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DISCLAIMER

This report was .prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States

Government or any agency thereof.
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August 1994
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DESCRIPTION OF ANALYSIS:

Structural static, nonlinear analysis of tank 241C106 for the effects of dead
loads, 1ive Toads, and soil-surface loads associated with Past-Practice
Sluicing operations. The user-defined subroutine, ANACAP-U, was used to
define the constitutive behavior of the concrete: Model 2 (elastic, perfectly
plastic compressive behavior) was defined. The model is a 3-D model of one-
half of the tank.

Elements: Four-node quadrilateral shell elements with *REBAR subelements,
and eight-node 3-D solid elements.

Loads: Distributed pressure loads (*DLOAD) including gravity loads,
concentrated loads (*CLOAD), and thermal loads (*TEMPERATURE).

Materials: *USER MATERIAL for concrete, *ELASTIC and *PLASTIC for
reinforcing steel, *DRUCKER-PRAGER and *YIELD for soil
plasticity, *INITIAL CONDITIONS to define the initial state of
stress of the soil.

Boundary

Conditions: *BOUNDARY conditions to impose roller-type restraints at the
soil boundaries and to impose symmetry boundaries at the plane
of symmetry.

Solution: *STATIC analysis with the NOSTOP option.
%@M_ 10/17/-,4
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SOFTWARE APPLICATION Analysis System, Inc.) KEY NUMBER (IF APPLICABLE)

James P. Day WHC-SD-W320-ANAL-002
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March through August 1994

DATE PERFORMED
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PREP7 preprocessing of converted HOUSE input files (used for visual checking
of geometry, materials, and boundary conditions of HOUSE models).
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SASSI Ver. P.C.C.-CRAY-1.0, RL Cray*
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SOFTWARE APPLICATION KEY NUMBER (IF APPLICABLE)
* Run IDs 9,9a,9b,Q2,Q3,Q4,Q5,05.5,Q6,Q7,Q7B,Q8,Q8V,TTT (ref: Appendix 0)

**  Run ID Q7V,Q9,50H (ref: Appendix 0O)
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ANALYST (PRINTED NAME) EDT/DOCUMENT NUMBER
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Seismic soil-structure interaction analyses using the direct flexible volume
method; postprocessing to obtain transfer functions, response spectra, and
structural response of shell elements.
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SHAKE for MS-DOS (January 1985
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SOFTWARE APPLICATION KEY NUMBER (IF APPLICABLE)
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SEISMIC EVALUATION OF TANK 241C106 IN SUPPORT OF RETRIEVAL ACTIVITIES
1.0 INTRODUCTION

Tank 241C106 (C106) is a domed, single-shell high-level waste storage
tank that has been in service in the 200 East Area of the Hanford Site
since 1947. Tank C106 is one of twelve tanks in a 4 x 3 array with a 100-ft
center-to-center spacing. Each of the tanks is approximately 75 ft in
diameter, 24-ft high at the haunch, and 33-ft high at the dome apex. The
level of waste in C106 and the associated thermal environment have varied
throughout the life of the tank with the peak temperature in the concrete
reaching approximately 300 °F at the base of the tank in the mid-1970's
(Bander 1992). The calculated peak temperature in the concrete has decreased
since that time to approximately 200 °F. The peak temperature occurs at the
inside bottom of the tank; concrete temperatures in the wall and dome are less
than 130 °F. The waste inside the tank is primarily solid matter
approximately 7- to 8-ft deep. The tank is completely buried in dry, sandy
soil to a depth of approximately 6 ft at the dome apex. Bedrock at the site
lies approximately 300 ft below the base of the tank. Figure 1.0-1 shows a
schematic view of the tank; Figure 1.0-2 shows a schematic cross-section of
the site.

The in situ evaluation of C106 documented in Julyk 1994 includes only
the effects of gravity and thermal loads. A preliminary seismic evaluation of
C106 considering only horizontal excitation (Moore 1993) demonstrated the
finite-element program SASSI (A System for Analysis of Soil-Structure
Interaction) (Lysmer et al. 1991a and 1991b) and provided an estimate of
seismic effects including soil-to-structure interaction (SSI). This final
seismic evaluation expands on the preliminary seismic evaluation (Moore 1993)
to include further verification and refinement of analysis parameters,
quantification of tank-to-tank and waste-to-tank interaction, and examination
of the effects of vertical seismic excitation. The concrete structure of tank
Cl106 is classified as a Safety Class 1 non-reactor structure (Kidder 1993) in
accordance with the definition given in SDC 4.1 (1993).
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Schematic of Tank 241C106.

Figure 1.0-1.
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Site Cross Section.

Figure 1.0-2.
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2.0 SCOPE OF WORK

This work completes the structural evaluation of C106 in support of
retrieval activities by performing a refined seismic analysis, combining the
results with nonseismic response that includes the effects of retrieval
activity loads, and evaluating the combined response against code-based
section capacities (ACI 1990). The in situ condition of the tank calculated
by Julyk (1994) is the baseline condition for calculating the seismic
response. The evaluation considers combined seismic and nonseismic loads in
accordance with the provisions of ACI 349-90 (ACI 1990). Sensitivity studies
are performed to quantify the effect of analysis uncertainties.

In accordance with the Hanford Plant Standards (SDC-4.1 1993) for non-
reactor Safety Class 1 structures, the seismic hazard is based on the Newmark-
Hall response spectra anchored to a peak horizontal ground acceleration of
0.2 g. The analysis of the tank for vertical seismic excitation includes the
effect of a 100-ton live load. The effect of the live Toad on response from
horizontal seismic excitation is neglected.

In any seismic analysis the calculated seismic response is but an
approximation of the actual seismic response. To maintain conservatism in the
seismic evaluation, uncertainties associated with dynamic soil properties and
with the inherent inaccuracies of an approximate analysis approach are
considered. In accordance with seismic analysis standards (ASCE 1986,

NUREG 1989), these uncertainties are addressed by using best-estimate values
of soil shear moduli as well as bounding values of 50% and 200% of
best-estimate moduli.

Uncertainties in the in situ state of the reinforced concrete are
addressed by calculations of the seismic response using best-estimate and
Tower-bound values of tank section and material properties. The best-estimate
values are congruent with the calculated in situ cracking state of the
concrete and with best-estimate concrete moduli. The values defining the
Tower bound of the tank stiffness are based on assumed widespread cracking of
concrete sections and pseudo-lower-bound concrete moduli equal to 87% of the
best-estimate moduli.

Response of the tank from nonseismic loads is computed with the
nonlinear finite-element program ABAQUS (HKS 1989) using the model discussed
in Marlow (1994). Input runstreams for the nonseismic analysis, computed
output, and a brief description of the nonseismic finite-element model are
provided herein. Details of the ABAQUS model and nonseismic analysis approach
appear in Marlow.

The vertical risers extending from the tank dome to the pits above the
tank are analyzed for seismic loads and evaluated to AISC acceptance criteria
(AISC 1992).

2-1
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3.0 CONCLUSIONS

Tank C106 was structurally evaluated for combined seismic and nonseismic
response. Using the ACI 349 code-based approach as documented in nonseismic
tank evaluations (Julyk 1994, Marlow 1994), the evaluation showed that all
reinforced concrete section demands from seismic Toad combinations (which
include unfactored nonseismic Joads) were less than the section capacities.
Section capacities were consistent with the lower-bound (95/95) concrete
compressive strength as computed by the ANACAP-U material subroutine for
Hanford concrete (James 1993) in the C106 in situ analysis (Julyk 1994). The
€106 vertical steel risers were evaluated to AISC acceptance criteria
(AISC 1992). Riser demands from seismic loads were found to be within code
allowables. Riser demands from nonseismic loads were assumed to be
negligible.

Tank axial forces and bending moments from nonseismic loads were found
to be significantly larger than the corresponding demands from seismic loads.
Nonseismic loads controlled for transverse shear demands in the tank while
seismic loads governed for in-plane shear demands. Further, seismic load
combinations (seismic loads plus unfactored nonseismic loads) were less severe
in terms of tank response than the nonseismic load combinations (nonseismic
loads with load factors).

The seismic analysis considered three sets of soil moduli. The lower-
bound soil moduli case resulted in the largest values of tank response while
the upper-bound soil moduli case resulted in the smallest values of tank
response. Tank response was measured primarily in terms of internal bending
moments and axial forces. The largest demands (those from the lower-bound
soil moduli case) were used in the final structural evaluation of the tank.

Horizontal seismic response in the wall and dome computed with the best-
estimate tank stiffness model was three- to four-times larger than response
computed with the lower-bound tank stiffness model (both analyses used
best-estimate soil properties). Conversely, peak seismic response in the base
of the tank was larger for the lower-bound tank stiffness condition. The
Targer of the horizontal seismic demands from the lower-bound tank stiffness
condition and the best-estimate tank stiffness conditions were considered in
the structural evaluation of the tank presented in Appendix L. An upper-bound
tank stiffness condition based on circumferential rather than meridional
reinforcement would not represent a significant deviation from the
best-estimate tank stiffness condition; therefore, such an upper-bound tank
stiffness condition was not included in the seismic analysis.

Seismic tank-to-tank interaction was small but nonetheless was included
in the seismic evaluation. - In computing the tank-to-tank interaction, the
effect of only one adjacent tank was considered and that tank was assumed to
be identical to C106 (no difference in contents, in situ loads, or materials).

The component of seismic response from vertical excitation was
significant compared to the component from horizontal excitation. The
vertical excitation response, in fact, was shown to be larger than the
horizontal excitation response in some cases, e.g., meridional response in the
dome and the upper part of the wall. Further, a large vertical amplification
of motion, resulting in an acceleration approximately equal to 2.0 g at 12 Hz,
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was predicted at the tank dome. A comparison of results of vertical
excitation analyses showed the effect of a 100-ton live load over the dome
apex to be negligible except near the dome apex, i.e., the effect was highly

localized. The conclusion was that the consideration of live-load mass in the
seismic analysis is of minor importance.

Seismic response computed with SASSI with only seven analysis
frequencies and a maximum (cutoff) frequency of 13 Hz was judged to be
adequate, a judgement based on a comparison with response computed by use of
18 analysis frequencies and a cutoff frequency of 24 Hz. To ensure accuracy

of results for evaluation purposes, however, a cutoff frequency of 24 Hz was
maintained with no fewer than 11 analysis frequencies.
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4.0 SEISMIC ANALYSIS METHODOLOGY

Two approaches are commonly used for the dynamic analysis of SSI
problems. The spring-damper or lumped-parameter approach traditionally used
in SSI analysis generally is believed to be less rigorous than the more
recently developed finite-element impedance approach. It is now practical to
solve three-dimensional (3-D) SSI problems with the finite-element method;
therefore, the impedance approach is used for the seismic analysis of
tank C106.

The SASSI finite-element code is used for the seismic analysis and
combines the Site response analysis, the SSI or impedance analysis, and the
structural analysis in one software package. The program SHAKE
(Schnabel et al. 1973) performs an independent soil-column analysis and is run
as a precursor to SASSI to determine iteratively the strain-compatible soil
properties used as input to SASSI.

