNL RESPAN ANALYSIS i
SUMHARY QF FOUNDATION FCRCES

[£2) (3] RATIQ |
ELMT  COMPONENT LUNL RESPAN .75 X FIXED BAST i)
NO. ANALYS1S ANALYSIS i

COLUMN BASES SUPPORTING CENTER CELL BOX BEAMS

188 AXIAL FORCE (13 821.5 295.5 300.9 480
LONG{ TUDINAL SHEAR (2} am.8 230.1 ag.2 .85 i
TRANSVERSE SHEAR (3) 1.8 12.4 e .03 !
TORSIONAL MOMENT ty) 419.5 356.7 .7 919 i
TRANSVERSE MOMENT (%) 5159.8 50474 4820, 1 .956 !
LONGITUDINAL HOHENT (61 1751.9 1595.5 1877.1 .906 !
TRANSVERSE MOMENT (1) 4869.5 4703.9 w509, 1 946 P
LONGITUDINAL HOMENT 1121 9704.0 B2E6.6 85,2 888

309 AXIAL FORCE t(1 604.0 293.0 280.0 M79 ]
LONGITUDINAL SHEAR 12) 213.7 278.3 230.0 .856 ‘
TRANSVERSE SHEAR (31 5.1 3.7 3.6 .m :
TGRSIONAL MOMENT (u1 4g3.3 35,4 wi.8 K:-%) '
TRANSVERGE MOMENT (51 S098. 48347 uB2s.2 .953 !
LONGITUDINZL MCHENT 15) 1731.5 £83.5 1855.1 .903 :
TRANSVERSE MOMENT (11) Sili.u “g4g 4 48546 .958 ;
LONG! TUDINAL MOMENT 112} 8582.5 8480.3 8286.7 .885

330 AXIAL FORCE (1) %81.3 ge1.2 217.2 462 :
LONGITUQINAL SHEAR (2} - gwd.! 231.9 210.9 .80y .
TRANSVERSZ SHEAR (3) 1.8 i2.§ e 1.561 '
TOASICNAL MCMENT (4 352.1 379.9 366.8 1.083 E
TRANGYERST MOMENT (S) wgs8.2 S1E8.5 5045.6 1.043 i
LONGI TUDINAL MOMENT 16) 1650.0 EECERY 2278.1 1,377
TRANSVERSE MOMENT (110 4507.2 §171.2 S01u.8 1.038
LONGITUDINAL MOMENT (12} 8665.1 9004.5 862w & 994 '

331 Ax[AL FORCE (1) w154 203.2 223.9 458 !
LONGITUDINAL SHEAR (2) 247.9 eau.2 225.4 807 :
TRANSVERSZ SHEAR (1) 13.8 17.1 18.5 1.291
TORSICNAL MOMENT 14) 388.1 438.2 432.7 1.122 f
TRANSVERGE MOMENT (5) 5102.0 5535.1 5512.3 1.083 i
LONGITUDINAL MOMENT (1 1660.1 22M.3 2284.0 1.373
TRENSVERSE MCMENT (11) S469.8 5022.1 5051.3 1.104 :
LONGITUDINAL MOMENT (13) 88u9.4 B659.4 8935.6 - 1954 :

00 AXIAL FORCE 11 396.6 360.7 w52 1.0l ,
LONGITUDINAL SHEAR (2} 1050.0 928, 1 925.4 883 !
TRANSVERSE SHEAR (31 £56.0 §37.7 521.7 .958 |
TORSICHAL MOMENT (W) 193.2 $179.3  Be2.6  1.398 R i
TRANSVERSE MOMENT (S) 156297.7 183278.9  180545.3 1.166 i
LONGI TUDINAL MOMENT (62 177002.8 78012.2  78076.5 Ll !
TRANSVERSE MORENT 1113 157249.0 18%362.6  182009.0 1.165 :
LONGITUDINAL MOMENT (121  173002.8 79901.3  79982.2 Lu4?

[ ————————



TABLE 4.24: CONT.
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a4?

aue

PLER BASES IN €MD CELL
AXIAL FORCE )

LONGI TUDINAL SHEAR (2}
TRANSVERSE SHEAR (3)
TORSIONAL MOMENT (43
TRANSVERSE MOMENT (%)
LONGITUDINAL MOMENT (&1
TRANSVEASE MOMENT 111)
LONGITUDINAL MOMENT (12}

AXI1AL FORCE 119
LONGLTUDINAL SHEAR 1)
TRANSVERSE SHEAR (1)
TORSIQMAL MOMEMT (41
TRANSVERSE MOMZNT (5}
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TRANSVEASE MOMENT (1)
LONG I TUDINAL MCMENT (12}

AXIAL FORCE (1)
LENGITURINAL SHEAR (2)
TRANSVEASE SHEAR (3)
TCRSICNAL MOMENT (4}
TRANSVEREL MOMENT 45)
LCNGITUDINAL MOMENT (B)
TRANSVERSE MOMENT (1)
LONGITUDINAL MOMENT (12)

AXTAL FCRCE (1)
LONGITLDINAL SHEAR (2}
TRANSVERSE SHEAR (3)
TORSICHAL MCMENT (%)
TRANSVERSE HCMENT (5)

LONGITUDINAL MOMENT (6}

305

TRANSVERSE MOMENT (1]
LONGITUDINAL MOMENT (12)

AX1AL FORCE t1)
LONGITUDINAL SHEAR 12)
TRANSVERSE SHEAR (31
TORSICNAL BOMENT t4)
TRANSYERSE MOMENT (5
LONGI TUDINAL MOMENT (62
TRANSVERSE MDMENT ti1)
LOHGI TUDIMAL MOMENT {12y

UNITS: FQRCES - KIPS

MOMENTS = KIP-IN

173.3
162.6
229.9
84814
71628.3
12376.5
16323.3
(5613.2

2.6
178.8
8.5
g616.1
61717.7
1183%.0
68700.8
15360.2

543.3
161.0
254.5
10872.9
/7874,
11655.0
62076.2
14883.5

439.0
165.9
286.7
7322.7
47891.5
117834
53700.5
14@g9].3

467.9
g62.1
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Wi io—=ion
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2M.0
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66a5.2
6BSS5. 4
28736.8
758774
33311.5

7924
a43.1
1388.8
43148.6
521669.8
165656, ¢
516072.2
162129.1

182,
227.
262
10809.
18659
29992
64061
Jwual

en.
as2.
383,
(1159,
£8393.
29029.
15461
34016

4u60.
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32s.
9837
16387
2es15.
ez2383.
33199.

“00.
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6622.
§5278.
749
72409.
32008.

an.
3
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41663.
493193,
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.
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2.426
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1.4
1.333
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1.277
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TASLE 4.28: COMPARISON BITHETN CLASSI FIXED BASZ AND LLNL RESPAN ANALYSIS
SUMMARY OF VESSEL END CELL SUPPORT LEG FCRCES

114

NO.

253

265

280

=)

COHPONINT

AXIAL FORCE (1)
LCNGITUDINAL SHEAR t2)
TRANSVERSE SHEAR (3}
TORS IONAL, MOMENT (43
TRANSVERSE MOMENT 5)
LONGI TUDINAL MOMENT (61
TRANSVERSE MOMENT (11)
LONGITUDINAL HMOMENT (12)

AXUAL FCRGE (1)
LONG I TUDINAL SHEAR 12)
TRANSVERSE S=ZaR (3t
TCASICNAL MOMENT (W)
TRANSVERSE MOMENT (51
LONGITUDINAL MOMENT (B)
TRANSVERSE MOMENT (11}
LONGITUDINAL MDMENT 1ld)

AXTAL FORCE (1)
LCNGITUDINAL SHEAR (283
TRANSVERST SHEAR (3)
TORSICNAL MOMENT (4)
TRANSVERSE MOMENT (5)
LONG | TUDINAL MOMENT (8)
TRANSVERSD MOMENT (1))
LONGITUDINAL POMENT (12)

AKIAL FCRCE (1)
LONGITUDINAL SHEAR (2)
TRANSVERSE ShEaR {31
TCRSICHAL MIMENT (w)
TRANSVERSE MCMENT (S)
LONGITUDINAL MOMENT (B)
TRANSYERSE MOMENT (11}
LONGITUDINAL MOMENT (12}

AX1AL FORCE t1)
LONGITUDINAL SHEAR 12}
TRANSVERSE BHEAR (31
TORSIONAL MOMENT (4}
TRANSVERSE MOMENT (S)
LONGITUDINAL MOMENT (B)
TRAHSVERSE HOMENT (113
LONGUTUDINAL MQMENT (181

AX1AL FORCE (1)
LONGITUDINAL SHEAR t2)
TRANSVERSE SHEAR 13)
TORSIQHAL MOMENT ¢4)
TRANSVERSE MOMENHT (S)
LONGITUDINAL MOMENT (61
TRANSVERSE MOMENT (111
LONGITUD AL MOMENT (12)

i

LLNL RESPAN
ANALYSIS

116.9
6.3
35.4
116.0
11125.4
1.8
11188.8
“00.9

o

3
DHa?
LI W~ OO

793

800!

[ [
x T
=R~

el
o
@ g
W

122.5
2538.1
27759.5
9018.2
278%3.5
$090,0

439
187.3
183.8
3741.0
98734
97119
9588.4
979%2.1

350.0
0.5
179.3
w3Tu. 4
22790.5
10089.7
22831 .2
10150.6

305.5
1434
1521
4533.3
7268.6
10240.7
13e2.2
10340.8
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J75 % FIXED BASE

ANALYSIS
104.9 100.0
9.1 9.0
100.0 85.%
159.% 162.0
13141.9 1ieed.o
£60.v §70.6
13161.6 11924.0
984.7  9Tw.B
98.5 90.0
7.0 7.1
125.3  129.9
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218.8 198.5
4Bg5.7  50%3.2
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TABLE 4.28 CONT.