In a finite-element approach to the SSI problem, a linear substructuring
methodology is followed whereby the SSI problem is subdivided into a number of
simpler sub-problems. The sub-problems are solved separately, and the results
are combined by the principle of linear superposition to obtain the complete
solution. With SASSI, the SSI problem is-solved via the flexible volume
method of substructuring with three substructures. The substructures are the
free-field soil, the excavated soil, and the C106 tank with its near-field
soil. The site soil is represented as a continuum by use of transmitting
boundaries. This approach allows proper wave propagation and energy
dissipation and avoids unrealistic reflections of waves off boundaries that
would be encountered with a finite representation of the soil. The free-field
soil is modeled with horizontal, viscoelastic soil layers of varying thickness
overlying a "rigid" basalt base. The soil layers become stiffer and denser as
depth increases. The stiffness and damping properties of each soil layer are
determined via an iterative approach in the SHAKE program to obtain soil
properties consistent with the effective strain profile in the free-field
associated with the horizontal seismic excitation.

The SASSI code is subdivided into several modules. The functions of the
key modules as stated in the SASSI documentation (Lysmer et al. 199la and
1991b) are summarized below.

SITE: In mode 1, SITE forms and solves the transmitting boundary
eigenvalue problem for Rayleigh and Love wave cases. In mode 2,
the mode shapes and complex wave numbers defining wave propagation
speed and decay in the horizontal x-direction for each wave type
are computed. Knowing the wave types of the seismic environment
and the nature of the control motion, SITE scales and superimposes
the results of the wave types to obtain the free-field
displacement amplitudes at the interaction nodes.

POINT: Using the eigensolutions computed by SITE and the soil Tayer
properties, POINT solves for point loads at the surface of each
soil layer in the embedment zone. The point loads are computed
for each specified frequency and depend on the radius of the
central zone specified by the user.
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HOUSE : HOUSE computes the frequency-independent global mass and stiffness
matrices for the structure and excavated soil.

ANALYS: For each frequency, ANALYS computes the complex dynamic stiffness
matrices of the structure, the excavated soil, and the free field.
The Tast matrix is referred to as the impedance matrix. The three
matrices are assembled into the stiffness matrix of the total
system, which includes the effects of mass and damping. The load
vector is computed by multiplying the impedance matrix with the
free-field displacement amplitudes. The equations of motion are
solved to obtain the uninterpolated acceleration transfer
functions relative to the control motion.

MOTION: MOTION uses a fast Fourier transform (FFT) to convert the control
motion into the frequency domain. Transfer functions from ANALYS
are multiplied by the control motion to compute nodal
accelerations in the frequency domain. These accelerations are
transformed back to the time domain via an inverse FFT algorithm.

At the analyst's request, corresponding response spectra are
computed.

STRESS: Using transfer functions from ANALYS and stiffness matrices of the
structure from HOUSE, STRESS calculates stresses, forces, or
moments for each specified element at each frequency. Through
interpolation and convolution with the control motion, and
application of the inverse FFT algorithm, time histories of
response are obtained.

Appendix B contains independent calculations of the numerical operations
performed by MOTION. These independent checks are provided to demonstrate
clearly details of the numerical operations and to assist in providing a
general illustration of some of the theory incorporated into SASSI.
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5.0 SEISMIC FINITE-ELEMENT MODELS

The seismic response of tank C106 was calculated by the SASSI code with
3-D 1inear finite-element models. The models include a "baseline" quarter-
model described in Section 5.1 and derivatives of the baseline model described
in Section 5.3. Validation and sensitivity studies supporting the development
of the baseline model are described in Appendix A. Baseline model derivatives
were developed to quantify tank-to-tank interaction (TTI), to investigate the
effects of uncertainties in dynamic soil properties or in tank stiffness, and
to evaluate tank risers.

5.1 GENERAL DESCRIPTION OF BASELINE MODEL

The SASSI baseline model for calculating seismic response to a
horizontal excitation is a 3-D quarter-model emplioying a vertical plane of
symmetry parallel to the excitation direction and a vertical plane of
antisymmetry perpendicular to the excitation direction. Both planes intersect
the centroidal axis of the tank in such a way that only one quadrant of the
system is modeled explicitly, hence the designation "quarter-model." In the
case of a vertical excitation, the antisymmetry plane is replaced with a
second symmetry plane. The baseline model does not account for tank-to-tank
interaction (TTI); TTI is addressed via a half-model as described in
Section 5.3.1.

The baseline finite-element model is shown in Figures 5.1-1 and 5.1-2.
Figure 5.1-1(a) and 5.1-1(b) show the near-field soil and the tank,
respectively, which together make up the structural model. The reinforced
concrete base, wall, and dome of the tank are modeled with thin-shell elements
(680 elements). The near-field soil, which is considered part of the
structural model, is modeled with solid elements (1,450 elements). The
near-field soil mesh extends 50-in. radially outward from the tank wall,
74%-in. above the dome apex, and 28-in. beneath the tank base. Eight-node
bricks (third-order integration) as well as degenerate eight-node elements
(tetrahedrons, wedges, pyramids) are used in modeling the near-field soil.

A11 degenerate elements use fourth-order integration. Validation of the
degenerate elements is provided in Section A.2.1 of Appendix A. The
near-field soil is included. in the structural model primarily to facilitate
the transition from the refined tank geometry to the relatively coarse
horizontal soil layering. Nodes are shared by the tank and near-field soil at
the tank-soil interface. Shell-element numbers and associated node numbers
corresponding to the tank mesh in the baseline quarter-model are provided in
Appendix S. Element numbers relevant to the structural evaluation are
provided in Table 5.1-1 under the heading of "Quarter-Model."

The role of the steel liner in a single-shell tank is essentially that
of an impermeable membrane with no intended role as a structural component.
For this reason and because the issue of disparate coefficients of thermal
expansion between steel and concrete is irrelevant from a seismic viewpoint,
the liner is not included in the seismic model. Waste inside the tank is
modeled as described in Section 5.2.3.

Figure 5.1-2 shows the excavated soil, which is modeled with 480 solid
elements and occupies the same volume in space as the structural model. Only
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the nodes on the outer radius and bottom of the excavated soil are coincident
with corresponding nodes in the structural model. These 558 nodes of the
excavated soil model are the prescribed interaction nodes. Thus, the vertical
spacing of the nodes in the excavated soil as shown in Figure 5.1-2 is
indicative of soil-layer thicknesses. Additional layers of soil are included
in the site response analysis in such a way that soil is defined to bedrock at
a depth of 330 ft from the ground surface.

The HOUSE input file for the baseline quarter-model for a horizontal
excitation appears in Section I.1 of Appendix I.

5.2 MATERIAL MODELING

Sections 5.2.1, 5.2.2, and 5.2.3 discuss the approaches used in modeling
the soil, the reinforced concrete, and the tank waste, respectively.

5.2.1 Soil Modeling

Soil is modeled as a viscoelastic material. As there are no test data
available for soil at the C106 site, the Grout Vault soil testing report
(Dames & Moore 1988) was used as the primary basis for the Cl106 seismic soil
properties. Of all the sites where soil test data were avajlable, the Grout
Vault site best fit the C106 site profile.

The best-estimate soil properties were developed with the following
approach. Soil density as a function of depth, shear modulus as a function of
depth and effective strain, percentage of critical damping as a function of
effective strain, and a horizontal control motion at the ground surface are
provided as input to the computer program SHAKE (Schnabel et al. 1972). The
variation of density and shear modulus with depth is taken from the Grout
Vault soil testing report (Dames and Moore 1988) while the variation of shear
modulus and damping with effective strain is taken from an Earthquake
Engineering Research Center report (Seed and Idriss 1970). Data used are
those corresponding to the upper-bound shear modulus degradation curve and
Tower-bound damping curve published in the report. An absence of data has led
to the assumption that, for a constant value of effective strain, damping does
not vary with depth. The horizontal control motion provided as input to SHAKE
is described in Section 6.1. SHAKE calculates the motion throughout the depth
of the free-field soil, on the assumption that motion arises solely from shear
waves propagating vertically from bedrock through a horizontally layered site.
The computation of free-field motion by SHAKE is iterative, because soil
properties (shear moduli and damping ratios) and effective strains in the
free-field soil are mutually dependent. SHAKE input and output files are
provided in Appendix H.

The best-estimate soil properties, including shear moduli and damping
ratios calculated by SHAKE, are given in Table 5.2.1-1. In this table, )
damping is given as a ratio and not as a percentage. Through the depth of
embedment of the structure (first four SHAKE soil layers), each SHAKE soil
layer is split into two or three soil sublayers in the SASSI baseline model;
therefore, some duplication of soil properties exist in the SASSI input. The
following relationships based on elastic half-space theory are used in
calculating the wave propagation speeds for SASSI.
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G 2-2v
s=1| = Vo =Vs
P 1-2v
where
v = Poisson's ratio
Vs = shear wave speed
G = shear modulus
p = mass density
V, = compression wave speed.

Poisson's ratio of the soil is taken as a constant equal to 0.44 and is
based on wave speeds reported in Dames & Moore 1988. Only the data for soil
at depths greater than 9 ft from the ground surface are used in determining
Poisson's ratio, as data for soil at shallower depths appear suspect. Because
Poisson's ratio is assumed to be a constant, compression-wave speed is
directly proportional to shear-wave speed.

The damping ratios of the soil calculated by SHAKE and used in SASSI are
typically within a range of 0.01 to 0.04 (1% to 4% of critical damping) and
thus are well within the maximum damping value of 15% allowed by BNL 52361
(Bandyopadhyay et al. 1993).

Free-field soil and near-field soil are assumed to have the same
fundamental material properties. Further, the effective strain profile in the
near-field soil used in developing strain-compatible shear moduli and damping
ratios is approximated as being equal to the effective strain profile in the
free-field soil.

The vertical excitation analysis uses the same set of soil properties as
the horizontal excitation analysis. As summarized above, SHAKE provides soil
properties consistent with the free-field motion arising from vertically
propagating shear waves. The shear waves are such that the horizontal control
motion from Weiner and Rohay 1992 is produced at the surface of the first
"competent" soil layer. The free-field motion calculated in SHAKE does not
include contributions from the vertical seismic excitation; thus, the seismic
strains are underestimated to some degree in determining strain-compatible
soil properties. From the Seed and Idriss data (1970), a 100% increase in
effective strain (from 0.015 percent to 0.030 percent) affects soil shear
modulus by less than 20%. Because soil strains from vertical excitation
generally can be expected to be significantly Tess than strains from
horizontal excitation, inaccuracies in soil properties attributable to
neglecting soil strains from vertical excitation are relatively minor.

5.2.2 Reinforced Concrete Modeling

The reinforced concrete tank is modeled with shell elements of elastic,
isotropic material. In the baseline model (and all models on which the
seismic evaluation is based), the thickness of each shell element and the
Young's modulus of the elastic, homogeneous material are prescribed to take
approximately into account the effect of steel reinforcement, the state of
cracking, and the "true" material stiffness of the concrete and reinforcement
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including degradation from time and temperature. The material and section
properties of the shell elements are tuned to obtain membrane and bending
stiffnesses of the corresponding in situ tank sections. The "target"
stiffnesses are based on the 2002 (55-year), best-estimate in situ state as
determined by the nonseismic analysis (Julyk 1994). The effective weight
density of the shell element material is adjusted so that the true mass of the
tank is retained though the effective shell thickness may be different from
the true thickness. Table 5.2.2-1 summarizes the nominal section and material
data for each tank section and the equivalent shell properties for the
corresponding ring of shell elements. Details of the procedure are provided
in Appendix U. Section A.3.2 of Appendix A compares the responses in two
cases: one case in which nominal material and gross section properties were
used and another in which the shell properties were "tuned" to those of the in
situ state properties.

Quantities and/or placements of steel reinforcement (rebar) in the tank
are different in the two orthogonal directions. Table 5.2.2-2 summarizes the
major differences in quantity of steel; the differences in bar placement
(cover) are relatively minor. The table shows that the overall differences in
reinforcement in the two directions are small in the base and the dome, large
in the footing and wall (approximately twice as much steel in the hoop
direction), and very large in the haunch (approximately ten to fifteen times
as much steel in the hoop direction). These differences in circumferential
and meridional reinforcement cause the reinforced concrete to behave in an
orthotropic manner; however, the analysis software is limited to isotropic
representations. Because meridional demands generally control over
circumferential demands, the effective shell properties are computed on the
basis of meridional reinforcement. In effect, the shell element model is an
idealization of the actual tank where the circumferential reinforcement is the
same as the meridional reinforcement. The error associated with this modeling
approximation is relatively insignificant given that the quantity of
reinforcement has only a secondary effect on the stiffness of an uncracked
section and that most of the tank is uncracked.

The cracked status of each section is based on the in situ (calculated)
crack plot provided in the in situ tank evaluation (Julyk 1994). As shown in
plots of the in situ crack pattern (Figures 5.2.2-1 and 5.2.2-2), cracking
associated with in situ loading occurs locally only at the top of the wall, at
the bottom of the wall, and in the base near the knuckle. Transformed
concrete sections (Figure 5.2.2-3) are used as the basis for calculating
equivalent section stiffnesses. Where the in situ crack plot indicates any
degree of cracking, the cracked, transformed section is considered on the
assumption that concrete can take no load in tension. Because axial Toad is
generally small relative to axial capacity, the influence of axial load on the
location of the neutral axis of the transformed section is neglected
for simplicity.

Damping of the concrete is specified as 7% of critical damping in
accordance with BNL 52361 (Bandyopadhyay et al. 1993) seismic analysis
guidelines for response level 2 reinforced concrete structures. The response
level is defined by the ratio of total demand (seismic demand plus nonseismic
demand) to code strength capacity in the majority of the seismic load-
resisting components of the structure. For ratios between 0.5 and 1.0, the
appropriate response level is response level 2.
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5.2.3 Waste Modeling

In the case of a horizontal excitation, the waste is modeled
simplistically via Tumped masses attached to nodes along the tank wall.
SimiTarly, waste is modeled simplistically as additional mass on the tank base
in the case of a vertical excitation.

The hydrodynamic effect of the tank waste from a horizontal seismic
excitation is composed of impulsive and convective components. 1In the general
case of an inviscid Tiquid inside a tank, the convective (sloshing) component
is small relative to the impulsive component (Bandyopadhyay et al. 1993,
Section 4.3.2.4 and Appendix F, p. F-10). As the tank waste is primarily
viscous sludge, the effect of sloshing is reduced (Bandyopadhyay et al. 1993,
pp. 2-3, 2-4). The tank is less than half-full of waste, a fact that further
reduces the effect of sloshing on the tank wall and eliminates the possibility
that the slosh height will reach the dome. In view of the insignificance of
the convective mode for tank C106, only the impulsive effect of the waste is
considered. As the waste mass associated with convective modes is assumed to
be zero, the total mass of the waste is considered for the impulsive mode.

The impulsive effects of the waste associated with a horizontal seismic
excitation are approximated by prescribing lumped masses at nodes on the tank
wall. Each lumped mass corresponds to a tributary volume of waste with the
sum of the lumped masses being equal to 100% of the waste mass. Each mass is
active in all directions; hence, a potential rocking motion of the tank
arising from a horizontal excitation is considered in an approximate fashion
in that vertical acceleration of the lumped masses will impose vertical load
on the wall. Details of calculating the tributary masses for each wall node
are presented in Appendix N, and effects of waste on horizontal tank response
are summarized in Section A.3.3 of Appendix A. This approach to modeling
hydrodynamic waste effects is approximate and typically conservative in that
waste mass is distributed around the full circumference of the tank. 1In
reality, impulsive waste forces are applied to only one-half the tank wall at
any given point in time. Further, the effects of dynamic earth pressures and
impulsive waste forces, rather than being additive, are generally
counteracting to some degree (if small or zero phasing differences are assumed
in the two loads). In the SASSI model, the counteracting effect of impulsive
waste forces on dynamic earth pressures tends to be underestimated.

In an approach similar to that described above, the impulsive effects of
the waste associated with a vertical seismic excitation are approximated by
increasing the density of the tank base material to include the waste mass.

In this approach, the hydrodynamic pressure on the tank wall from the vertical
seismic acceleration of the waste is not considered. From an structural
evaluation perspective, hydrodynamic pressure on the wall from vertical
excitation of the waste counteracts response from dynamic earth pressures.

For single-shell tanks, BNL 52361 (Bandyopadhyay et al. 1993) states that a
phasing difference in the two opposing wall pressures may exist and recommends
evaluating the tank by considering each of the two wall loads to act alone,
not in combination. Because the tank is less than half full, lateral earth
pressure dominates over waste load on the tank wall; therefore, it is within
the guidelines to neglect the waste load on the wall that results from
vertical excitation. A set of SASSI inputs for a vertical excitation analysis
is provided in Section I.3 of Appendix I.
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Calculations of lumped masses and of the revised tank-base material
densities representing the waste for the horizontal and vertical excitation
cases, respectively, are provided in Appendix N.

5.3 DEVIATIONS FROM BASELINE MODEL

The baseline model is used to compute the seismic response of the tank
neglecting tank-to-tank interaction and considering only the best-estimate
values of soil properties and tank stiffness. Deviations from these
assumptions/conditions require the use of models described in Sections 5.3.1
to 5.3.3. Further, Section 5.3.4 describes modifications made to the baseline

model to predict the response of the vertical steel risers and concrete pits
over the tank.

5.3.1 Tank-to~-Tank Interaction

Tank-to-tank interaction (TTI) is a function of a number of variables
including soil stiffness, tank stiffness, tank spacing, and seismic
environment. Many studies have used plane-strain models of underground waste
tanks in an attempt to quantify TTI effects. There remains considerable
debate as to the validity and usefulness of these two-dimensional studies.
TTI associated with a horizontal excitation was examined by means of 3-D
models as described in the remainder of this section. TTI associated with a
vertical excitation generally is regarded as being small relative to that
associated with horizontal excitation; therefore, TTI for a vertical
excitation is not considered in the seismic evaluation.

In Tieu of explicitly modeling two adjacent tanks (two half-tanks) to
predict horizontal TTI, a single half-tank with a plane of antisymmetry
defined at a Tocation in the soil corresponding to the midway point between
two adjacent tanks is used (Figure 5.3.1-1). The former approach was
impractical from the standpoint of computing resource requirements.
Validation of the latter approach is provided in Sections A.1.1 and A.1.2.

As in the baseline quarter-model, the TTI half-model includes a vertical
plane of symmetry through the tank centroidal axis and parallel to the
excitation direction. The near-field soil and tank in the TTI half-model are
shown in Figure 5.3.1-2. As mesh refinement in the TTI half-model is exactly
the same as in the baseline quarter-model, the TTI model has exactly twice the
number of elements. Shell-element numbers and associated node numbers
corresponding to the tank mesh in the TTI half-model are provided in
Appendix T. Element numbers relevant to the structural evaluation are
provided in Table 5.1-1 under the heading "Half-Model."

The HOUSE input file for the TTI haif-model with lower-bound soil
properties is found in Section I.2 of Appendix I. This input file was
generated with the aid of the computer program MGEN.for, a listing of which is
provided in Appendix R. Appendix R also contains portions of the baseline
model HOUSE input that serve as input files to MGEN.for.
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5.3.2 Soil Properties Variation

For a number of reasons including shortage of test data for site-
specific soil, there is substantial uncertainty in the soil parameters used in
the SSI analysis. To help maintain conservatism in computed seismic response,
seismic analysis guidelines recommend that bounding values of the soil shear
moduli be used. This approach is intended to account for uncertainties not
only in the soil properties but in other aspects of the SSI analysis as well
(ASCE 1986). The upper-bound shear moduli are equal to the best-estimate
moduli times the quantity 1 + C, where C, is an uncertainty factor. For the
Tower-bound case, the soil shear moduli are equal to the best-estimate moduli
divided by the quant1ty 1 +C,. IfC, cannot be determined in a probabilistic
manner, ASCE requires that a value of no less than 0.5 be used for C,. Other
seismic analysis guidelines (Bandyopadhyay et al. 1993 and NUREG 1989) suggest
that C, be set to unity. The bounding seismic analyses of Cl06 use C, equal
to one thus, the Tower-bound soil shear moduli are set equal to 50% of the
best- est1mate moduli, and the upper-bound shear moduli are set equal to 200%
of the best-estimate moduli. The moduli are adjusted before the SHAKE program
is run.

BNL 52361 guidelines (Bandyopadhyay et al. 1993) state that when a soft
soil Tayer (Vg less than 750 ft/s) overlies a stiffer (competent) layer, the
control mot1on should be specified at an outcrop of the stiffer layer. Such
is the case for the C106 lower-bound soil condition. In the lower-bound SHAKE
analysis (Appendix H), the control motion is specified at an outcrop of the
second soil layer because the first layer has a shear wave speed of less than
750 ft/s. The motion is deconvolved to the bedrock and then convolved back to
the surface of the soft soil layer (Layer 1). The acceleration time history
calculated by SHAKE at the surface of the soft soil layer is used as the new
control motion in the SASSI analysis for the lower-bound soil condition. As
in all cases, soil properties that are consistent with the free-field strain
profile are determined by SHAKE and are used as input in the SSI
(SASSI) analysis.

The Tower-bound (50%) and upper-bound (200%) soil properties, including
strain-compatible shear moduli and damping ratios calculated by SHAKE, are
given in Tables 5.3.2-1 and 5.3.2-2, respectively. Given shear modulus,
Poisson's ratio, and density of each soil layer, relationships based on
elastic half-space theory are used in calculating the wave propagation speeds
for SASSI. .

The SASSI user's manual (Lysmer et al. 1991b) gives a guideline for
establishing appropriate spacing of interaction nodes based on shear wave
speed and the highest frequency of the analysis (one-fifth wavelength rule).
Using the one-fifth wavelength rule, Tables 5.3.2-3, 5.3.2-4, and 5.3.2-5 1ist
the h1ghest analysis frequency consistent with the thickness and shear wave
speed in each soil layer for the best-estimate, lower-bound, and upper-bound
soil conditions, respectively. When applied to horizontal spacing of
interaction nodes, the one-fifth wavelength rule may be relaxed by
approximately a factor of two without a significant sacrifice in solution
accuracy for the case of vertically propagating waves (Lysmer in Appendix P).
Lysmer also states that the "selection of the correct vertical dimension
[Tayer thickness] is most important within the depth of embedment. At greater
depths you can gradually increase the vertical dimension of elements beyond
that specified by the wavelength rule." With a cutoff analysis frequency of
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24 Hz, violations of the wavelength rule within the depth of embedment of the
tank are evident for the lower-bound and upper-bound soil cases as indicated
in Tables 5.3.2-4 and 5.3.2-5 by shaded cells. These violations are minor,
i.e., the highest analysis frequencies defined by the wavelength rule (20.5 Hz
for lower-bound soil properties and 21.6 Hz for upper-bound soil properties)
are near the 24-Hz cutoff. Further, it is evident from comparisons of results
based on 13- and 24-Hz cutoff frequencies that contributions from higher
frequencies are relatively unimportant. This conclusion regarding the
insignificance of higher frequency response may not apply alternate control
motions having higher frequency content.