AXIAL FORCE (1)
LONGITUDINAL SHEAR (2)
TRANSYERSE SHEAR (3)
TORSIONAL MOMENT (W)
TRANSVERSE MOMENT (%)
LONGITUDINAL MOMENT {G)
TRANSVERSE MCMENT (111
LONGITUDINAL MOMENT (12}

AXIAL FORCE (1)
LONGITUDINAL SHEAR (2)
TRANSVERSE SHEAR 1)
TORSTONAL HOMENT i)
TRANSVERSE MOMENT (%)
LONGITUDINAL MCMENT i6)
TRANSVERSE MCMENT (11)
LONGITUDINAL MOMENT (121

UN[TS: FORCES - KIPS

MOMENTS = KIP-IN

3.2
5.0
63.0
4.3
5859.1
2s8.2
5851.4
2%8.2

290.3
5.1
16.2
LY A
4aui.7
251.9
4e22.9
263.8

355.3
1.3
S4.6
55.4
$170.8
398.1
5190.3
381.4

298.3
1.3
153.7
4.7
S669.4
379.0
S712.1
382.7

130.2
7.5
15t
51.7
6388.2
308.9
§429.6
352.6

1102
1451
1.435
1.283

.887
1.469

.g92
1,466

1.083
1.446
.32
1.293
1.2u6
1.467
1.259
1.470
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3
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e
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3az2
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32w
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2
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L 3uy
38
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7
8
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38y
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380
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: CCMPARISC: BETHEEN CLASSL FIXED BASE
SUMMARY GF MAGNET HANGER AND STRUT FCRCES

(431
LLKL RESPAN
ANALYSIS
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533.9
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.75 X FIXED BAast
ANALYSIS
265.6 a2l
evg.2 229.1
202.9 2930
506.0 £20.7
S04 £06.8
582.5 515.6
6.6 g4
27.2 28.7
7358 §7.9
16.9 15.9
5.5 7.3
LEM w.?
148.1 185.3
5.1 78.0
85.¢ g2.9
125.7 129.2
25,7 23.3
336 30.4
§3.7 £2.2
Sl us.5
1.8 12.6
13,5 15.1
40.3 3B
8.2 9.5
9.1 10.9
35.9 17.3
1.9 12.3
i3.v 1.7
66.! 62.0
46.3 .8
52.7 47.3
49, 45.2
52.1 63.8
4.4 4.4
4.8 4.3
e0.7 20.0
.S 1.8
10.3 10.7
w2 40.8
10.4 10.8
R 9.4
g0.0 49.1
a5.7 2a.a
6.6 21.2
cb.1 4.3
1.3 21.9
9.4 a.8
11.1 10.7
9.2 10.6
10.7 1.7

AND Limt RESPAN anaLYsis
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o
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.453
1.022
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1.208
.59t
W1y
1.1}
.40
662
1.077
1.048
1.08%
1.06!
i.026
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methodology end the responsa spectrum method. Thus, the major source of
differences is the mathod of modeling the local foundation rocking springs.

4.2 RESULTS FROM THE COUPLED VESSEL/VAULT SSI ANALYSES

Our bhest estimate of vessel response to a ©.25g earthquake
excitation is obtained from our CLASSI SSI analysis of the vessel and vault
together, coupled through the soil. These amalyses include the two major
effzcts which influence vessel resp.nse and cause it to differ from rasults
calculated from the fixed-base analysis: SSI and interaction with the
vault, The effect of SSI is to modify the motions on the foundation from
three translational free-field motions to a set of six motions (three
translational, two rocking and a tcrsional component). The effects of the
assumed rigid foundation mats are included with a 6§ x 6 matrix of
trapslational, rocking, torsional and coupling terms. Energy radiated away
frem the structure ("radiation damping") is included in the foundation
impedances.

l 'Interaction with the vault (oftzn termed "“structurse-to-structure
interaction") describes the dynamic effects of the vessel and vault on each
other and is dependent on the relative masses of the two structures as well as
their stiffness and damping characteristics, proximity of their foundations,
and the flexibility and damping of the soil deposit.

The two effects discussed above were studied individually in our
previous analyses of the A-cell vessel ‘(Ref. 1). Generally, the same trends
observed for the A-cell vessal occur here although some differences occut due
to the differences in dynamic progerties of the A-cell and Aricell models.
Only the cumulative effects of SSI and interaction with tha vault are
discussed in this repart.

Wa analyzed the coupled vessel/vault/soil systam for three sets of
soil properties to account for uncartainties in their values. The three sats
of soil properties were: the best estimate properties discussed in Section
3.2.1 which are denoted "nominal" properties; "stiff" properties for which the
soil shear moduli were 1.5 times the nominal values; and “soft" properties for
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which the soil shear moduli were 1/1.5 or i/3 times the nominal values, The
same soil material damping was used for all sets of properties. For all
coupled SSI analyses we used composite modal damping in the vessel to reflect
differences in damping in different parts of the vessel.

4,2.1 Effects of SSI and Vessal NVault Interaction

We compared the results of our CLASSI coupled SSI analysis fer
nominal soil properties with our CLASSI fixed-base anmalysis to study the
effect that SS5I and interaction with the vault had on vessel resgonse. For
theée comparisons we used the unfactored fixed-base results (i.e. no 25%
reduction), For each response we calculated the ratio of the greater of the
o f(east half vs. west half) coupled SSI results to the greater of the two
fixed-base results, Our results are shown in Tables 4.3A through 4.3C.

Qur comparison showed that the combined effect of SSI and
interaction with the vault resulted in an pveréll reduction of about 26% in
vessel forces. Foundation forces (Table 4.3R) generally were reduced about
20% in the trangverse direction ad 25% in the longitudinal direction.
Reductions in the end cell piers were generally less than these in the center
cell, averaging about 15% for transverse force components and 20% for
longitudinal components. In the center cell the reduction was about 22% for
transverse forces and about 29% for longitudinal forces, For the vessel
support legs in the end cells (Table 4.3B), the force reduction was about 15%
in the transverse direction and about 30% in the longitudinai direction,
Forces in the magnet hangers and struts (Table 4.3C) were generally reduced by
about 15%. Horizontal strut forces were generally reduced from 20% to 30%,
averaging about a 25% reduction, while vertical hangers experiencad an overall
increase of about 8%.

The overall reduction of forces experienced by the vessel was not as
great as the 25% we had previcusly anticipated, This is probably due to the
decrease in the natural frequencies of the vessel caused by the increased
flexibility beneath the foundation piers and columns, This increased
flexibility resulted in vessel frequencies that were much closer to the vault
frequencies and probably caused increased amplification because of this. it
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4.3A: COMPARISCN BETHEEN CLASST COUPLED SSI anD FIXED BASED ANALYSIS
SUMMARY CF FOUNCATION FGRCES

COMPONENT

tn

FIXED BASE
ANALYSIS

COLUMN BASES SUPPQRTING CENTER CELL 80X BEAM

AXIAL FORCE (1)
LONGITUDINAL SHEAR (2)
TRANSVERSE SHEAR 13)
TCRIIONAL MCMENT (u)
TRANSVERSE MOMENT (5)
LONGITUDINAL MOMENT (6
TRANSVERSE MOMENT 111D
LCNGITUQINAL MOMENT (12)

AX1aL FORCE (1)
LONGITUDINAL SHEAR (2)
TRANSVERSE SHEAR (3)
TCRSICNAL HCMENT (4!
TRANSVERSE HCMENT (S)
LONGITUDINAL MOMENT (8)
TRANSVERSE MCMENT (119
LONGITUDINAL MOMENT (123

AX1AL FORCE (1)
LONGITUDINAL SHEAR 2)
TRANSVERSE SHEAR 13)
TCRSICNAL MOMENT (41
TRANSVERSE MCRENT (%)
LONGLTUDINAL MOMENT (61
TRANSVERSEZ MOMENT (111
LONGITUD[NAL MOMENT (12}

AXIAL FOACE (1)
LONGITUDINAL SHEAR ()
TRANSVEREE SHEAR (3)
TORSICNAL MOMENT 1w
TRANSVERSE MOMENT (S)
LONGITUDINAL MSMENT (6)
TRANSVERSE HOMENT (111
LONGITUDINAL MEMENT {122

AXIAL FQRCE t1)
LONGITUBINAL SHEAR 21
TRANSVERSE SHEAR 1)
TORSIONAL MOMENT (4}
TRANSVERSE “OMENT 15)
LONGITUGINAL MOMENT (6)
TRANSVERSE MCMEMY 131)
LCRGITUDINAL MOMENT 112)

334.9
306.8
16.6
%29.9
6739.9
2128.6
6271.8
Hoge.1

398.7
n7.e
N.9
S80.6
B536.2
20%1.7
6592.2
11307.1

302.9
308.6
16.
506.
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3058.
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12006
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3032.
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.
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COLPLED SS1
ANALYSSS
3E8.1 363,
228.4 210,
11.8 13.
428,95 388,
£234.9 4653,
1422.,5 1494,
4Bs1.? w404,
8033.2  4%6.
141.8 324,
2le.b 225,
4.3 Y4
417.1 466.
4gsI.2  4968.
1535.7 1405
w30 4978,
7700.0 7930.
2wy, 3 216.
201.4 az2.
.0 12.
387.4 351,
50%4.3 Wy,
2077.4 2122,
£€353.2  us0e
720.9 €S,
211.7 217.
224.7 203,
19.2 20.
“08.3 Y2E,
$471.0 5231.
2165.9 2060.
5525y 5383,
8682.5 7300.
417.1 417,
ae4.7 Qs2.
521.1 S09.
12060. ) 9128.
176285.0 173383,
72515.9  TIMp2.
177308.2 17310,
Te295.5  73138.
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245

gu?

248

303

PIER BASES IN END CELL
AXTAL FQRCE 1)

LONGI TUDINAL SHEAR (&)
TRANSVERSE SHEAR (3)
TORSICNAL MOMENT (W)
TRANSVERSE MOMENT (51
LONGI TUDINAL MOMENT t6)
TRANSYERSE MOMENT ¢11}
LONG) TUDINAL MOMENT 1)2)

AXJAL FORCE (1)
LONGITUDINAL SHEAR (&t
TRANSVERST SkEAR (33
TCRSIONAL MOMENT (4)
TRANSVERSE MOMENT (SI
LONGITUDINAL HQOMENT (6}
TRANSVERST MCHENT (111
LONGITUDINAL HOMENT (12}

AXIAL FORCE (1)
LONGITUDINAL SHESR (2)
TRANSVERSE SHEAR (3)
TORSIQNAL MOMENT (4)
TRANSVERSE MOMENT (51
LONGITUDINAL MOMENT (B)
TRANSVERSE MCMENT (11)
LONGITUDINAL MOMENT (12}

AX{AL FGRCE ()
LONGITUDINAL SHERR (2}
TRANSYERSE SHEAR (3}
TORSIONAL MOMENT {4)
TRANSVEREE MCMENT (5)
LONGITUDINAL MOMENT (61
TRANSVERSE MOMENT (1)
LONGITUDINAL MOMENT (121

AX1AL FORCE (1)
LONGITUDINAL SHEAR (2)
TAANSYERSE SHERR (3)
TORSIONAL MOMENT t4)
TRA SYERSE MOMENT (54
LONGITUDINAL MCMENT (B2
TRANSVERSE MOMENT 111)
LONGITUDI: AL MOMENT (12)

UNITS: FORCES ~ KIPS

MCHENTS - K(P-IN

270.0 avl.?
308.6 303.3
376.9 49.3

16581 1wwid.}
tiv@tt.6 105145.5
«Q405,7  39989.8
122230.4% 112082.%
w6371.3  4558.5

120.3 362.4
326.6 336.5
$10.0 w06

14577.9  14877.%
ggue2.0  qui91.3
40386.7 36705.8
1095724 100614.9
46819.2  w5355.%

651.2 613.7
319.5 28%.3
465.5 436.9
(vi2e.7 13250.0
197731.9 101863.3
37854,0  3E420.5
116993.7 110644.5
43593.8  wwlBE.|

487.8 §21.9
312.6 306.8
489.6 477.0
9689.3 6e23.9
91393.9  gegey.!
18315, 36559.0
101303.2  9BSM4E.v
WSy 42573.9