For the upper-bound soil properties case in which wave speeds are
relatively large, the refinement (558 interaction nodes) offered by the
baseline model is not warranted; therefore, a computationally efficient coarse
model (95 interaction nodes) is used. There is no difference in the tank mesh
densities of the baseline and coarse models; the difference lies primarily in
the refinement of the excavated soil mesh (number and spacing of interaction
nodes). The HOUSE input file for the upper-bound soil analysis is provided in
Section 1.4 of Appendix I.

5.3.3 Tank Stiffness Variation

BNL 52361 guidelines (Bandyopadhyay et al. 1993, Section 3.4) recommend
that structural frequency variations be considered. As the guidelines state
that it is often appropriate to skew the frequency variation to the low side,
rerunning the analyses with all sections considered as cracked should meet the
intent of the frequency variation recommendation. As the addition of seismic
loads to the generally dominant nonseismic loads is not likely to induce
widespread cracking, the assumption of widespread cracking represents more of
an arbitrary bounding state than an expected state. To soften the tank
further, the concrete elastic modulus is reduced to correspond approximately
to the 2002 (55-year) nonseismic analysis with lower-bound concrete properties
(Julyk 1994). (The lower-bound concrete modulus is taken as 87% of the
best-estimate concrete modulus. This reduction is based on the square root of
the ratio of lower-bound concrete compressive strength to best-eéstimate
compressive strength.) The-combination of lower-bound concrete modulus with
the assumption of universal cracking is referred to as the "soft
tank" condition.

The development of equivalent shell element properties for the soft tank
condition uses the approach documented in Section 5.2.2 and Appendix U.
Table 5.3.3-1 summarizes the nominal section and material data for each tank
section and the equivalent shell properties for the corresponding ring of
shell elements in the soft tank model.

In accordance with BNL 52361 only best-estimate soil properties are used
in conjunction with the soft tank model. Further, the computationally
efficient coarse model (95 interaction nodes) is used for the soft tank SSI
analysis. The HOUSE input file is provided in Section I.5 of Appendix I.

As stated in Appendix U, the derivation of equivalent shell element
properties of the best-estimate (stiffness) tank considers meridional
reinforcement. Consideration of circumferential rather than meridional
reinforcement would constitiute a reasonable approximation of an upper-bound
tank stiffness condition. Because reinforcement has only a secondary effect
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on stiffness values of uncracked sections and the (best-estimate) tank is
largely uncracked, the proposed upper-bound tank stiffness condition
represents much less of a deviation from the best-estimate tank stiffness
condition than does the lower-bound tank stiffness condition. Although a
nominal increase in tank stiffness may result in increased section demands,
demands associated with a upper-bound-tank-stiffness/best-estimate-soil-
properties condition are unlikely to exceed the demands associated with the
best-estimate-tank-stiffness/lower-bound-soil-properties condition. Because
bounding conditions of soil properties and tank stiffness need not be
considered in combination (Bandyopadhyay et al. 1993), the upper-bound tank
stiffness is not a controlling condition and is not included as a separate
analysis case.

5.3.4 Model with Pits and Risers

Tank C106 has three reinforced concrete pits located above the tank dome
and embedded in the soil. As shown in Figure 5.3.4-1, each box-shaped pit is
separated from the tank dome by a layer of soil. Steel pipes (risers) span
vertically between the floor of each pit and the tank dome. The top end of
each riser is coupled with the pit floor in the horizontal direction but not
in the vertical direction.

Because the pits are small relative to the tank, their presence has
1ittle influence on the seismic tank response. Therefore, the pits and risers
are not considered in the general tank evaluation. The risers and crude
representations of the pits are added to the tank model for two reasons:

. To assess seismically induced riser response for use in an evaluation of
the steel risers (Section 9.3)

. To calculate pit-floor response spectra for use in an evaluation of
allowable loads in the pit floor.

The baseline SASSI model with the following modifications is used in the
riser evaluation.

. The arrangement of nodes and solid elements in the region above the tank
dome is modified slightly so that volumes occupied by pits are better
represented.

J The material properties (density and wave speeds) of near-field soil

elements occupying volume actually occupied by the pits are modified to
represent a "pseudo-pit." Because the pits are not solid blocks of
concrete, Young's modulus of the pseudo-pit material is (arbitrarily)
taken to be equal to 50% that of concrete with compressive strength
equal to 3,000 1bf/in®. Poisson's ratio of concrete (0.15) is used.
Density is prescribed so that the mass of the pseudo-pit agrees with
that of the actual pit. Wave speeds are determined on the basis of
elastic half-space theory.

M e
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. Vertical beam elements representing the steel risers are added. Each
beam spans from a point on the dome to the bottom of a pseudo-pit. The
top node of each riser beam is end-released so that only horizontal
forces and no moments may be transferred to that node. Beam section
properties are set in accordance with the diameter and thickness of the
risers. Material properties correspond to those of steel.

Three variations of the quarter-modei were generated: one for a
vertical excitation, and because the pits/risers introduce nonsymmetry into
the problem, two for the two orthogonal horizontal excitations. Additional
modeling details are provided in Appendix Q, and SASSI input files for the
y-direction excitation analysis are provided in Section I.6 of Appendix I.
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Figure 5.1-1. Baseline Quarter-Model.

(a) Near-Field Soil
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Figure 5.1-2. Excavated Soil in Baseline Quarter-Model.
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Figure 5.1-3. Elements Along 180° Meridian in Half-Model.
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Figure 5.2.2-1. Crack Pattern at Upper Wall of 241C106 (Best-estimate
Concrete Strength at 55 Years (Julyk 1994).
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Figure 5.2.2-2. Crack pattern at Knuckle of 241C106 (Best-estimate
Concrete Strength at 55 Years (Julyk 1994).
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Antisymmetry for Tank-to-Tank Interaction.

Antisymmetry
Plane

(a) Condition Being Modelled
(b) Model
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Tank-to-Tank Interaction Half-Model.

Figure 5.3.1-2.

(a) Near-Field Soil
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Figure 5.3.4-1. Cross Section of Tank 241C106.
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Table 5.1-1. 241C106 Tank Shell Elements.
SASSt SASS! and ABAQUS
Nominal Element Quarter Model Half Model
180 degree 90 degree O degree 90 degree 180 degree
Thick. (in) Location meridian meridian meridian meridian meridian

6.00 floor 1 129 289 161 1

6.00 floor 4 131 291 164 4

6.00 * floor 9 135 295 169 9

6.00 floor 16 141 301 176 16
6.00 floor 164 s77 1257 844 324
6.00 floor 168 581 1261 848 328
6.00 floor 172 585 1265 852 332
6.00 floor 176 589 12639 853 336
6.00 floor 180 593 1273 860 340
6.00 floor 184 597 1277 864 344
14.49 floor (stress3) 188 601 1281 868 348
18.20 wall 192 6805 1285 872 352
12.20 wall 196 609 1289 876 356
12.00 wall (stress?2) 200 613 1293 880 380
12.00 wall 204 617 1297 as4 364
12.00 wall 208 621 1301 888 368
12.00 wall 212 625 1305 892 372
12.00 wall 216 629 1308 896 376
12.00 wall 220 633 1313 900 380
12.00 haunch (stress1) 24 637 1317 904 384
27.29 haunch 28 641 1321 208 388
31.62 haunch 2 845 1325 912 392
21.31 dome 236 649 1329 . 916 386
18.08 dome 240 6853 1333 920 400
17.38 dome 244 657 1337 924 404
16.91 dome 248 661 1341 928 408
16.38 dome 252 665 1345 832 412
15.83 dome 256 669 1349 836 416
15.28 dome 260 673 1353 940 420
15.00 dome 23 148 308 183 23
15.00 dome 28 154 314 188 28
15.00 dome 31 158 318 191 AN

15.00 dome 32 160 320 192 32
24.00 footing 264 677 1357 944 424

Notes:

1. Node numbers for coarse mesh models are different from node numbers for fine mesh (baseline) models.
2. See Figure 5.1-3 for plot of typical meridian showing element location.
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; Layer Layer Deplhto | Depthto Polsson's {SHAKE] Welght Weight Mass [SHAKE])
: No. | Thicknass | Mid-layer | Bottom Ratlo S G a M Density Densily Density Vs Vp Damping
5 {in) N () (p/r2) | (ban2) | gbmint2) | brme3d) | o(btant3) | (bf-sr2int4) | (vs) | (invs) Rallo =t
' 1 155 6.5] 1292 0.44] 073273 3,101 21,535{ 200,991 105} 0.06076] 0.00015726] 11,702| 35,754 0.015 ':T:
g 2 127 18.2}] 2350 ° 044] 03273 8,079 56,104 623,639 t1o 0.06366 0.00016474} 18,454] 656,378 0.015 ;‘:
3 112 28.2| - 32.83 044} 023273} 7,747 63,799] 502,120 110] 0.06386| 0.00016474] 18,071] 55,207 0.019 ',—‘
4 147 39.0f 45.08 0.44] 03273 7,508 52,1391 486,630 110 0.06366] 000016474 17,790| 54,349 0.022 " c:f:
5 a3 48.5] 5200 0.44] 03273 7,359 51,104 476,972 110} 0.06366) 0.00016474] 17,613] 63,807 0.024 080 '8
L'ﬂ 6 156 §8.5] 65.00 0.44] 03273 11,829 82,146 766,694 110 0.06366 0.00016474] 22,330} 68,219 0.021 g-, § é
"'\"’ 7 180 725] 80.00 0.44] 03273 11,572 80,361 750,037 110 0.06366 0.00016474F 22,086} 67,474 0.023 g o Jlo>
8 240 90.0] 100.00 0.44] 0.3273 11,296 78,444 732,148 110 0.06366 0.00016474| 21821 66,664 0.025 g" E
: 9 240 110.0] 120.00 0.44f 0.3273 10,738 74,569 695,981 110 0.06366 0.00016474f 21,27S5] 64,997 0.03 §) :%
: 10 300 1325} 145.00 0.44] 03273] 21,312 148,000 1,381,333 1251 0.072341 0.00018721] 28,117} 85,898 0.022 :
g " 300 157.5{ 170.00 0.44] 03273 21,015} 145938) 1,362,083 125 0.07234 0.00018721}F 27,9207 85,298 0.023 -:8:
12 360 185.0f 200.00 0.44] 0.3273 20,782] 144,319) 1,346,981 125 0.07234 0.00018721] 27,765 84,824 0.024 E—}
13 360 215.0f 230.00 0.44f 0.3273 20,638 1 43,319] 1,337,648 125] 0.07234] 0.00018721| 27,669] 84,529 0.0256 :g
14 360 245.0]1 260.00 0.44] 0.3273] 20508] 142417 1,329,222 125 0072347 0.00018721] 27,581] 84,262 0.026
15 420 27751 295.00 0.44] 0.3273 20,493] 142,313] 1,328,250 125 0.07234 0.00018721} 27,571) 84,232 0.026
16 420 312.5] 330.00 0.44] 0.3273 20,412} 141,750} 1,323,000 125 0.07234 0.00018721F 27,5177 84,065 0.026
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Best-ast, 55 yrs

tank 1/2 model 174 model nominal Merld. caord. ABAQUS
rogion shell ol # shel el # {hickness, t of centrold solid elo. # Ec Temp E st Asinch d
(180 dog) (180 dey) {in] [ln'l_ (Julyk 1984) fbtint2) [dvg F) Ibiin~2) fin*2} 1 {in]
floor 1 1 6.00 R= 238 4 2.144E+06 167.3 2.78E+07 0.0170 1.750
floor 4 4 6.00 536 10 2.147E+06 157 2.78E+07 0.0170 1.7650
floor 9 ] 6.00 69.4 16 2.156E+06 1566.4 2.78E+07 0.0170 1.750
floor 16 16 6.00 125 22 2.168E+06 155.6 2.78E+07 0.0170 1.750
floor 324 164 6.00 165 28 2.185E+06 1543 2.78E407 0.0170 1.750
floor 328 168 6.00 209 34 2 210E+06 1525 2.79E+07 0.0170 1.750
fioor 332 172 6.00 253 42 2.242E+06 150.2 2.79E+07 00170 1.750
floor 336 176 6.00 297 48 2.283E+06 147.2 2.79E+07 0.0170 1.750
floor 340 180 6.00 341 56 2.341E+06 1429 2.79E+07 0.0170 1.750
Noor 344 184 6.00 385 64 2.420E+06 1376 2.79E+07 0.0170 1.750
knuckle 348 188 14.49 432 108 2.597E+06 129.1 2.80E+07 0.0550 3.130
knucide 352 192 18.30 Z= 374 134 2.624E+06 1253 2.80E+07 0.0367 2375
wall 356 196 12.30 59.4 122 2 B43E+06 113 2.81E+07 0.0367 2375
wall 360 200 12.00 82 140 3.155€+406 103.1 2.81E+07 0.0367 2375
wall 364 204 12.00 110 149 3.632E+06 95.15 2.82E+07 0.0367 2375
wall 368 208 12.00 138 151 3.739E+06 94.02 2.82E+07 0.0367 2375
wall 372 212 12.00 166 161 3.771E+06 92.75 2.82E+407 0.0367 2378
wall 376 216 12.00 194 163 3.825E+06 92.16 2.82E+07 0.0367 2375
wall 380 220 12.00 222 172 3.835E+06 91.64 2.82E+07 0.0367 2375
wall 384 224 12.00 247.9 188 3.959E+06 90.77 2.82E+07 0.0367 2.375
haunch 3688 228 27.29 271.15 190 4.100E+06 89.57 2.82E+07 0.0367 2375
haunch 392 232 31.62 R= 436.45 192 4.050E+06 89.52 2.82E+07 0.0960 4.375
haunch 396 236 2131 410.2 195 3.972E+06 89.66 2.82E+07 0.0780 4.375
dome 400 240 18.08 380.7 232 J3.943E+06 89.97 2.82E+07 0.0490 4375
{dome 404 244 17.38 351.85 234 4.036E+06 89.2 2.82E+07 0.0470 4375
dome 408 248 16.91 3184 235 3.958E+06 89.74 2.82E+07 0.0530 4375
dome 412 252 16.38 279.85 237 4.06BE+06 86.84 2.82E+07 0.0600 4375
dome 416 256 15.83 240.65 238 3.983E+06 69.47 2.82E+07 0.0460 1.625
dome 420 260 15.28 200.95 240 4.090E+06 88.59 2.82E+07 0.0430 1.625
dome 23 23 15.00 168.5 241 4.022E+06 a9.11 2 82E+07 0.0570 1.625
dome 28 28 15.00 1134 243 4 025E+06 89 07 2 §2E+07 0.0480 1.625
dome 31 3 15.00}" 68.1 245 4.100E+06 88.46 2.82E+07 0.0480 3.375
dome 32 32 15.00 30.3 246 3 998E+06 89.26 2.82E+07 0.0370 3.375
{ooting 424 264 24.00 R= 472 1M1 J 188E+06 1218 2.80E+07 0.0550 3.130
q3\MSHLPROP.XLS 10f3
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Shell Elements Section and Material Properties

(Best-estimate Tank Stiffness) (cont.).

Table 5.2.2-1.
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vc-S

0of3

(wt density) nom = 0.0870
Effactiva shell propaitios
tank 1/2 mods! Axial stift, Bend. stiff. (welght
rogion shel el. # (EA) shi (12El) shl E shl {shl density) shl

(180 deg) b fibt-in*2} [otin*2] finj fibtAn*3)
—r ——a
floor tf 1.330E+07 4.709E+08] 2235E+06] 5.95 0.1170
floor 4] 1.332E+07 4.717E+08} 2.23BE+06] &§.95 0.H470
floor 9] 1.337E+07 4735E+408] 2247E+06] 5.95 0.1170
floor 16] 1.344E+07 4.7626+08] 2.259E+06] 5.95 0.1169
floor 324] 1.354E+07 4.798E+08] 2.276E+06] &5.95 0.1169
floor 328] 1.370E+07 4.854E+08] 2301E+06] 6.95 0.1169
floor 332| 1.389E+07 4.922E+08] 2.333E+06] 5.95 0.1169
Qoor 3367 1.414E+07 5011E+08] 2.374E+06] 5.95 0.1169
floor 340] 1.448E+07 5136E+08] 2.432E+06] 5.96 0.1169
floor 344] 1.496E+07 5.307E+08] 2.511E+06] 5.96 0.1168
knuckde 348] 9.652E+06 1.569E+09] 7.569E+05] 12.75 0.1125
knuckle 352] 4.987E+07 1.650E+10] 2.735E+06] 1824 0.0873
wall 356 B8.829E+06] 8.574E+08] B8.960E+05] 9.85 0.1086
wall 360 3.969E+07 5.741E+09] 3.301E+06] 12.03 0.0868
wall 364] 4.538E+07 6.559E+09] 3.774E+06] 12.02 0.0868
wall 368} 4.666E+07 6.744E+09] 3.881E+06] 12.02 0.0868
wall 372] 4.704E+07 6.799E+09] 3.913E+06} 12.02 0.0868
wall 376] 4.768E+07 6.891E+409] 3.966E+06] 12.02 0.0868
wall 380| 4.781E+07 6.909E+09| 3.977E+06] 12.02 0.0868
wall 384 1.012E+07 8.494E+08f 1.105E+06] 9.16 0.1140
haunch 388§ 1.137E+08 8.603E+10| 4.132E+06] 27.5% 0.0863
haunch 392 1.313E+08 1.336E+11] 4.112E+06] 31.93 00862
haunch 396 8.751E+07 4.028E+10f 4.079E+06} 21.46 0 0864
dome 400] 7.352E+07 2.430E+10f 4.044E+06] 18.18 0.0865
dome 404] 7.242E+07 2212E+10{ 4.144E+06] 17.48 0.0865
dome 408} 6.950E+07 2.011E+10] 4.086E+06] 17.01 0.0865
dame 4121 6.953E+07 1.888E+10] 4.220E+06] 16.48 0.0865
dome 416] 6.528E+07 1.649E+10] 4.107E+06] 15.80 0.0866
dome 420] 6.457E+07 1.517E+10] 4.212E+06} 15.33 0.0867
dome 231 6.308E+07 1.430E+10] 4.190E+06] 15.06 0.0867
dome 28] 6.269E+07 1.420E+10] 4.166E+06] 15.05 0 0867
dome 31] 6.381E+07 1.431E+10] 4.261E+06] 14.97 0.0871
dome 32 6.477E+07 1.386E+10} 4.123E+06} 14.98 0.0871
{ooting 424 7.787E4+07 4534E+10] 3.227E+06] 24.13 0.0865
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WHC-SD-W320-ANAL-002
Rev. 0

Table 5.2.2-2. Tank 241C106 Reinforcement.

Region Meridional Hoop Reinforcement Reinforcement Area
Reinforcement (bar size, (in%/in.)
(bar size, spacing-inches) .
spacing-inches) Meridional Hoop
Base 0.5 dia 0.5 dia @ 12 0.0167 0.0167
@ 12
Footing 0.75 dia 1sq@38 0.0550 0.125
(bottom) e 8
Wall 0.75 dia 0.875 dia @ 6 min, 0.0367 0.0600 to
@ 12 10 max 0.100
Haunch 0.75 dia 1.25 sq @ 6 w/ 3 0.0733 0.651 to
@6 to 7 interior 1.17
Tayers
Dome 0.75 dia - 0.75 dia @ 12 0.0333 0.0366
@ 13.2
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Lower-Bound Soil Properties (Control Motion at

Table 5.3.2-1.

Second Soil Layer).
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3 Layer| Layer Depthto | Depthto] Poisson's {SHAKE] Welght Welght Mass [SHAKE]
a; No. | Thickness | Mid-layer | Bottom | Ratlo S G G M Density | ODensity Density Vs Vp | Damplng
? (in) ) ® (ipine2) | (orinn2) | orine2) | qounes) | gonsd) | qorsr2anna) | ws) | gws) | Ratio g,_
;}f ] 155 65 12.92 0.44] 0.3273 6,365 44,201 412,546 105 0.06076 0.00015726] 16,765] 61,219 0.012 (-;‘
Z’;i 2 127 18.2 23.50 0.44] 0.3273 16,5682 115,153] 1,074,759 110 0.06366 0.00016474) 26,438] 80,770 0.012 z
j 3 112 282 52.83 0.44] 03273 16,320f 113,333] 1,057,778 110 0.06366 - 0.00016474] 26,228| 80,129 0.014 Z =
5 4 147 38.0 45.08 0.441 03273 16,058 111,514 1,040,796 110 0.06366 0.00016474] 26,017| 79,483 0.015 | :‘(l-,:
) 83 48.5 52.00 0.44) 03273 15,740] 109,306 1,020,185 110 0.06366 0 00016474] 25,758{ 78,693 0.017 :g - E
z: 6 156 68.5 65.00 0.44] 0.3273 25,197 1749791 1,633,139 110 0.06366 0.00016474] 32,5601 99,565 0.015 _UISJ f<D §
;1 h 7 180 725 80.00 0.44] 03273 24,756 171,917] 1,604,556 110 0.06366 0.00016474] 32,304] 98,690 0.016 g o J,z>
' 8 240 90.0f 100.00 0.44f 0.3273 24317 168,868 1,576,102 110 0.06366 0.00016474] 32,016] 97811 0.018 ;(-/; i
E 9 240 110.0{ 120.00 0.44] 0.3273 23,861 165,701] 1,546,546 110 0.06366 0.00016474] 31,714} 96,889 0.019 = 8
L 10 300 1325] 145.00 0.44} 0.3273 45543| 316,271] 2,951,861 125 0.07234 0.00018721] 41,102] 125,569 0.016 _-é?
’/“ " 300 157.5] 170.00 044} 0.3273 44,665] 310,174] 2,694,954 125 0.07234 0.00018721] 40,704] 124,353 0.017 :_"%_
12 360 185.0] 200.00 0.44] 03273 43,9361 305,111] 2,847,704 125 0.07234 0.00018721}] 40,371§ 123,334 0.019 é
13 360 215.0] 230.00 0.44] 0.3273 43,330 300,903f 2,808,426 125 0.07234 0.000168721] 40,091] 122,480 0.02 .
14 360 245.0f 260.00 0.44} 03273 42,892] 297.861) 2,780,037 125 0.07234 0.00018721] 39,888] 121,860 0.021
15 420 271.5] 295.00 0.44] 0.3273 42575 295,660] 2,759,491 125 0.07234 0.00018721| 39,740] 121,409 0.021
16 420 312.5] 330.00 0.44] 0.3273 42338] 294,014] 2,744,130 125 0.07234 0.00018721] 39,630{ 121,070 0.022
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Vs, h, Highest Analysis S, Highest Analysis
Soil Shear Modeled Depth to Frequency Max. Horizon. Frequency
Layer Wave Layer Top of (Based on 1/5 W'length Interaction Node | (Based on 1/6 W'length
No. Speed Thickness Layer Rule Using "h") Spacing Rule Using "s")
(in/s) (in) (ft) (hz) (in) (hz)