10%6.9 1166.0
1257.% 1241.6
1851.7 1733.3
§753t.4 55531.8
635554 .4 §57550.9
2211%.7 218804.6
689026.3 650604.2
216172.1 213689.8
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203.%
267.9
339.0
11473.5
104353.6
3NANI
111058.5
61190

305.7
27.3
.2
19908.1
89372.8
27252.0
aglou .7
32085+

541.3
265.6
.2
11918.2
86126.2
29358.4
93%57.0
34m13.3

469.8
&57.3
383.7
6379.1
73063.4
024
80g6e.0
31937.8

967.%
1063.8
1535.0

65246.7
597941 .2
165953.9
591644.5
161864.9

€31.8
46,5
3
9627.5
92598.5
27301.%
98738.8
REESR)

.2
269.0
4186.0
13295.8
€21%8.0
30824.3
904e6.9
35079.6

601.2
280.)
338.8
12865.6
79280.9
27049.6
€6733.2
31995.7

§u41
a63.
3%.
6862
£8838.
31178,
76240 .
36457,
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0734,
§73373.
15490%,
SG76%6.2
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TAELE v.2B: COMPARISCN EETHEEN CLASS! COUPLED 51 AND FIXED 84SED ANALYSIS
SUMMARY OF VESSEL END CELL SUPPORT LEG FORCES

mn 2
ELMT  COMPONENT FIXED BASE COLPLED 551
NO. ANALYSIS ANALYSIS
253 AXIAL FORCE (1 139.9 123.4 108.2 103.
LONGITUDINAL SKEAR (21 12.1 12.0 8.% 8.
TRANSYERSE SWEAR (3) 133.3 114.0 1ie.2 He.
TORSICNAL MOMENT (41 212.5 2l6.0 154.7 140.
TRANSYERSE MOMENT (5) 14g2.5  1564v.0 16179.6  15925.
LONGITUDINAL MOMENT (6) 773.9 760.8 832.1 5186
TRANSVERSE MOMENT ¢11) 17%48.8 15698.5 16228,  15980.
LONG! TUDINAL MOMENT (12 779.6 756.4 5361 519.
€59 AX[4L FORCE (1) 131.3 120.0 106.5 9
LONGITLDIMAL SHEAR (2) 9.4 9.5 6.7 5.
TRANSVERSE SHEAR (32 167.1 173.3 155 6 148,
TCRSICNAL MOMENT (4) 94.6 100.5 ™0 65.
TRANSVERSE HCMENT (5) 11424.5  (34S4.6 10963.2  |0685.
LONG I TUDINAL MONENT (6) &ul.7 650.0 445.0 435.
TRANSVERSZ MOMENT (11) l1v9g.8  135%0.7 11ce8.6  J0782.
LONG | TUDINAL MOMENT (32} 645.1 654.5 44g, | 438
235 AXIAL FGRCE (1) 258.7 278.1 209.3 an
LONGI TUDINAL SHEAR (21 255.5  @83.9 186.5 171
TRANSVERSE SMIAR (D) 194.6 ¢+ 1804 | mn.2 183.
TCRSICNAL MOMENT (w) 627.2 4692.6 3206.6 nm
TRANSVERSE FOMENT (5) 47076.7  43Bwu.| 7626.7 38261
LONGITURINAL MCMENT (61 1735+.8  (7185.9 12102.6  113%%.
TRANSVERSE MGMENT (111 47151 %3920.2 36828.7  3gwse
LONGITUDINAL MOMENT (123 17486.2  17316.3 1218+.9  [1us0,
272 axlaL FCRCE (1) 349.u 428.8 328.5 L]
LONGITUDIMAL SHEAR 21 290.8 297.7 296.6 194.
TRANSVERSE SHZAR (I3 291.8 264.8 &53.2 225,
TORSIONAL MOMENT (4) 6527.6 B74%.3 4761.3 4340
TRANSVERSE MOMINT (S) 20583.7  16836.4 17897.3  15784.
LONGITUDINAL MCOMENT 16) 18192.)  18537.0 12750.6 12212,
TRANSYERSE MOMENT ¢ 11 20713.1  16923.5 18019.4  15B7S.
LONGITUDINAL MOMENT (1) 18335.3  18683.5 l2gse.2 12307,
280 AxlaL FORCE 111 345.3 335.4 329.3 a7s.
LONGITUDINAL SHEAR (2} 269.7 265.2 187.8 176.
TRANSVERSE SKEAR () 248.4 225.6 223.5 189.
TCRSIOHAL MOMENT (41 46,0 8303.7 5698.3 €663
TRANSVERSE MOMENT (51 38013.2 32465.8 9i1.2 247
LONGITUDIMNAL MCMENT 16) 19503.9 19331.8 13790y {2761.
TRANSYERSE MOMENT (111 36142.0  3260M4.14 32025.8  25557.
LONGITUDINAL MOMENT (12) 19736.3  19%61.5 13832.3  12847.
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886

292

AXIAL FORCE (11

LONGI TUDINAL SHEAR (2)
TRANGVERSE SHEAR (34
TORSIQNAL MOMENT (4
TRANSVERSE MOMENT (5}
LONGI TUDINAL MOMENT (B
TRANSVERSE MOMENT (111
LONGITUDINAL MOMENT 112)

Axlat FORCE (1)

LONGI TUOINAL SHEAR (2)
TAANGVERSE SHEAR 133
TORSJOMAL MOMENT 14}
TRANSVEREE MOMENT (S)
LONG! TUDINAL MDMENT 1B)
TRANSVERSZ MOMENT (11}
LONGITUDINAL MOMENT (12!

AXTAL FQRCE t1}

LONGI TUDINAL SHEAR (29
TRANSVERSE SHEAR (D)
TORSICONAL MOMENT (4}
TRANSVERSE MOMENT (51
LONG{ TUDINAL MOMENT (5)
TRANSVERSE MOMENT (1(1
LONGI TUDINAL MCMENT (12}

UNITS: FORCES - KIFS

MOMENTS - KIP-IN

305.5
an.8
206.7
BE3w.8
1373%.3
19802.4
138214
19940.5

473,
9
128
3
689%.0
Ggu.e
6220.4
S09.1

[ - e

337.7
9.7
20%.9
72.9
7559.2
509.4
7616. 1
510.2

246.5
275.7
194.1
8632.6
12944 .6
18388.2
13026.9
20127.7

LITIR|
9.5
185.¢
7.4
6972.3
435.7
7005.8
500.5

440.3
10.0
201.5
7€.9
6517.6
518.9
8572.8
523.5
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TABLE 9.3C: CCMPIRISON BETWEEN CLASS] COUPLED SS1 AND FIXED BASE ANALYSIS
SLMMARY CF MAGNET HANGER AND STRUT FCACES

ELMNT
NG,

313
34
318
316
7
318
n4
320

i

FIXED BASE
ANALYSIS
354.4 32z.8
350.9 305.4
330.6 399.7
B™+.7 694.2
760.6 §75.7
6.7 767.9
8.5 2.6
6.3 35.5
s8.! 90.4
22.5 2.2
T4 9.7
57.¢ €6
197.4 167.1
100.1 10w}
11%.9 110.8
168.9 172.3
5.5 31.9
44 7 4¢.3
7.8 68,7
68.2 3.3
15.3 IE.9
18.9 én.2
53.7 51.1
2.2 12.5
12.4 1.9
£2.0 49.8
15.2 6.4
17.8 15.6
88.1 82.7
6.7 2.6
0.2 62.1
65-5 €0.3
69.4 g5.(
5.9 5.9
6.1 5.8
27.6 28.7
15.3 15.8
13.8 .3
5.9 4.5
13.9 1%.1
12.5 12.9
66.6 €5.4
3.3 3n.3
15.5 36.3
37.% 2.
3.3 n.2
2.8 1.1
4.8 Iv.2
12,2 I
1.3 15.7
55.1 43.9
52.0 “a.5

4-24

COUPLED SSI
ANALYSIS
2414 231.%
245.2 233.8
M2.7 299.1
562.7 €05.5
§10.7 550.3
590.2 €60.9
4.5 103.0
39.7 4.y
85.6 8.3
23.3 27.9
g% 9.5
4.9 43,8
160.0 133.2
. n.9
89.7 80.9
12n.s 123.0
358 1.0
6.3 ..
a4.2 64.6
62.8 64.8
18.2 17.5
20.9 21y
46,1 4.6
13.n 2.7
6.6 Ny
37.8 38.8
22.0 19.5
19.3 16.5
62.9 57.8
Su.y 50.5
47.1 S7.4
4.y 45.9
53.9 9.9
7.0 7.0
7.1 5.8
16.5 iB.S
15.3 16.3
\5.8 6.1
38.8 315
8.7 14.7
158.4 4.5
46.¢ 45,4
33.0 26.9
26.3 29.1
2B.8 28,4
28.1 21.9
8.0 9.5
10.6 10.0
9.4 1.y
1.1 10.4
36.9 44.9
3€.9 36.6
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2
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ST
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.10
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I
.48
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.00
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123
.03
.0l
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-696
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should be noted that Eor our previous analyses of the A-cell vessel
confiquration (Ref. 1), where the vessel frequencies wers further separated
from the vault frequencies, forces in the vessel experienced a much greater
reduction {over 30%) dus to SSI ard intaraction with the vault,

4.2,2 Comparison of Coupled Vessel/Vault SSI Analyses with LLML Analysis

We comparad the results of our coupled SSI analysis for the three
different soil property assumptions (best estimate shear moduli, 2/3 and 1.5
of best estimats moduli) with the results of the CINL rasponse spzctrum
analysis. For each force response we calculated a ratio consisting of the
maximm of six values from our CLASSI analyses (east side and west side for
each soil property case) divided by the LLML value., The results for vessal
forces are summarized in Tables 4.4A through 4.4C. Overall, the coupled SSI
forces averaged about 40% higher than the LLNL results. On the foundations
(Table 4.4a), ratios were about equal to the overall average, For the end
cell piers it was higher {almost 80%). Transverse forces and mements were
about 58% higher than the LLNL values; longitudinal shear forces were higher
by about 76% and longitudinal moments were highsr by factors ranging from
about 2.5 to 2.8 (average 2.7) times the LLNL values. BAxial forces were about
30% higher, As was briefly mentioned in Section 4.1.1, the transverse bending
moments were considerably higher than the longitudinal ones; the resultant
moments were about 55% higher. For the center cell support columns, ratios
were much lower., Moments averaged about 10% higher thar LINL values,
Longitudinal shear forces were reduced by about 5% (transversev shears were
insignificant). Axial forces were reduced by about 45%.

For ths vessel support legs in the end cells (Table 4.4B) our
coupled SSI values averaged ahout 45% higher than LLML values. Ratios between
moments varied between 1.03 and 1.9. Transverse moments averaged about 5%
higher; longitudinal moments wers about 55% higher. Shears varied from about:
10% to 60% higher, Vertical forces varied from a reduction of about 6% to an
increase of about 40%.