1 11,702 77.5 0.0 30.2 94.0 49.8

2 11,702 71.5 6.5 30.2 94.0 49.8

3 18,454 71.0 12.9 52.0 84.0 78.5

4 18,454 56.0 18.8 65.9 94.0 78.5

5 18,071 56.0 23.5 64.5 94.0 76.9

6 18,071 56.0 28.2 64.5 94.0 76.9

7 17,790 29.0 32.8 122.7 94.0 75.7

8 17,790 63.0 35.3 56.5 84.0 75.7

9 17,790 55.0 40.5 64.7 4.0 75.1

10 17,613 83.0 45.1 424 84.0 74.9

11 22,330 166.0 52.0 28.6 94.0 95.0

12 22,086 180.0 65.0 24.5 94.0 94.0

13 21,821 240.0 80.0 18.2 94.0 92.8

14 21,275 240.0 100.0 17.7 984.0 80.5

15 28,117 300.0 120.0 18.7 94.0 119.6

16 27,920 300.0 145.0 18.6 94.0 118.8

17 27,765 360.0 170.0 15.4 94.0 118.1

18 27,669 360.0 200.0 15.4 84.0 117.7

19 27,581 360.0 230.0 16.3 84.0 1174

20 27,57 420.0 260.0 13.1 4.0 117.3

21 27,517 420.0 295.0 13.1 84.0 1171
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: Vs, h, Highest Analysis s, Highest Analysis
Saoil Shear Modeled Depth to Frequency Max. Horizon, ~ Frequency
; Layer Wave Layer Top of (Based on 1/5 Wlength Interaction Node }(Based on 1/5 W'length
No. Speed Thickness Layer Rute Using "h") Spacing Rule Using "s") =)
: . (in/s) (in) (ft) (hz) (in) (hz) 2 S
) 1 7,935 71.5 0.0 e e 205 94.0 338 = =
2 7,935 71.8 6.5 VoL, 208 94.0 33.8 =T
3 12,576 71.0 12.9 35.4 94.0 53.5 S e %)
4 12,576 56.0 18.8 44.9 94.0 53.5 & _ oL
o 5 12,208 56.0 23.5 43.9 94.0 52.3 o o
. 3 6 12,298 56.0 28.2 43.9 94.0 52.3 =2 9
: 7 11,785 29.0 32.8 81.3 94.0 50.2 =8 e
8 11,785 63.0 35.3 37.4 84.0 50.2 3s
9 11,785 55.0 40.5 429 94.0 50.2 ® _ =
10 11,348 83.0 45.1 27.3 94.0 48.3 7y & ~
1 14,824 156.0 52.0 19.0 94.0 63.1 2=
. 12 14,320 180.0 65.0 15.9 94.0 60.9 5
13 13,919 240.0 80.0 11.6 94.0 59.2 <
‘ 14 13,679 240.0 100.0 1.4 984.0 56.2 =
15 19,204 300.0 120.0 12.8 94.0 81.7 -
16 19,090 300.0 145.0 12,7 94.0 81.2 3
17 18,784 360.0 170.0 10.4 94.0 79.9 Q
18 18,490 360.0 200.0 10.3 84.0 78.7 i
19 18,396 360.0 230.0 10.2 84.0 78.3 &
20 18,218 420.0 260.0 8.7 84.0 715
21 17,881 420.0 295.0 8.5 84.0 76.1
sassi\FREQLOW.XLS
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Vs, h, Highest Analysis s, Highest Analysis
Soil Shear Modeled Depth to Frequency Max. Horizon. Frequency
Layer Wave Layer Top of (Based on 1/5 W'length Interaction Node | (Based on 1/5 W'length
No. Speed Thickness Layer Rule Using "h") Spacing Rule Using "s")

(in/s) (in) (ft) (hz) (in) (hz)
1 16,765 155.0 0.0 R4 K 223.0 30.1
2 26,438 127.0 12.9 41.6 223.0 474
3 26,228 112.0 23.5 46.8 223.0 47.0
4 26,017 147.0 328 354 223.0 46.7
5 25,758 83.0 451 62.1 223.0 46.2
6 32,580 166.0 52.0 41.8 223.0 58.5
7 32,304 180.0 65.0 3598 223.0 570
8 32,016 240.0 80.0 267 223.0 57.4
9 31,714 2400 100.0 26.4 223.0 56.9
10 41,102 300.0 120.0 274 223.0 73.7
11 40,704 300.0 145.0 27.1 223.0 73.0
12 40,371 360.0 170.0 224 223.0 72.4
13 40,091 360.0 200.0 223 223.0 71.9
14 39,888 360.0 230.0 222 223.0 71.5
15 39,740 420.0 260.0 18.9 223.0 71.3
16 39,630 420.0 295.0 18.9 223.0 711
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Table 5.3.3-1

Shell Element Section and Material Properties (Lower-Bound Tank Stiffness)

Lowear-Bound, 55 yrs

tank 172 modsl 1/4 modsl nominal Moeild. coord. ABAQUS Bost-Est
reglon shol el # shel el # thickness, t of cenlrold sold ela. # Ec Ec Temp Est Asinch
(180 dsg) | (180 deg) fin) fin) (Julyk 1994) [ibtAn*2] [IbfAn*2) [deg F] [ibtin*2) "2 |
floor 1 1 6.00 R= 238 4 2.144E108 1.664E406 157.3 2.{6E407 0.0170
floor 4 4 6.00 53.6 o] 2.137E+06 1.867E+06 157 2.78E107 0.0170
ilcor 9 ) 8.00 89.4 16| T 2156Ev06] ~ 1.874E+06 156.4 2.78E+07 0.0170
fioor 16 16 8.00 125 22 2.166E+06 1.885E+06 155.6 2.78E+07 0.0170
floor 324 64 6.00 165 28] T 21BSEV06| —  1.000E+06 1543 2.76E107 00170
), 328 168 6.00 209 34 2210E106 1922606 1525 2.70E+Q7 0.0170
Noor 332 172 6.00 253 a2 2.243E106 19508406 1502 2.79E+07 0.0170
ficor - 336 176 6.00 297 48] T 2283E+06]  1.085E+06 147.2 2.79E407 0.0170
ficor 340 180 6.00 340 56| 234iE+06 7 036E+06 142.9 2.79E107 0.0170
floor 344 164 6.00 385 64 2 420E 106 2.105E+06 1376 2.79E+07 0.0170
Kknuckie 348 188 14.49 432 foal ~ 2597E106 2.258E+06 129.1 2.80E+07 0.0550
kntickle 352 192 18.30 7= 37.4 331 T 26248406] T 2.281E+06 §25.3 2.60E+07 0.0367
wall 356 196 1230 59.4 122| 7T 2843Ev06]  2.472E4106 113 281E107 0.0367
wall 360 200 1200 82 i40] T3 155€406] T T2 7A4E06 031 2BIE+07 0.0367
wall 364 204 12.00 110] 77 777 148] T 3832E406] T 3.158E+06 95.15 2B82E+07 0.0367
walil 368 208 1200 138 i5il ~~3.735E+06]  3.251E+06] 9402) "~ 282E+07] 0.0367
wall kY] 212 {200 66 161l T 377108~ 37279E+06 92.75 2.82E407 0.0367
wall 376 216 1200 194 163|  3825E+06 3.326E+06 52.16 2.82E+07 0.0367
wall 380 220 12.00 222 172) 3 835E+06 3 335E406 91.64 2.62E+07 0.0367
wall 384 224 12.00 2479 188 3.059€+06 3.442E+06 90.77 2.82E+07 0.0367
haunch 388 228 27.29 27115 160~ 4.100E+06| 3.566E+06 8957 2.82E+07 0.0367
haunch 302 232 31.62 Re 436.45 192}~ 4.050E+06 3.522E106 8952 Z.82E+07 0.0560
haunch 396 236 21.31 410.2 195 3872E106 3.454E+06 69.86 282E+07 0.0780
dome 400 240 16.08 380.7 232] TT3943E06 3.429E 06 89.97 2 82E+07 0.0490
dome 404 244 17.38)- 351.85 234] " 4036E+06 3510E+06 89.2 2 B2E+07 0.0470
dome 408 248 16351 318.4 235| T 3956E+06 3.442E106 89.74 2 82E+07 00530
dome 412 252 16.38 279 85 237] T 4 06BE 106 3 537E+06 88.84 2.82E407 0.0600
dome 416 256 15.83 24065 938] T 3.0B3E+06] T 3.463E+06 89.47 7 82E+07 0 0460
dome 420 260 i5.28 200 95 240}~ 4 090E 106 3 556E+06 8869 2.82E+07 0.0430
dome 23 23 15.00 158.5 241} T 4.022E106 3.498E+06 89.11 282E+07 0.0570
dorme 28 28 15.00 1134 243]" 4.025E+06 3.500E+06 89.07 2.82E407 0.0480
dome 31 3l 15.00 681 245 4.100E+06 3.565E406 88.46 2.82E407 0.0480
dome 32| 3?2 15.00 30.3 248] — 300BE+06f  3.477E+08 89.26 282E+07 0.0370
{ooling 424 264 24.00 R= 472 11| T 3.188E+06| 2.772E406 1215 2.B0E+07 0.0550
q9\NSHLP_LB.XLS p.tof3
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Uncracked saction Cracked saction

{ank 1/2 mode! Is section
region shell ol # o Asinch d”" d n=E sVE ¢ lgioss Xna Xl Xna)r | Xna left cracked?
(180 deg) fin) fin*2] {in) nj fn"4] ) fin™) fin] | fa] fin*4}
fNloor 1 1.750]  0.0000 0.000 4.250 14931 18.00 305 18.36 1.237] 1.237 2.94 Y
floor 4]~ 1.750] 0.0000 0.000 4.250 14907 18.00 3.05 18.36 1.236] 1.236 293 Y
floor o] 1.750]C 0.0000 0.000 4.250 14.650 16.00 305 18.35 1.234] 1.234 2.92 Y
floor 16 1.750] 00000 0.000 4.250 14.768 18.00 3.05 18.35 1.231] 1.231 2.91 Y
floor 324]  1.750| 0.0000 0.000 4.250 14.658 18.00 3.05 1835 1227 1.227 2.689 Y
floor a28] " 1.750] 0.0000 0.000 4.250 14.492 18.00 3.05 16.35 1.222] 1222 2.87 Y
floor 332~ 1.750| 0.0000] 0.000 4.250 14.294 16.00 305 18.34 1.215] 1.215 2.84 Y
floor 336 1.750 0.0000 0.000 4.250 14.044 18.00 3.04 18.33 1.206] 1.206 2.60 Y
floor 340] 1.750] 0.0000 0.000 4.250 13.708 18.00 3.04 16.33 1.194] 1.194 2.74 Y
floor 344 1.750] 0.0000 0.000 4.250 13.273 1800 3.04 18.32 1.178| 1.178 267 Y
knuckle 348 3130 0.0000 0.000 11.360 12.303|" 25353 7.42 263.70 3312] 3312] 56.26 Y
knuckle 352 2375 0.0367 8675 15925 12274  510.71 9.29 529.42 3854] 3.891] 9511 Y
wall 356) 2375] 0.0367 2675 §.025 11.356]  155.07 6.16 165.07 2510 2512 28.18 Y
wall 360 2375 0.0367 2.375 9.625 10250 14400 6.00 152,91 2344|2344 2422 Y
wall 364 2375 0.0367 2375 9625 8.019] 144.00 6.00 151.63 2221 2223] 2159 Y
wall 368] 2375 0.0367 2.375 9.625 8.664] 144.00 6.00 151.39 2.196] 2.198{ 21.07 Y
wall 372" 2375] 0.0367 2.375 9.625 8593 144.00 600 151.32 2.188] 2191] 2093 Y
wall 376] 2375 0.0367 2.375 9.625 8.473] 14400 6.00 15§.20 2476} 2.179] 20.69 Y
wall 380] 2375] 0.0367 2.375 9.625 8.451 144.00 6.00 151.18 2174 2477 2064 Y
wall 3B4]  2375] 0.0367 2.375 9.625 8.189] 144.00 6.00 150.93 2.147| 2.150} 20.11 Y
haunch 388 2375 0.0367 2.375 24.915 7.907] 1693.67 1365 1758.01 3.450| 3450| 14757 Y
haunch 392]  4.378] 0.0370 1.625 27.245 8.005| 263454 15.93 277413 §569| 5589 422.69 Y
haunch 396 4375 0.0400 1.625 16.935 8.162] 606.43 10.70 851.79 3.909] 30803] 12943 Y
dome 400] 4375 0.0430 1.625 13.705 8222] 49251 9.01 517.26 2831] 2.631] 5565 Y
dome 404]  4.375 0.0470 1.625 13.005 8.034] 437.49 864 460.10 2668] 2.668] 47.04 Y
dome 408 4375] 0.0530 1625 12535 8.191] 40295 8.40 427.01 2761 2761 4898 Y
dome 412 4375 0.0600 1.625 12.005 7972 366.24 8.42 350.28 2798| 2.798] 48.42 Y
dome 416 1.625| 0.0460 4375 14205 8.141] 33057 797 347.63 3.040] 3.056] 56.71 Y
dome 420 1625 0.0430 4375 13.655 7929 297.30 7.69 311.21 2872 289%| 4831 Y
dome 23] 1625 0.0570 4375 13.375 8.062| 281.25 757 299.00 3.207] 3.223] 59.13 Y
dome 28] 1625 0.0480 4375 13.375 8.057] 2B81.25 756 256.19 2994] 3.012] 51.36 Y
dome 31 3.375 0.0480 3.375 11625 7.911] 281.25 7.50 292,54 2691} 2700] 36.98 Y
dome 32| 3375 0.0370 3375 11.625 8110 281.25 750 290.20 2.448] 2460 3042 Y
footing 424 3130] 0.0000 6.250 20.870 10.109] 1152.00 12.18 1190.61 4293 4.293] 179.16 Y
QI SHLP_LB.XLS n 2of3
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(wt density) notn = 0.0870
Effective shel properties
tank 172 model Axlal stiff. Bend. stiff. {welght
region shel ol. # (EA)shl | (12El) sh E shl tshi density) shi

(180 deg) {ivf] fibt-in*2] {in*2) {in] [btin43]
ficor t] 2.778E+06] 6.565E+07] 5.716E+05} 4.86 0.1432
floor 4] 2.781E+08] 6.568E+07] 5.722E+05] 4.86 0.1432
floor 98] 2786E+06] 6574E+07] 5.736E+05] 4.86 0.1433
floor 16] 2.794E+06 6.583E+07] O5.757E+05] 4.85 0.1434
floor 324] 2.805E+06] 6.595E+07] 5.785E+05| 4.85 0.1435
ftoor 328] 2822E+06] B.613E+07] 5.828E+05] 4.84 0.1438
floor 332] 2.842E+06] 6.635E+07] 56.881E+05] 4.83 0.1440
floor 336] 2.668E+06f G6.664E+07] 5.949E+05f 4.82 0.1444
floor 340] 2.904E+06| 6.703E+07| 6.045E+05] 480 0.1449
floor 344] 2.953E+06 6.754E+07] 6.175E+05] 478 0.1455
knuckle 348] 9.018E+06 1.524E+09] 6.936E+05] 13.00 0.1103
knuckle 352] 1.093E+07 2.604E+09f 7.081E+05] 15.43 0.1032
wall 356] B8.267E+06 8.357€+08] 8.222E+05] 10.05 0.1064
wall 360] 8.494E+06] 7.973E+08| B.767E+05{ 9.69 0.1078
wall 364] 9O.085E+06] B.160E+08] ©O.574E+05| 9.49 0.1100
wall 368] 0.213E+06] B.222E+08] 8.752E+05] 9.45 0.1105
wall 372] 9.251E+06] 8.236E+08] 9.805E+05] 9.44 0.1107
wall 376] 9.314E+06] B8.256E+08] 9.893E+05] 9.41 0.1109
wall 3680] 9.326E+06] B8.260E+08] 9.910E+05] 9.41 0.1109
wall 384] 9.469E+06] B.305E£+08| 1.041E+06] 98.37 0.1115
haunch 388] 1.424E+07] 6314E+09] 6.761E+05} 21.06 0.1927
haunch 3921 2.330E+07 1.766E+10] B8.416E+05] 27.69 0.0994
haunch 396] 1.669E+07| ©6.365E+09| 9.309E+05] 17.93 0.1034
dome 400{ 1.215E+07 2.290E+09] 8.853E+05] 13.73 0.1146
dome 404] 1.185€407 1.081E+09] B.164E+05] 1293 0.1169
dome 408] 1.231E+07f 2.023E+09| 0.600E+05] 12.82 0.1147
dome 412] 1.307E+07 2.055E+09] 1.042E+06] 12.54 0.1136
dome. 416] 1.318E+07 2.357€+09| 9.853£+05] 13.37 0.1030
dome 4201 1.270E+07 2.062E+09] ©.972E+05] 12.74 0.1044
dome 23] 1.449E+07 2.482E+09] 1.107E+06] 13.09 0.0997
dome 28] 1.325€+07{ 2.157€+0S] 1.038E+06] 12.76 0.1023
dome 3t} 1.233E+07 1.582E+09] 1.089E+06] 11.33 0.1152
dome 32] 1.064E+07 1.269E+409] 0.740E+05] 10.92 0.1195
footing 4241 1.344E+07 5960E+08] 6.384E+05] 21.06 0.0992
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6.0 SEISMIC ANALYSIS

UCRL-15910 (Kennedy et al. 1990) and BNL 52361 (Bandyopadhyay
et al. 1993) take probabilistic approaches in def1n1ng the appropriate seismic
environment. The approaches depend on the structure's performance goal (P;),
a measure of the consequences of a structural failure, and the seismic hazard
exceedance probability (P,), the probability that an earthquake will produce a
peak ground acceleration of a given magnitude in a year.

In the UCRL-15910 approach, specific values of P, and P, are associated
with a "usage category." For example, the va]ues of P and P for a structure
classified as high-hazard usage are 1 x 10 and 2 x 10 , respect1ve1y The
site-specific hazard curve and P, are used to determine the appropriate peak
horizontal ground acceleration. The input spectrum for computing elastic
earthquake demand is anchored to this peak ground acceleration. The inelastic
seismic demand used in the evaluation is equal to the computed elastic seismic
demand divided by the inelastic demand-capacity ratio F, where the value of F
dependents on the usage category and the type of structural system. When the
fundamental frequency of the structure exceeds the frequency range
corresponding to the peak spectral acceleration, F, must equal unity unless
the peak of the input response spectrum is extended out to the fundamental
frequency. .

The BNL 52361 approach, similar to that of UCRL-15910, introduces the
concept of a seismic load factor. The inelastic seismic demand is equal to
the elastic seismic demand multiplied by a seismic load factor Lg and then
divided by F,. The seismic load factor increases with the risk reductlon
factor R, where R, equals P, divided by P.. For a high-hazard structure,

Re equa]s 20 and L equals i The 1ne]ast1c energy absorption factor

ﬁm may be prescr1bed simply on the basis of the location and type of demand,
e.g., F, equals 1.75 for meridional flexure in the tank wall. F, is subJect
to the same limitations related to fundamental frequency described above.

Inelastic seismic demand used in the C106 evaluation is determined via
the UCRL-15910 procedure. Because the range of the peak spectral acceleration
in the input response spectrum is not modified, F, is taken as unity. Thus,
the inelastic seismic demand associated with a single excitation direction is
the same as the elastic seismic demand computed via SASSI.

6.1 CONTROL MOTION

In accordance with SDC-4.1 (1993) for non-reactor Safety Class 1
(high-hazard) structures, the C106 seismic environment is based on the
Newmark-Hall response spectrum corresponding to 7% damping. The spectrum is
anchored to a 0.2 g peak horizontal ground acceleration. Stated differently,
the zero-period acceleration (ZPA) of the horizontal design spectrum is 0.2 g.
Synthetic acceleration time histories that correspond to this spectrum have
been developed by Weiner and Rohay (1992). The synthetic time histories have
an "overall appearance similar to actual earthquakes, although the duration of
strong motion is longer because of numerical needs in fitting the Newmark-Hall
spectrum at Tow frequency." The histories are "quantitatively evaluated with
respect to the industry guidelines in terms of their acceleration, velocity,
and displacement characteristics, energy content, power spectral dens1t1es,

6-1
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and response spectra for a range of damping values." The horizontal control
motion applied at the surface of the uppermost competent soil layer in the
C106 seismic analysis is the first of the Weiner and Rohay acceleration time
histories (TH1) with the acceleration amplitudes scaled by a factor of 1.08.
The scaling factor is applied so that ASCE (1986) and NRC (NUREG 1989)
criteria are met. The SSI analysis assumes that the horizontal ground motion
is due entirely to vertically propagating shear waves. The response spectrum
corresponding to the horizontal control motion is shown alongside the

7% damped, Newmark-Hall design spectrum in Figure 6.1-1.

Per ASCE 4-86 (1986) and UCRL-15910 (Kennedy et al. 1990), the
acceleration amplitudes in -the vertical control motion are set equal to
two-thirds the horizontal control motion accelerations. Use of statistically
independent time histories in each of the three orthogonal directions is not
required because the peak responses from the three excitations are combined
via square-root-of-the-sum-of-the-squares (SRSS) as opposed to an algebraic
summation of response time histories. The SSI analysis assumes that the

vertical ground motion is due entirely to vertically propagating compression
waves. :

6.2 DYNAMIC SEISMIC RESPONSE

Results of the seismic analyses include tank structural response
(moments, axial forces, and shears), transfer functions, and response spectra.
Tank structural response is used directly in the structural evaluation of the
tank. Selected response spectra and transfer functions are reported as an aid
to understanding the nature. of the overall system response and as a matter of
general interest. Plots showing circumferential variations of tank seismic
response indicate that the maximum response occurs along the plane-of-symmetry
(0° or 180° meridian). Therefore, the seismic analysis results presented in
this section focus primarily on those locations.