- Ratios betseen magnet hanger and strut forces (Table 4.4C) varied
between a maximum reduction of abeut 15% to-'a maximan increase of almost 55%
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TABLE “.4A: COMPARISON BETHEEN CLASS! COUPLED SS1

SUMMARY OF FOUNDATION FDHRCES

COMPONENT

COLUHMN BASES SUPPORTING CENTER CELL BOX BEAM

AXTAL FORCE (1) 621.5
LONG I TUDINAL SHEAR (2) 27m.e
tRALSVERSE SHEAR (31 1.6
TORS [ONAL MOBERT () «19.5
TRANSVERSE MOMENT 15) 5159.8
LONGI TUDIAL MOMENT 16) 1751 .9
TRENSVERSE HMOMENT (11 4869.5
LONGI TUDINAL MOMENT (12)  S704%.0
AXQ1aL FGRCE (47 604.0
LONGITUDINAL SHEAR (2) 273.7
TRANSVERSE SHEAR (3) S.
TORSIONAL MOMENT (M) ©63.3
TRANSVERSE MOREMT (51 5098. 1
LONGLTUD TNAL MOMENT 6+ 1754 .6
TAANSVERSE MOMENT ¢k} 5110.%
LEHDITUDINAL MOMENT 112)  SEB2.S
AX]AL FORCE (1) 4wel.3
LOuG TUDINAL, SHEAR 121 249.1
TRANSYERSE SHEAR (3) - 7.8
TGRS ICHAL MDMENT 14w} 352.1
TRANSVERSE MOMENT (S) yguB.2
LONG1 TUDINAL MOMENT (6) 1660.0
TRAMSVERSE MOMERI L bi.  7LWS67.2
LOUKNG I TUDY AL HOHENT (T BB65. )
ax 1AL TTUREE L), FEEYS L9
LENG I TUDINAL SHEAR (23 2u7.9
TRANSVERSE SHEAR (3) 13.8
TORS |OHAL HMOMENT (%) Ba.1

TRANSVERSE MOMENT &5
LONG ! TUDINAL MOMENT \5_)_

TR WU 1)

LONG L TUDIHAL HOMENT 1121 8BY9.Y4
Ax PR - - 396.6
LONGITUDINAL SHEAR (2) 1050.0
TRENSVEREE SHEAR 13) 55570
TORSIONZL MOMENT () wtasz.a
TRANSVERSE MOMENT (53 156247.7

LOHGITUDIHAL MOHENT (&) 177002.8
TRENSVERSE MOMENT (1112 157249.0
LONGITUDINAL MOMENT ti2) 179002.8

LLNL RESPAN
AHALYSIS

SOFT SOfL
357.9 329.3
e2u. ) 191.7

1.0 12.u
383.0 357 .4
4577.8 k0.2
1392.7 10.1
4265.8 4199.0
7EE9.8 6967.9
0.7 323.7
§99.3 218.3

4.1 4.2

389.7 4310.9
LUy2Yy .4 4403 .4
twuB. 3 1363.95
Yu4.2 4460.3
!225.3 769%.8

207.6 225.5

166.0 z1e.6

10.5 11.0

Inr.5 336.8
4554.9 4Y+vgB.1
2023.3 2Z004.0
464S5.3 4811.3
Tv18.1 BlM.6

195.0 19%+.5
213.3 185 3

21.3 17.0

3e8.3 390.1
4@0) .6 4829.8
20u3.2 199¢.1
5209.3 452B1.7
e2¢8.5 7378.1
wia.3 329.5

829.7 B16.8

476.7 .7

t2827.3 10397.3
16044B. 3 60522.8
E9503.3 €68ta4.1}
161408.1 61472.4
71191.9 69062

AND LLNL RESPAN ANALYSIS

350.1
eci. 4
11.8
“3ig.9
524u.9
tu22.5
w9l .7
a03s.2

341.8
212.5
4.3
“i7.1
4651.2
1536.7
“743.0
7700.0

2uy.3
20]) .4
4.0
387.4
5094.3
2077.4
s263.2
7820.9

a211.7
224.7

19.2
w0e. 3
507).0
2165.9
5525.4
8682.5

4i17.1
as4.7
c21. 4
12060. 01

176265.0 73293.2
7253%.9 ?71402.9
177304.2 7431D.9
T295.5 731128.5

COUPLED SS§ AHALYSIS
HOMINAL SOIL

STIFF SQIL

363.6 340.6 366.1
210.2 245.5 260.1
12.5 13.4 13.3
2uB.9 “w73.2 ig6.2
u653.3 5730.6 %5098.0
1o .2 1677.9 1730.7
“w4D0. 7 5350.5 46D6.0
THU6.5 a78a.4  9271.2
33uw.u 3uwa.2 236.8
225.0 255.3 249.0
“.0 .4 .0
4GB, 4 Y42.7  506.4
4958 .7 5209.7 5418.0
1405. 6 1702.2 1704.9
“w970.2 £e95.1 54248.0
793D.0 P0w.9 892u.1
216.9 269.7 ar.7?
e22.u a4y .9 au2.5
2.8 4.4 1%.5
357.3 w274 392.8
LR ELI 5684 .1 5326.7
2122.1 SuI2.2 eS98vw.4
waoz.s €837.7 S228.5
6572.7 9438.1 9%16.4
a217.7 232.6 241.5
203.3 eéul.3 24w2.6
0.0 19.1 21.6
“was.y 459.3 “70.0
52a4.7 S57u2.5 S904.9
2066.0 aus3.4  2wus.t
5B63.0 6106.3 6530.7
7900.1) GuS51.7 9u79.4
417.3 wae.a 451 .6
B52.8 993.2 1003.5
509.9 582.6 %57.9
9128.6 11347.1 B683.5

198092.) 94108.7
8330w.8 84187.7
199266.3 95354.0
85326.4 B85230.3

366.1
e60.1

13.5
“473.2
©730.6
1730.7
5350.5
azn .2

3u1.8
255.3
4.4
506.%
5418.0
1702.2
5428.0
aio4.9

269.7
aue.s

14.5
“427.4
5684.1
2uBu ..
5837.7
9516.4

241.5
2u4e.6
21.6
“70.0
s904.9
2453.4
6530.7
S479.%

uG1.6
1003.%
582.6
$2827.3
19e092.1
84187.7
199266. 3
85230.3

CPLD

STIFF
S1IFF
O

STIFF
SIIFF
SINFF
SIIFF
STAFF

NOH

STIFF
STIFF
STIFF
STIFF
SIIFF
STIFF
SVIFF

STIFF
STIFF
STIFF
SLIFF
STIFF
STIFF
STIFF
STIFF

SIIFF
STIFF
STIFF
STIFF
STIFF
STIFF
STIFF
STIFF

STIFF
STIFF
SYIFF
SOF ¥
SYIFF
STIFF
STIFF
STIFF

PAGE

MAX CPL
LLHL

.509
“9u7
L. 166
1.126
1.an
=050
1.0908
. 955

566
-923
.867
1.093
1.063
.972
1.062
~9v0

.560

.972
1.857
1.21%
1.160
1.4987
1.190
1.073

508
979
1.560
1.2114
1. 157
.74
.19
1.074

1.164
-956
1.048
3.059
1.268
76
1.287
w82
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TABLE %.4A CONT,

PIER BASES IN END CELL !

245  AX}AL FORCE )1 i73.3 228.3 eot.7 2063.4 233.5 210.9 250.3 &50.3 STIFF T -Yuy
LONGITUDINAL SHEAR 12} 162.6 254 .4 eu3.0 267.9 au6.5 277.0 aan .y 2a1.3 STIFF 1.730
TRANSVERSE GHECAR 431 223.9 2es.8 279.7 339.0 3. 35).& 318.7 351.2 STIFF 1.527
TORSIONAL MOMENT i4) auB! .4 11337.8 8722.6 11473.6 9627.5 11063.2 111074 11473.6 non 1.353
TRANSVERSE MOMENT 5) 71826.3 9103 .6 B82285.6 10%359.68 92H%9D.95 1oB730.5 B6325.4 108738.5 SYIFF 1.9i4
LONGITUD INAL MGNENT 16) 12376.5 2914B.0 6367.2 30913.4 27901.5 12465.7 34126.9 34126.9 STIFF 2.757
TRANSVERSE NOBENT €112 76323.1 966BS5.5 BIHEI .Y 111058.% 90750.8 115783.% 02059.1 115723.5 SUIFF 1.%16
LOHGIIUDINAL MOMEHT 1123 15613.2 34188.9 31286 2 3G115.0 323%59.4 27%908.1 39752.% 39752.% SUIFF 2.546

246 axlaL FORCE 1) 270.6 318.6 286.6 305.7 339.2 321.3 is58.8 358.0 STIFF 1.326
LONG I TUDINAL SHEAR 12} 178.8 276.0 as6. 1 278.3 269.0 293.5 252.6 293.8 STIFF 1.642
TRANSVERSE SHEAR (3) 348.9 376.7 370.7 LY Y- “16.9 "wes.9 429.3 465.5 STIFF 1.334
TORSIGNAL HMOMENT (4) 8616.1 9912.1 130%1.1 10900.1 13295.0 10756.2 12583.8 13295.8 HOR 1.543
TRANSVERSE MOMENT t5) B1717.7 18624.5 73934.0 B89372.8 B2158.0D 93469.0 Bul78.2 943469.0 STIFF b.5i0
LONGI TUDINAL HOMENT (6) 11835.0 29907.2 29221.6 27252.0 20824.3 33G83.4 32301.3 33683.% STIFF 2.8486
TRANSVERSE MOMEAT t11) €8700.8 86108.9 at246.5 9015w .7 Su4b6.5 102641 .3 92973.48 102641 .2 STIFF 1.484
LCHS1TLDINAL BOHENT 1) 1536D0.2 3)1437.9 34328.0 32D0B3.4 36070.6 35957.0 37303.w 39u57.0 ST a2.5978

247 AX1AL FORCE (1) 543.3 S17.7 s20.7 Su1.3 &01.2 577.2 649.0 649.0 STIFF 1.184

GITUDINAL SHEZAR 12) 161.0 253.3 245.0 265.6 250.1 276.4 eaMm.0 276.4 STIF 1.717

VERSE EnEAR (1) 254.5 127.%  319.2 371.2 330.8 399.6  3&3.1 399.6 SIIFF 1.570
TORSICNAL MOMENT (43 10872.9  10886.3 11065.1 11916.2 12565.6 14554.9 13166.3 13166.3 STIFF b.an
TRANSVERSE HOMENT 15) £7874.1  75401.9 73053.4 B86126.2 79980.8 23581 .6 BS637.7 93581 .6 STIFF 1.617
LSHSITLC Heit MOMENT 161 11665.0 28548.9 25350.4 29158.4 27046.6 30523.4 33025.0 33025.0 STIFF 2.031
TRANSVERSE MOMENT 111) 62876.2 ©165]1.4 19467.5 53457.0 B6733.2 P2IEI2.0 939m0.7 101612.0 STIFF 1.616
LONGI TUDINAL MOMENT (12) 14E93.5  33614.06 20249.7 34413.3 31595.7 33825.6 39502.2 36502.2 SIIFF 2.507

2-8  axlhL FCRTIE (1) 439.0 443.3 516.8 “w69.8 S4l .4 “83.0 Shy.2 Sul .4 HON y.233
LONGITUDINAL SHEAR (2) 169.9 251.8 251.8 257.3 263.9 280.2 278.7 280.9 STIFF 1.693
TRANSVERSE SHEAR (3) 266.7 347.9  3ug.3 3a33.7 376.3 “16.9 403.9 4I6.9 STIFF 145
TORS I1GHAL MOMENT (43 7122.7 62646.5 €065.9 6379.1 G8e2.8 6764.2 B8349.1 0349.1 STIFF 1.440
IRENSEMEE MOVENT (5) 478597.5 64250.6 6§9G1.1 _  73063.4 BUB3B.B 76024 .6 73779.3 70024 .6 STIFF 1.646
LONGITUDINAL MOMENT (63  11793.%  2uBIN.D 20624.6 27m02.% 31179.8 32%03.2 3293+.8 32931.8 SIIFF z.7u2
TALMESVERSE MOMENT (Y1} 53700.5 70675.7 GBHOS.E B805962.0 76240.2 B871680.3 B1673.6 87160.3 STIFF 1.623
LONGETUDIHAL MOMENT (123 I4891.3  30040.3 33465.6 31937.8 36457.) 30)066.3 30505.6 38505.6 STIFF 2.586

305 AXIAL FORCE (1mesV “%e7.9 895.3  93u.u 967.5 1034.9 1013.6 10141 1034.9 roM 2.212
LONGI TUDIHAL SHEAR 121 662. 1 1038.% 978.7 1063.8  1029.3 V106.1  1116.9 1116.9 STIFF y.687
TRENSVERSE SHEAR (3) 1112.8 1329.6 1313.9 1535.0  1440.08 16331 15111 V633.1 STIFF 1.m68
TOFSI0IEL MOMENT (43 “0S56.6 49305.6 49565.9 65246.7 50724.0 BOED3.1 43470.5 65246.7 NOM 1. 343
TRENSVERSE MOMEMT (5) 202039.4 535336.0 21482.6 597941.2 73379.7 627050.8 97220.6 €27858.9 STIFF 3.004
LONGITUDINEL MOMENT I6)  107918.7" 163887.5 44670.9 165953.9 54904.4 185713.8 07625.3 187625.3 STIFF 1.739
TRAUSVERSE MOMENT (111 211047.6  S36156.5 16525. | 591648.5 BIE46.2 621417.3 91200.9 621417.3 SILIFF 2.9us
LONGITUDINAL MOMENT 11@) 10S62%.0 159633.2 4DOB3.7 151864 .9 5)216.2 191310.4 83353.2 193363.2 STIFF 1.670

UNITS: FORCES ~ KIPS
MOMERTS - RIP-IN

— : D L e R
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TABLE v.YB: COMPARISUN BETHEEN CLASSt COUPLED SS1 RESULTS AND LLNL AESPAN RESULTS PAGE &
SUMMARY OF VESSEL END CELL SUPPORY LEG FORCES

ELHT COMPONENT LLNL RESPaAN COUPLED SSI1 ANALYSIS HAX CPL
HO. ANALYSIS SOFT SOIL NOMINAL SOIL STIFF SO MAX CPLD L
253 AX1AL FOQRCE 1) 116.5 9.7 ar.a 10D.2 103.6 108.9 107.4% 108.9 STIFF .93%
LONSITUD hiAL SHEAR (2) 6.3 a.i 7.9 8.5 a.e 9.4 to.a 10.0 SUIFF 1.978
TRANSVERZE SHEAR 132 85.4 107.0 99.9 ns.a He.n 115.5 113.7 118.2 nomM 1.239
TORSIOHAL MOMENT (4} 116.0 147.4 1321 15%.7 140 166.2 176.4 176.4 STIFF 1.520
TRANSVERSE HOHENT tS1 Tmies.a t4847.1 14081.5 161749.6 15925.0 15937.2 16463.0 t64E63.0 SUIFF 1.480
LCHGI TUDINAL HMOMENT (B) 397.8 &05.0 492.6 532.1 516.0 584.6 627.6 E27.6 STIFF 1.578
TRANSAEREC MOMENT 110) 11168.8 145800.8 Iw129.8 16230, % 159u0.0 15893.2 16519.1 165:9.1 SUIFF 1.479
LONG | TUDINAL HMOMENT ¢12) “00.9 soo.a 486, 3 S36.1 519.9 599.0 632.3 B32.3 SUIFF 1.977
€53 axlaL FORCE 12 gy.2 au.o 75.8 106.%5 9.8 ni.e 02.6 111.2 STIFF i.180
LONGE TUDINAL SHEAR (2) 5.0 6.4 6.2 6.7 6.9 7.8 7.7 7.8 STIFF 1.547
TRANSVERSE SHE&R 1 3) s 3 136.5 135.0 15%.86 4a.D 157.7 147.6 1E7.7 STIFF }.086
TORGIONAL HOMENT i) 57.8 7. 99.2 .8 65.0 76 7 8.7 81.7 STIFF ¥ .41S
TRANSVERSE HCMENT (5} 7832.1 10504 .3 10019.0 10869.2 10686. 1 10572.0 10267.9 10969.2 HOn 1.393
LGNG ]I TuDINAL MOHENT 16) 34D.3 426.3 %13.5 w46, 0 43%.8 520.t 513.3 S20.1 STIFF 1.528
TRANSVERSE MOMENT (11 8po0a.5 10563.7 100688.4 11048.6 10762. 1 106S52.6 10339.9 11048.6 HON 1.38)
LEONGI TLDINAL HMOMENT (3122 342.3 429.3 4iB. 4 LTS 439.8 523.8 516.9 S23.8 STIFF 1.530
265 axXlaL FORCE 1) 256.9 202.9 212.7 209.3 e31.8 at7.v 263.7 263.7 STIFF 1.028
LONG[TUDHAL SHEAR (2) 139.8 177.8 165.7 186.5 173.7 204 .3 2171 217.) SIIFF 1.553
TRALSVERZE SHEAR (3) - 122.6 152.0 166.9 171.2 183.1 176.0 185.7 185.7 STIFF 1.515
ToRS Lt MOMENT 1w 2539.1 2076.1 3013.9 3206.6 3175.4% 3591.0 37B4.0 3784.0 STIFF 1.430
TRENSYERSE MOMENT (53 £7759.% 34+020.9 352%8.8 37356.7 3I8I6tL.5 “i7i4 .3 w0378 WiTiw.3 ST(FF 1.5q3
LONGITUDLIMAL MOMENT (B) anig.e 1i522.1 100910.4 12102.6 i1138%.1¢ 13304.7 141379 14137.4 STIFF 1.567
TRAKNSVERSE MOMEMT 1103 27858.9 34083.4 353a0.5 300206.7 IusSa.4 Y 1782.7T 4wO4EG.0 “1732.7 STIFF 1.500
LONGITUT AL HOMENT ¢12) 9050.0 11610.1 103Q0.2 12194.9 11w40.0 13405.8 14244.8 w24 .8 STIFF V.567
272 &XIAL FORCE 11? 343.9 333.3 258.0 329.5 3147 3ee.2 351.3 350.3 STIFF 1.051
LONS I TUDIHAL SHEAR (23 157.3 +97.9 182.% 206.6 g, 2 234.5 234.2 234.5 STIFF [ 11]
TRANSVEREE SHEAR (3) 183.6 a29.% 193.4 e63.2 2es5.8 274.2 239.0 274.7 STIFF 1.1397
TORSIDHNEL FOMENT 1w) 37%}:.0 4557.0 w055.% 476i.3 4340.2 5157.1 9476.6 S4I6.6 S1IFF LT
TRANSVERSE MOMENT (52 9575.4 15692.2 16663.2 178397.3 15784.4% 17971.7 15939.2 17971.7 SIFF 1.877
LORGITUDINAL MOMENT (6] %711.9 12193.3 11525.2 1275D.6 gaie @ I4uBS3.9 14526.0 1653.9 STIFF ).309
TRANSVEREE MOHLNT (1§) 958a.4 15804.3 16742.7 18019.4 15875.0 16091 .3 15931.3 168081.3 STIFF 1.887
LOKG! TUDINAL MOMENT 1122 a792.1 12290.7 11615.5 17852.2 12307-8 Vu769.3 I4E9L.2 14769.3 STIFF 1.508
280 AXJAL FORCE (1) 350.0 271.86 261.7 329.3 275.6 351.6 2a2.0 351.6 STIFF 1.004
LONG]ITUDINRAL SHEAR (2) 140.5 177.1 167.0 187.8 176.1 206.0 217.9 217.9 STIFF 1.55)
TRANSVERSE SHEAR 13) 179.3 196.1 168.6 223.5 189.3 231.8 197.% 231.8 STIFF 1.293
TORSIOHAL MOMENT (4} H3T74.Y4 S412.1 5368.5 5699.3 5663.2 €6515.1 6778.8 6778.8 SIIFF 1.550
TRAUSVERSE (OMENWT 153 2R798.5 2B656.3 a4383.0 31913.2 29471.8 33920,1 31921.% 33320.3% STIFF V.40
LONGT TUDINAL MOMENT (6] 10083.7 t2893.8 11936.5 13740.4 12761.7 L4BEY.w 15827.9 19927.9 STIFF 1.569
TEALSVERSE MOMENT (1) easgl.e 2e155.9 avw474.8 22025.8 29567.3 24039.% 32021.3 34039.4 STIFF 1.4B87
LOMGITUDINAL MOMENT 120 1MsSn.6 12980.4 12018.6 13832.3 12847.2 14285.5 (1S934.7 15934.7 SIIFF i.570
2686 aAxlAL FORCE (11 305.5 270.4 25%.8 aou .y 237.2 302.6 aus.5 304.1 HOH .995
LCHDITUDIEL SHEAR t2) 1434 180 .% 173.0 199. 4 183.6 218.0 2195.8 212.8 STIFF 1.592%
TRENSYEKSE SHEAR (3) 152.1 152.8 192.7 179.2 170.3 184.5 175.8 184.5 STIFF 1.213
TGRS IOHAL MOMENT (4 4533.3 5599.5 S443.7 S0BB8.6 5770.7 &784.9 6&B46.6 EGY6.6 S1IFF 1.510
TRLHSVERSE MOMENMT (53 7268.6 107t6.9 11520.3 12267 .% 12569.7 12607.3 12960.9 12607.3 STIFF 1.73%
LOHGITUGLRAL MOHMENT t6) tg2wn .7 12883.0 12466 .4 L3660.5 13262.1 15826.2 L9545.4 15326.2 STIfF 1.545

TRLNSVEREE MOHLMT (102

7322.2 18773.9 11586.3 12348.7 12654.3 ICEAR.7 12547.8 12683.7 STIFF 1.733
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TABLE 4.uC: COMPARISOM BETHEEN CLASST COUPLED SSI RESULTS AND LLNL RESPAN RESULTS
SUMMARY OF MAGNET HANGER ANO STRUT FORCES

ELmt
NO.

313
3y
315
316
317
£t
e
320
321
322
323
32w
385
3e8
327
3e8
329
330
33
R
333
334
335
315
kxy)
3
319
30
3u?
kLT
343
3y
345
36
342
kL%
349
150
354
352
353
15
355
356
357
358
3589
260
361
262
83
364

LLNL RESPaN
ANALYSIS

3.6
221.7
3341
538.9
525.8
585.7
87.
2b.
T4
2.9
9.8
38.1
139.2
79.2
81.0
122.2
25.9
2.
56.3
St.y
13.%
16.9
6.t
1.7
4.2
.9
15.1

0
9.4
o

9

2

2

8

4

3
.8
4.5
B

4

i

0

6

3

7

9

]

]

1

S

10.
9.1
3.9

SCFT SOIL
199.3  209.5%
208.3 192.8
289.0 agl1.5
Y3y uug.y
%67.8  527.7
530.7 S04.5

934 9.4
3.5 36.6
80.8 7.8
23.0 2.7

A 8.4

434 43.5
4.4 115.8
69.8 58.9
73.1 70.6
1.8 108.7
0. 3041
35.5 3.3
BY4.1 58.2
53.2 60.9
17.8 JA6.1
18.5 1.3
bW.? 4a.g
12.2 12.3
15.6 1494
37.4 36.0
21.2 18.2
18.8 17.3
57.7 53.0
2.8  y43.9
Y4, 0 g2, 1
¥6.1 43§
52.1 49.7
5.4 5.2
1.0 6.1
1.8 16.7
12.6 12.9
5.1 16.3
4.3 3.2
4.4 4.7
16.0 15.7
.0 w.g
26.5 ai.e
22.2 2.6
2.7 as.a
.9 K
.8 7
.0 .1
.8 K
.7 4
1 .7

N 7

COUPLED SSI aNALYSIS

NOMINAL SOIL
24ls 2315
Q45.2  21.8
2.7 289,
%62.7 505.5
610.7 5%0.3
590.2 £60.9

.5 103.0

39,7 40,4

856 78.3

3.3 2.8

8.1 9.5

40.9 43.6
180.0 1332

T 7.9

BO.7 80.9
187.5  123.0

33.6 35.0

35.8 378

64.9  64.6

62.8 £4.8

8.2 17.5

0.9 al.y

46,1 “l.6

134 12.7

16,6 IL AL

37.8 38.8

22.9 149.5

19.3 16.6

62.6 57.8

S4.y 50.5

42,1 B7.y

a4 45.9

3.5 s59.5

7.0 7.0
7.1 5.9

16.9 18.5

15.3 16.3

15.8 16.1

8.6 3.5

Iv.7 14,7

15.4 4.5

46.2 48.4

3.0 26.9

26.3 23.1

24.8 28.4

28.1 27.9

a.0 9.9

10.6 10.0

9.4 10.4

1.1 10.4

36.8 44.9

36.9 36.8

STIFF SOIL
2d6.4  2€7.9
268.7  an.7
359.0  320.7
582.8 529.6
599.8  621.7
637.8 851.7

77.0 80.6
4.0 4.5
93.5 85.3
22.1 232

8.7 10.3
43.0 45,1
164 Ivl.0
75.% 86.5
87,6  80.9
137.6  12835.0
2.6 38.9
“f.5 3.8
70.8  65.6
66.9  §1.5
17.0 18.7
e2.} 2.5
4g.2 w5

13.7 12.3

4.8 tv.2

4.3 432
4.1 1.5
17.1 14.0
€67.6 66.5
54.3 §2.7
54.9 7.4
50.6  %2.5
£9.1 85.1

7.9 8.1

7.0 6.7
ar.2 20.5
18.0 18.8
16.6 16.7
0.8 41.0
15.% 15.6
15.7 w2
50.1 50.6
3.8 303
30.1 23
4.9  a9.7
2.5 30.1

9.5 9.9
10.9 1n.?
10.1 1.3
1.6 .4
43,0 45.0
39.0 vl

Max CPLD

2BB.4 STIFF
2H.7 ST, FF
359.0 STIFF
%82.8 STIFF
623.7 STIFF
637.8 STIFF
103.0 NOM
40.5 STIFF
93.5 STIFF
27.8 NOM
10.3 STIFF
“S.1 STIFF
164,4 STIFF
86.5 STIFF
87.6 SYIFF
137.6 STIFF
38.8 STIFF
41.5 STIFF
70.6 STIFF
65.9 STIFF
18.7 STIFF
2.5 STIFF
4w8.2 STIFF
13.7 STleF
16,6 NOM
43.2 STIFF
NG
NOM
STIFF
NOM
STIFF
STIFF
STIFF
STIFF
NOM
STIFF
STIFF
STIFF
STIFF
STIFF
SOFT
STiFF
STIFF
STIFF
STIFF
STIFF
STIFF
STIFF
STIFF
11.6 STIFF
45.0 STIFF
4.5 STIFF

u
n

[T T T
~mO NI T 30

o
Gub b o hombube e e DL

PAGE

MAX CPLD
LLML

1.1
[.193
1.07%
1.082
1,184
1,146
1.517
1.839
t.a57
1.392
1.0%
1.182
1.181
1.092
1.082
1.186
1.443
|.e92
1.853
1.302
1.383
1330
1.333
L
1.170
1.238
1.483
1.290
1.138
1.088
1.152
1.187
1.243

922

.82
1.2%6
1117
1.150
121
1.05%
1,132
1.102
1.243
1.290
i.210
1119
1182
1.183
1.234
1.09%
1.150
1.188

2



1
TAGLE 4.4C CONT.

385 ul.l 43.6 40.9 42.0 47.5 45.4 51.6 51.5 STiFF 1,148
365 33.5 40.8 4.9 42.0 35.9 w3.2 42.! u3d.2 STIFF 1.081
367 10.9 1.8 10.0 12.0 I 12.3 2.8 12.8 STIFF 1.158
368 13.9 1.2 1.2 12.8 12.4 12.7 12.8 14,2 SOFT 1.095
359 9.4 9.2 9.9 10.2 10.8 0.2 1.2 11.2 STifF 1.187
37 12.2 6.7 t0.9 4.6 12.5 12.8 134 19.7 SCFT 1.407
3 4.7 5.2 u.l 5.8 .9 B.1 5.3 8.1 STIFF 1.3e8
e 4.6 3.9 4.6 4.8 5.1 5.7 5.9 5.9 STIFF 1.879
m s 4.6 4.4 S.1 4.9 5.8 9.7 5.8 STIFF 1.28%
Ty 4.7 3.9 u.% 4.8 5.1 S.4 S 8.4 STIFF 1155
335 15.2 15.1 12.0 18,4 15.5 13.6 17.2 19.8 STIFF 1.866
376 4.3 13.0 18.3 v.8 16.9 18.1 18.5 18.5 STIFF 1.8%7
n (L] 13.2 4.8 6.9 16.2 17.7 18.1 18.1 STIFF 1.8%2
ki/:] 16.3 16.9 15.8 15.9 17.0 17.8 17.7 17.8 STIFF 1.089

CCMPONENT: AX{AL
UNITS; FORCES - XIPS
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with an average increase of 20%. This increase was about the same regardless
of orientation of the member. Generally, variations from the average were
less than 10% for horizontal members and about ?0% for vertical members.

4,2.3 Effects of Increased Damoing in tha Vessel

We investigated the effect that increasing the damping assumed for
the vessel has on response by rteamalyzing the coupled vessel/vault SSI case
using 10% danping for all vesssl modes. Only best-estimate soil properties
were used for this reanalysis, The results were compared with those frem our
coupled SSI analysis with composite modal damping and best-estimate soil
properties, ‘This comparison is summarized in Tables 4.5 through 4.5C.

Qur comparison shcwed that, overall, forces decreased by about
15%. Foundation forces (Table 4.53) wera raduced on the average by about 10%
for both center and end cell forces. Transverse foundation forces decreased
more (15 - 20%) than did longitudina_l forces (aboué 5%). Support leg forces
{Table 4.5B) shewed the same trends. Magnet hanger forces (Table 4.5C) were
reduced about 2¢%.  Vertizal and transverse struts experienced higher
reductions (about 3¢%) while longitudinal and drag struts were reduced less
(about 15%).
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ELEH
NO.

388

369

350

39

400

TAELE 4.9A: COMPIRISON BETKEIN CLASS! CCUPLED S3! aMALYSES
FCR 10% DAFPING AND CCMPCSITE H2DAL QAMPING
SUMMARY OF FOUNOATION FORCES

CCHPONENT

COUPLED $51 ANALYSES NOMINAL SOIL PROPERTIES

103 Dar
i

PING
n

COLUMN BASES SUPPORTING CENTER CELL 50X BEAM

AXIAL FORCE (1)
LONGITUDINAL SHEAR (2)
TRANSVERSE SHEAR (3t
TORSICNAL MOMENT {4)
TRANSVERSE MOMENT (%)
LCNGI TUDINAL MOMENT (6]
TAANSVERSE MDMENT (11)
LONGi TUDINAL MCHENT (12)

AXIAL FCRCS (1)
LOKGITUDINAL SHELR (2)
TRANSVERSE SHEAR (3)
TORSIONAL MOFENT 4}
TRANSVERSZ MCMENT 15)
LONGITUDIRAL MOMENT (B)
TRANSVERSE HOMENT (11)
LONG1TUDINAL MCHENT t12)

AXtaL FCRCE (i}
LONGITUDINAL SKEAR (2)
TRANSVERSE SREAR (3)
TORSIONAL MOMENT 143
TRANSVERSE MOMENT (52
LONG!I TUDINAL MOMENT 16)
TRANSVERSE MCMENT (1)
LCNGETUDINAL MEMENT 1)

AXTAL FORCE 1)
LONGITUDINAL SHEAR (2°
TRANSVERSE SHEAR 133
TORSIGNAL MOMENT 14)
TRANSVERSE MOMENT (5)
LONG! TUDINAL MOMENT (61
TRANSVERSE MCMENY (11}
LONGITUDINAL MOMENT t12)

AXTAL FORCE (1)
LONGITUQINAL SHEAR (21
TRANSVERSE SHEAR (3)
TORSIONAL MOMENT 1u)
TRANSVERSE MOMENT (5)
LONGITUDINAL MOMENT (61
TRANSVERSE MGMENT (11
LCHGI TUDINAL MCHMENT (12)

323.2
211.6
10.3
178.2
12,5
1368.7
4122.8
7676.1

298.2
202.5
3.7
364.3
4019.2
1455.6
4041.6
7321.6

24,
166.
10
227,
43p2.
1997
4501
7381

EuUmEFmoo

187.3
213.0

19.2
3a4.4
wi§7.7
2059.6
4g43.a
B236.2

396.5
826.9
438.7
9\43.0
150103.8
69327.1
150980.3
71009.8
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358.0
w7.,0
1892.0
4956.5
4336

35%.2
821.6
436.3
7882.9
1502119
68710.3
151009.3
70362.2

COMPCSITE MODAL DAMPING

2
3881 363.6
229.4 210.2
1.8 13.9
yig.s 368.9
£2I4.9 4653.3
1422.5 1ugy.2
ug9t.7 we00.7
8033.2 485.%
J4t.8 3.
212.8 225.¢
4.3 v.0
LY 4654
4g9!.2 wggd.?
1536.7 14056
w3, 4g78.2
7700.0 7930.0
4.3 216.9
201.4 222.4
i%.0 i2.8
387.4 357.3
5094.3 Y744
2077.4 2122.!
9283.2 wg02.5
7820.9 Bs72.7
2.7 217.7
224.7 203.3
19.2 25.0
408.3 4c5.4
5071.0 5201.7
2165.9 2050.0
S585.4 5863.0
B8B2.9 7900, 1
417.1 417.3
g64.7 Bs2.8
g21.1 509.9
12060.¢ 4129.6
175265.0 173293.2
72535.9 71902.8
177304.2  1T4310.9
T4265.5 73138.5

RatiQ

m
12

895
.893
.808
862
843
.959
.B43
.95%

.88%
.958
,924
B8y
.B55
947
: 0]
.8B1

.879
955
818
84S
45
959
B85S
.956

879
.qu8
.908
JB42
R:Lx)
.851
L
L9489

.850
.956
.837
.816
.852
928
.B22
.936



TABLE “.5A COnT.

us

2ué

a7

avd

308

PIER BASZS IN END CELL
AXJAL FORCE 1)

LONGI TUDINAL SHEAR 121
TRANSVERSE SHEAR (31
TORS{ONAL MOMENT (41
TRANSVERSE MCMENT (51
LONGI TUDINAL MORENT 1B)
TRANSVERSE MOMENT (142
LONGI TUDINAL MOMENT 1120

AXIAL FORCE (11
LONG{TUDINAL SHER (21
TRANSVERSE SHEAR (31
TORSIONAL HOMENT (%)
TRANSVERSE MOMENT 1S)
LONGITUDINAL MCMENT (6)
TRANSVERSE MCMENT (11}
LONGTUINAL MORENT 1121

AX1aL FGRCE (1)
LONGITUDINAL SHEAR (2)
TRANSVERSE SHEAR (31
TORSIONAL MOMENT (W)
TRANSVERSE MCMENT (51
LONGI TUDINAL MOMENT 16)
TRANGVERSE MOMENT ¢11)
LONGITUDINAL MOMENT 112)

AK1AL FORCE (11

LONGI TUDINAL SHEAR (2)
TRANSVERSE SHEAR (33
TCRSICNAL MCMENT (91
TRANSVERSE MOMENT (51
LONGITUDINAL MOMENT (B}
TRANSVERSE HOMENT (11)
LONGITUDINAL MOMENT (12}

AXIAL FORCE t1)
LONG | TUDINAL SHEAR (2)
TRANSVERSE SHEAR (31
TORS[CNAL MOMENT (43
TRANSVERSE MOMENT (5)
LONG | TUDINAL MOMENT 6)
TRANSVERSE MOMENT (113
LONG I TUDINAL MOMENT (23

UNITS: FORCES - KIPS

MOMENTS - KIP~IN

191.0 213.0
252.7 231.3
275.% 263.0
10775, 4 8978.4
B4266.% 717672.7
anaip  28319.0
89713.5  82628.7
34082.0 J0¢86.9

266.3 2€a.5
264.7 5.9
357.0 383.5

9817 12065.8
72888,4 §8725. 1
28369.2 29150.0
79¢61.9  75789.3
30555.7 34184.8

4E4.6 507.9
250.8 239.7
308.3 B2
10233.8 10776.3

71083.1 67326.9
271554 a51as.6
72321 729198.5

32v97.  28783.3

L20.0 416.5
246.5 2%0.0
31v.9 320.1
SE4S. | €80i.2

65402.9 57528.9
2+381.5  20907.3
BEE20.3  B4256.9
29266.2 33776.9

840.6 922.7
10124 982.6
1255.6 1220.7

43359.0 35606.3
4g90449.0  4Baw7l.3
160578.7 141061 .4
485702.9 477616.6
156882.3  137193.9

203.4
267.9
319.0
11473.6
104359.6
30N
1110%8,5
I6115.0

305.7
278.3
4u41.2
10808.1
§9372.9
272520
9B154.7
320834

5%1.3
265.6
3n.z2
11918.2
06126.2
29358.y
q3457.0
34413.3

469.8
257.3
383.7
6379.1
73063.4
27402.4
Boss2.0
391t.e

957.5
1083.8
1535.0

65246.7
5978u41.2
165953.9
591848.5
161864.9

213.5
246.5
It
9627.5
92£98.5
27901.5
98718.8
Jaisa.u

339.2
269.0
416.0
13295.8
821%8.0
30624.3
90ue6.5
36078.6

601.2
250.1
338.8
12565.8
79940.8
27040.6
86733.2
31595.7

5414
263.9
316.2
6ge62.8
€66839.5
inm.e
6240.2
36457, 1

1034.9
1029.3
th4g.8
50724.0
573379.7
1549044
567646.2
151216.2

N: 1
JGuy
.a13
.939
.807
Se2
.08
944

.8%0
K1
.03
.g0e
819
L0
.81%
.9uB

845
.gu3
.83|
.858
.62%
945
.825
LGha

.8e0
B:Lh
.83
864
827
927
827
.926

892
952
818
.665
.620
968
.82t
.968



ELEN
ND.,

239

265

2

TABLE ».S3: CCMPARISON BETKEEN CLASS! COUPLED 551 ANALYSES
FOR™10% DAMPING aND CCMPOSITE MODAL DaMPING
SUMMARY OF VESSEL END CELL SUPPORT LZG FORCES

CGMPONENT

AX[AL FQRCE {1
LONGITUDINAL SHEAR 129
TRANSVERSE ShEAR (31
TCRASIONAL MOMENT (4}
TRANGVERSE MOMENT (5!
LONGI TUDINAL MOMENT (6)
TRANSVERSE MCMENT (1)
LONGI TUDINAL MOMENT 1]2)

AXIAL FQRCE (1)
LONGITUOItAL SREAR ()
TRANSVERSE SHESR (31
TORSIONAL MOMENT )
TRAHSVEASE MOMENT (5!
LONG! TUDINAL HOMENT (5)
TRANGVERSE MCOMENT (1))
LONGI TUDINAL MOMENT (12}

AX1AL FORCE (1)
LONGITUDINAL SHEAR (21
TRANSVEREE SHEAR (3)
TCRGICHAL MOMENT (43
TRANSVERSE MOMENT (5)
LONGITUDIHAL MOMENT (6)
TRANSVERSE MOMENT (11
LONGITUQINAL MIMENT (12}

AX[aL FORCE (1t
LONGITUDINAL SHEAR (2}
TRANSVERSE SHEAR (3)
TORSIONAL MOMERY (4)
JAANSVERSE MOMENT (S)
LONGITUDINAL NMGMENT (6}
TRANSVERSE MOMENT ¢11)
LONGITUDINAL MOMENT 112)

COUPLED 551 ANALYSES NCMitAL SOIL PROPERTIES

103 DAMPING
2]

100.0 94.8
8.1 7.9
9.7 4.6
147.0 133.7
13323.3 13316.5
806.4 496, 1

13372,3 13363.%
510,2 499.8

94.9 75.9
6.4 6.3
131.% 128.1
70.3 59.0
9023.4 9201.7
4ey . 419.3
9165.8 9264.8
427.4 u2e.a
203.9 213.0
177.% 167.8
1454 158.1
3p72.9 3027.8
31979.4  32708.1
11508.9 109584
32051.3  32797.1
11554.6 11041 .4
3i2.8 6.4
196.0 187.3
2l6.0 189.9
4542.0 4092.7
19707.2  13w0.8

12096.3 11767.1
15811.4 13518.%
12192.7 118%8.3
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)

108.2
8.9
1t8.2
184.7
16179.6
§32.1
16228.4
536.4

106.

5

155
Ty
10568,
Yupb
11048
w49

o oo o

2ang.
166.
1M
3208.
375%6.
12102.6
38029.7
12184.9

EERY. WTT )

323.5
206.6
263.2
476).3
17897.3
12750.6
18019.4
\28sa.2

COMPOSITE MCDaL DAMPING

103.6
a.2
i12.o
1404
15925.0
%16.0
15980.0
519.8

91.8
6.9
148.8
65.0
10566. 1
435.9
10762.1
438.8

25.8
173.7
183.1
3NTEN
38361.5
113844
Jpus2..
11440.0

3.7
1gu.2
2es.8
43y0.2
15784 .4
12212.2
15875.0
123207.8

Rat(0
tn
&

924
.950
Byy
.950
823
982
.823
952

-591
-8%8
-84§
-S40
838
-85)
-833
.8%2

919
.851
.BB3
.98
853
B8y
.B53
851

.gug
948
B2t
554
.878
949
.a77
-Qug

ey P
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TABLE w.53 CONT.

280

235

299

AXTAL FORCE (1)
LONG I TUBINAL SHEAR t2)
TRANSVERSE SHEAR (3}
TORSIONAL HMOMENT 14)
TRANSVERSE MO™ENT (5
LONGITURINAL HOMENT (61
TRANSVERSE MOMENT (111
LONGITUDINAL MOMENT (12}

AXIAL FORCE (1)
LONGITUDINAL SHEAR (2}
TRANSVERSE SHEAR (3)
TCRSIONAL MOMENT (w)
TRANSVERSE MOMENT (5)
LENGITUDINAL FOMENT (61
TRANSVERSE MCPERT (1)
LCNGITUDINAL MOMENT (1)

AxfaL FORCE 1)
LONGITUDINAL SHEAR 12)
TRANSVERSE SHEAR (31
TORSIONAL MOMENT (M1
TRANSVERST MGMENT (51
LONGITUDINAL MCMENT (5)
TRANSVERSE MOMENT 11
LONG! TUDINAL MOMENT {12}

AXIAL FCRCE (1)

LONGI TUDINAL SHEAR 12)
TRANSVERSE SKEAR (3)
TCRSICNAL MOMENT (W)
TRANSVERSE MOMENT (5)
LONGI TUDINAL MCMENT i)
TRANSVERSE MOMENT ti1)
LONGITUDINAL MOMENT (12)

UNITS: FORCES - KIPS

HOMENTS = KIP-IN

283.1
177.6
183.1
51,9
25965.4
12986.1
26063.4
t3l.e

270.5
180.0
fvl.3
5618.7
10083.9
1297%.6
10151.9
13065.8

El
6
L]
G295.8
331.6
§318.0
33v.7

369.

6.
121,
3u3.

S0BS.

I
]
2
M
S005.8
2
3
346.6

4-37

e42.2
168.6
157.6
S420.4
cvein.s
12165.3
24297.4
1228.7

214.9
176.7
435
5829.6
10647.8
12767.7
10715.9
12857.2

3e3.3
197.9
223.%
£639.3
3911.2
(37404
3202%.8
(3g3a.3

30w
189.4
.2
5888.6
123574
13650.5
12348.7
13756.4

375
6.9
26.1
48.6
5539.8
382.0
5862.7
355.9

275.6
176.1
163.3
S683.2
29471.9
12761.7
29567.3
taqr.2

237.2
183,
170.
£770.
12568,
13262.
12654.
13355.

Al IS RN WP

W4,

4as.
56.
4684 .
328.
4727,
3.

YW= =

380.

167,
50.
7263,
333.
1321

319.

Uiioo—oo—

.860
J96
.B19
L9957
BlY4
843
Bl
G4l

830
,951
24
954
.B47
.950
847
950

896
.42
.898
.936
832
w2
.89
L

.90y
980
845
963
NN
949
875
949



TABLE 4.SC: CCMPARISON BETHEEN CLaSSI COURLED S31 ANALYSES
FOR 103 DAmPING aND CCMPQSITE MCOAL DAMPING
SUMMARY OF MAGNET HANGER AND STRUT FCRCES

COUPLED S5§ ANALYSES NOMINAL SOIL PROPERTIES

RATIQ
ELEM 102 DAMPING COMPOSITE MODAL DAMPING "
NO. tn (1] 2
U3 176.9 187.6 aul.y 231.9 L1717
3y 20l.6 i¢8.8 2us.2 239.8 822
1% 25).2 25,8 M7 289.1 768
kil 4s2.8 421.3 €62.7 £05.5 808
n? S22.0 516.6 £10.7 €90.1 .685%
e g22.9 469.2 §90.2 %60.9 688
39 59.6 £5.2 94.5 103.0 519
320 29.9 19.0 39.7 0.4 517
321 6B.1 6a.0 85.6 7.3 .19%
3ee 18.3 19.0 23.3 27.4 .68y
323 5.7 6.3 8.3 9.5 .Bo2
324 33.7 .6 40.8 43.6 9
228 1346 116.3 160.0 133.2 LBy
328 §7.3 6e.2 bR n.9 835
27 2.7 70.3 80.. B0.9 .B93
328 11.2 106.3 127.5 123.0 .B73
3E9 3.8 21.9 33.6 35.0 653
330 33.9 33.1 336.9 1+ 37.8 .B95
331 54.3 53.2 B4.9 Ev.6 .B37
32 42.9 wi.o0 €2.8 E4.8 .Bga
333 .7 My 18.2 17.5 804
34 13.2 13.8 20.9 214 .B33
335 33.8 u.0 ub.{ 41.6 155
38 10. 10.7 3.4 ie.? L7939
kxy) 1.y 10.0 1B.E lu.y .690
32 29.7 30 37.8 38.8 181
330 12.% 1.7 22.0 19.5 564
340 2.0 .1 19.3 16.6 833
3ul 4.2 1.1 é2.6 57.8 . 708
U2 48.5 k|-R Bu.h 50.5 .B93
33 38.7 50.6 47.) 57.4 .BB)
34y 43.5 35.2 ug.“ 45.5 5801
NS 44.0 4.8 831.§ 9.9 .7583
348 4.5 b4 7.0 1.0 .662
347 5.2 4.9 71 5.8 .730
e tv.3 4.7 16.5 8.9 .805
349 10.0 9.9 15.3 16.3 616
350 8.6 8.7 15.8 16.1 540
351 . 30.2 38.6 31.5 .82
352 1.5 1.6 1.7 4.7 788
93 10.7 10.6 15.4 4.5 .695
=] 35.9 364 46.2 uB.4 .85
155 26.2 2t 30.0 26.9 B
386 2.3 6.5 26.3 29.1 S
357 20.9 25.2 a8.8 aB.u .877
358 25.9 2ty 2a.1 21.9 922
355 6.8 8.5 8.0 9.5 B
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!
TABLE 4.5C CCNT.

360 9.4 8.8 10.6 19.¢ -886
361 8.2 1.8 2.4 10 -9t
3oz 10.0 8.9 " 10.% <904
363 é9.9 39.4 3.8 Y4.9 .876
R0 33.3 28.3 36.9 36.6 -903
365 35.5 364 42.0 47.9 759
366 7.9 30.1 42.0 19,9 .38
87 10.9 8.6 12.¢ t1.% au
38 10.5 11.6 12.8 2.4 901
369 8.6 8.8 10.2 10.8 .e22
370 12,0 9.8 4.6 12.5 .819
m 5.1 3.9 5.8 4.9 .870
bt 4.9 4.6 u.6 S.1 .908
373 4.3 4.3 5.1 4.9 -850
37 3.8 4.6 4.8 5.1 906
3% 15.2 .7 8.4 15.8 .830
376 1.2 15.2 tv.3 16.9 .897
377 122 i3.9 16.9 16.2 .B2s
378 4.1 12.6 15.3 17.0 827

UNITS: FORCES - KIPS

4=-39



Vessel shell, support legs and magnets
{welded stainless steel) 3%

Magnet hangers and struts
{stainless stesl, pinned connections) 5%

Foundation slabs, end cell piers and
local soil springs (reinforced concrete) 19%

Center cell columns knees and

cross=bracing (welded steel) 7

To implement these values in the CLASSI SSI analyses we used the
composite modal damping aporoach to determine an equivalent modal damping
matrix for the structure. This method uses the assembled stiffness matrix of
the individual element groups as weighting factors as shown in the formulation
belows

T —
- N & {;}
]

T
{¢j} K] {¢j}

where 'gj = equivalent modal damping ratio of the jth mode

[K] = assambled structure stiffness matrix
[X] = g ngg (summed over element group)

The calculation of compositz damping involved computer program SAPPAC,
. described in Ref, 7. The damping ratios we calculated arz shown in Table 3.2.



5. CONCLUSIONS AND RECOMMENDATIONS

This report documents the seismic analyses performed by SMA for the
METE-B Axicell vacuum vessal, 1In the course of this study we performed
response spectrum analyses, CLASSI fixed-base analyses, and SSI analyses that
included interaction effects between the vassel and vault. The response
spectrum analysis served to benchmark cartain medeling diffsrences between the
LINL and SMA versions of the vessel medel, The fixed-base analysis
benchmarked the differences between analysis techniques. The SSI analyses
provided ocar best estimate of vessel responsa to the postulated seismic
excitation for the MFTP-B facility, amd included consideration of
uncertainties in soil progerties by calculating response for a range of soil
shear moduli. Our results are presented in this report as tables of
comparisons of specific member forces from our analyses and the analyses
performed by LLNL. Also presented are tables of maximum accelerations and
relative displacements and plots of response spectra at various selected
locations. Based on these results we made the follcwing observations.

¢ The basic difference between the original LLNL vessel model and
the revised model we used was in the way local soil flexibility
beneath the foundation piers and support colums was
represented. The effact of thase modeling diffesrences was most
proriounced near the foundation; at the bases of the end cell
piers, transverse bending moments increased by 15% and
longitudinal bending moments increased by a factor of two; at the
bases of the center cell support columns f£orces generally
decraased by 20%. Forces in magnet hangers and struts were
minimally affected (less than 53%).

e The effect of diffarences in analysis methods was an increase of
5% to 10% in CLASSI results over our response spectrunm results,
This 'difference was fairly uniform throughout the model and is
within the range of differences one would expect between these
two methods, At least part of the difference can be attributed
to the difference between the frequency content of the time
histories we used and the design spectra used for the response
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Revision I

spectrum analysis,

The general effects of $SI and interaction with the vault were to
reduce forces by 16 - 30%. Reductions in forces in foundation
members and support legs were slightly higher than in magnet
hangers and struts, Transverse forces generally experienced less
reduction than did longitudinal forces. The overall reduction
was about 20%, not as much as the 25% initially anticipated for
the MFTF-B project, and used for its seismic design.

The comparison of our best estimate results, enveloped for
uncertainty in soil properties, with the LINL analysis, using for
input design spectra factored by 0.75, reflect the cumulative
effects of the differences described above. Magnet hanger and
strut forces calculated by CLASSI generally were 10% to 38%
higher than the LLNL forces. Forces at the bases of the center
cell support columns were generally 10% higher, Forces in the
vessel end cell support legs were 49% to 50% higher. At the
bases of the emnd cell piers, transverse bending moments were
about 50% higher while longitudinal moments were higher by
factors of 2.5 or more. In the transverse direction, the effect
of model differences was responsible for over one-third of the
increase (15%), the remainder coming from analysis methods (19%),
enveloping effects (10%) and a less than average reduction due to
SSI (15%). In the longitudinal direction the increase was
predominantly due to modeling differences, namely the differences
in rotational foundation stiffness and coupling effects between
pier bases.

An additional coupled SSI analysis showed that increasing modal
damping in the vessel to 10% for all modes resulted in a
reduction of 19% to 20% in calculated forces, compared to our
best estimate results which used composite modal damping for the
vessel,

# For structural merbers for which stresses are calculated using a

5-2



cotbination of force components, such as transverse and
longitudinal bending moments at the bases of columns and piers,
an inspsction of the times at which the maxima occur showed that
they do not generally coincide. 1In addition, in our previous
investigation of the A-cell vessel (Ref. 1), a limited study
showed that combination by direct superposition of stress time
histories agreed reasonably well with maximum stresses combined
using the SRSS (square-root-sum-of-squares) method., Thus it
would appear that combination by the SRSS method is reasonable
for the Axicell results,

o The differences between our results and the LINL results are
reported herein as ratios of maximm values without regard fo
the importance of the forces relative to other members or to
design capacities. For example, the ratios betwesn longitudiral
bending moments at the basas of the piers from our best estirate
analyses and from the LLNL response spectrum analysis were in
excess of 2.5. The ratios for the transverse berding mcaents
were about 1.5. However, transverss moments were generally three
times as large as longitudinal moments. Thus the combined stress
due to both would be expected to result in ratios ¢'Jser to
1.5. As another example, ratios may be high for one of a number
of identical memwbers. However, unless the forces in tiat member

control the design of all members, the results are not important.

In sumnary, the overall trend of a reduction in calculated vessel
forces due to the combined effects of S5I and interaction with the vault was
obsarved ({although it was not quite as large as initially an“icipated) when
comparisons were made between comparable analysis methods using the same
modeling assumptions, The use of different modeling assumtions was
responsible for significant differences in calculated forces in some
structural mewbers, in particular the end cell piers. Considerable effort was
spent by SMA in studying the different modelling assumpticns. Based on this,
we conclude that the representation we used was more appropriate for seismic

analysis, assuming failure does not occur in any structural members. We

recommend that the member forces presented in Tables 4.4A to 4.4C be reviewad
5-3



Revision I

and used for comparison with design capacities. If excessive yielding should
be observed to occur in any major structural elements, it may be of value to
conduct a reanalysis using degraded properties,
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APPENDIX &

IN-STRUCTURE MAXIMUM ACCELERATIONS,
DISPLACEMENTS AND RESPONSE SPECTRA
FROM COUPLED SSI ANALYSES
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Figure A.42
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Figure A.45
Node 155, Vault Mxdel
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Figure A2.48
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