Soil Properties Varijation

Table 6.2-1 and Figures 6.2-1 to 6.2-6 compare horizontal seismic
response based on lower-bound (50%) soil properties, upper-bound (200%) soil
properties, and best-estimate soil properties. Effects of tank-to-tank
interaction are not included. Upper-bound soil is clearly not the governing
condition except in the case of meridional response in the outer part of the
dome (Figure 6.2-5). At this location, axial load is larger in the
upper-bound soil case; however, this increased axial demand has only a small
and inconsequential effect on the evaluation of combined moment and axial load
(see Section 9.2.1).

The analyses based on' lower-bound and best-estimate soil properties are
compared further in Figures 6.2-7 to 6.2-12, which present the total seismic
demands (SRSS of horizontal and vertical components) at the 180° meridian. In
these plots, tank-to-tank interaction is included in the horizontal excitation
response. The figures indicate that the lower-bound soil condition is
controlling; thus this condition is considered in the tank evaluation.

Circumferential variations of horizontal seismic response at the upper
wall, lower wall, and base near the knuckle are shown in Figures 6.2-13
to 6.2-15 for the Tower-bound soil condition, Figures 6.2-16 to 6.2-18 for the
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best-estimate soil condition, and Figures 6.2-19 to 6.2-21 for the upper-bound
soil condition. Similarly, circumferential variations of vertical seismic
response at the upper wall, Tower wall, and base near the knuckle are shown in
Figures 6.2-22 to 6.2-24 for the lower-bound soil condition and Figures 6.2-25
to 6.2-27 for the best-estimate soil condition. As expected in the case of
axisymmetric loading, the variation of vertical excitation demands with
circumferential location is negligible.

Tank-to-Tank Interaction

Table 6.2-2 and Figures 6.2-28 to 6.2-33 compare horizontal seismic
demands neglecting tank-to-tank interaction (TTI) to demands including TTI for
the case of lower-bound (50%) soil properties. Because response is not the
same at the 0° meridian as at the 180° meridian when TTI effects are included,
demands at both Tocations are provided in the figures. For the lower-bound
soil property case, Table 6.2-2 indicates that TTI decreases the peak
meridional bending moment in the base by 4%. Other peak bending moments
increase as a result of TTI, the most significant increase being a 21% growth
in peak meridional moment in the dome. Peak bending moments in the wall
increase by no more than 6%.

Similarly, for the best-estimate soil properties case, Table 6.2-3 and
Figures 6.2-34 to 6.2-39 compare horizontal seismic demands neglecting TTI to
demands including TTI. For the best-estimate soil property case, Table 6.2-3
indicates that TTI increases the peak bending moments in the base, the wall,
and the dome. The largest percentage of increase in peak bending moment (80%)
is in the circumferential direction at the base of the tank; however, this
increase does not affect the margin at the base (meridional bending controls).
The most significant increases are in meridional bending moment at the base
and the dome where increases are 20% and 10%, respectively. Peak bending
moments in the wall increase by no more than 5%.

Circumferential variations of horizontal seismic response including
tank-to-tank interaction are shown at the upper wall, lower wall, and base
near the knuckle in Figures 6.2-40 to 6.2-42 for the lower-bound soil
condition and in Figures 6.2-43 to 6.2-45 for the best-estimate soil
condition. The nonsymmetry of response about the 90° meridian is indicative
of tank-to-tank interaction.

The comparisons suggest that the effects of tank-to-tank interaction are
relatively minor; however, these effects are included in the tank evaluation.

Tank Stiffness Variation

Table 6.2-4 and Figures 6.2-46 to 6.2-51 compare seismic demands from
the horizontal excitation computed with the lower-bound tank stiffness model
to demands computed with the best-estimate tank stiffness model. Both sets of
demands were computed with the coarse SASSI model using best-estimate soil
properties. In the wall and the dome, peak bending response from the
best-estimate tank stiffness model is approximately three- to four-times
larger than the response from the lower-bound tank stiffness model.
Conversely, peak bending response in the base of the tank is 66% and 49%
larger in the meridional and circumferential directions, respectively, for the
lower-bound tank stiffness condition.
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Single Tank - Horizontal Excitation versus Vertical Excitation

Table 6.2-5 and Figures 6.2-52 to 6.2-57 compare seismic demands from
the horizontal excitation to demands from the vertical excitation. Recall
that the amplitude of the vertical excitation is equal to two-thirds that of
the horizontal excitation. Both analyses use lower-bound soil properties and
neither considers tank-to-tank interaction. The vertical excitation analysis
includes a live load equal to 100 tons at the ground surface directly over the
dome apex. Peak bending demands in the nearly horizontal elements of the
tank, i.e., the tank base and dome, are significantly larger from the vertical
excitation than from the horizontal excitation. Conversely, peak bending
demands in the vertical elements of the tank, i.e., the tank wall, are
significantly larger from the horizontal excitation. In similar fashion, peak
axial force demands are controlled in some locations by the vertical
excitation and in other locations by the horizontal excitation. Clearly,
seismic response associated with the vertical excitation is significant and
must be considered in the tank evaluation.

Response spectra at the dome apex calculated with best-estimate soil
properties and Tower-bound soil properties are provided in Figures 6.2-58
and 6.2-59, respectively. For the horizontal excitation, amplification at the
dome is negligible for all frequencies and both soil conditions. For the
combination of best-estimate soil and vertical excitation, considerable
amplification occurs at the dome for frequencies greater than 4 Hz with the
peak spectral acceleration of 1.0 g occurring at approximately 12 Hz. When
lower-bound soil conditions are used, the vertical excitation produces
significant amplification at the dome for frequencies greater than 3 Hz with
the peak spectral acceleration of 1.8 g occurring at approximately 9 Hz.

Fffect of Remediation Live Load

Table 6.2-6 and Figures 6.2-60 to 6.2-65 compare vertical seismic
demands computed without consideration of remed1at1on 1ive Toads to demands
computed with a point mass equal to 518 1bf-s%/in. (100 tons) at the ground
surface directly over the dome apex. Both analyses use lower-bound soil
properties. The effect of live load on bending moments is minor except for
circumferential moment near the center of the dome where demand increases by a
factor of 7.5. Similarly, the effect of live load on axial forces is
significant only in the dome.

Circumferential variations of vertical seismic response at the upper
wall, Tower wall, and base near the knuckle are shown in Figures 6.2-22
to 6.2-24 for the case of no live load and in Figures 6.2-66 to 6.2-68 for the
case with the 100-ton 1ive load. As expected with any axisymmetric loading
condition, the variation of vertical excitation demands with circumferential
location is negligible.

In summary, the effects of a concentrated 1ive-load mass above the dome
apex are minor in the tank base and wall while the effects are significant in
the dome. Judgement is that the effects of live-load mass placed in locations
other than over the dome apex would be less significant. Further, the effects
of live-load mass on tank response from a horizontal excitation are assumed to
be negligible. Therefore, the effects of remediation live loads on seismic
response are addressed in approximate fashion simply by including a
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concentrated 100-ton Tive load (mass) directly over the dome apex in the
vertical excitation analysis.

Combination of Excitation Directions

In accordance with ASCE 4-86, total seismic demand is calculated as the
SRSS of the peak seismic demands from the vertical seismic excitation and two
orthogonal horizontal excitations. Demands from the two horizontal
excitations are computed in a single seismic analysis simply by using response
at the.0/180° meridian as demand associated with one horizontal excitation and
response at the 90° meridian as demand associated with the second
(perpendicular) excitation direction. Considering response at the
90° meridian, i.e., response from the second horizontal excitation, includes
peak in-plane shears in the evaluation. A spreadsheet given in Appendix D
(combin.x1s) is used to combine the demands from the three seismic excitations
and obtain total elastic seismic demand. This spreadsheet is linked to two
additional spreadsheets given in Appendix D: stress-h.xls, which contains
demands from the horizontal seismic excitation, and stress-v.xIs, which
contains demands from the vertical seismic excitation.

Seismic Response versus Nonseismic Response

Figures 6.2-69 through 6.2-77 compare seismic demands to nonseismic
demands. The plotted seismic results are the combination of horizontal and
vertical excitation analyses using lower-bound soil properties. Recall that
the lower-bound soil property condition maximizes seismic response. Tank-to-
tank interaction is considered in the horizontal excitation component of the
seismic response. Further, a 100-ton concentrated live Toad over the dome
apex is considered in the vertical excitation component. The plotted
nonseismic demands are at the 0° meridian and arise from load case la
described in Section 7.1. Absolute values of response are compared.

Axial and bending demands from nonseismic loads are significantly larger
than the corresponding seismic demands (Figures 6.2-69 through 6.2-74). Shear
demands shown in Figures 6.2-75 through 6.2-77 indicate that nonseismic loads
control for transverse shear while seismic loads control for in-plane shear.
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Horizontal Response Spectra (0.2 g Earthquake/7% Damping).
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Figure 6.2-1. Meridional Seismic Response of Tank Base at 180° Meridian
from Horizontal Excitation: Effects of Soil Properties Variation.
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Figure 6.2-2.
from Horizontal Excitation:
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Circumferential Seismic Response of Tank Base at 180° Meridian

Effects of Soil Properties Variation.
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Figure 6.2-3.
from Horizontal Excitation:
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Meridional Seismic Response of Tank Wall at 180° Meridian
Effects of Soil Properties Variation.
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Figure 6.2-4.

from Horizontal Excitation:
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Circumferential Seismic Response of Tank Wall at 180° Meridian
Effects of Soil Properties Variation.

0.0 5.0 10.0 15.0 20.0 25.0
25.C00 -
L 4
A
20,000 \ !
\\ 2
g 15,000
L
5 w \
| 1
g \ \
2 10,000 s S
\Q\ ///f
5000 —— \ \L/J my
A \ !
\ N p T
/ \ I d
’
0 ! [} ]
0.0 5.0 10.0 15.0 20.0 25.0
Vertical Distance from Tank Base (f)
—o—— Moment e \oment % Moment
(Best- (Upper- (Lower-
estimate bound Soil bound Soil
Soil [1]) 2D 3D
—8—— Axial Load = = = Axjalload ———— Axial Load
(Best- (Upper- (Lower-
estimate bound Soil bound Sail
Soil [1]) (2D BD

Note: [1] = Run ID "Q7pnt4", {2] = Run ID "QHI", [3] = Run ID "cmotS0 QLOWpnt4".

qhi\CWALLO2.XLC

6-10

90.0

80.0

70.0

60.0

50.0

40.0

Axlal Load (Ibf/in*2)

30.0

20.0

10.0

0.0



Figure 6.2-5.

from Horizontal Excitation:
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Meridional Seismic Response of Tank Dome at 180° Meridian

Effects of Soil Properties Variation.
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Figure 6.2-6.

WHC-SD-W320-ANAL-002
Rev. 0

Circumferential Seismic Response of Tank Dome at 180° Meridian
from Horizontal Excitation: Effects of Soil Properties Variation.
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Figure 6.2-7. Total Meridional Seismic Response of Tank Base: Effects
of Soil Properties Variation.
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Figure 6.2-8. Total Circumferential Seismic Response of Tank Base: Effects
of Soil Properties Variation.
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Figure 6.2-9. Total Meridional Seismic Response of Tank Wall: Effects
of Soil Properties Variation.
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Figure 6.2-10. Total Circumferential Seismic Response of Tank Wall: Effects
of Soil Properties Variation.
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Figure 6.2-11. Total Meridional Seismic Response of Tank Dome: Effects
of Soil Properties Variation.
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Figure 6.2-12. Total CircumferentiaT Seismic Response of Tank Dome: Effects
of Soil Properties Variation.
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Figure 6.2-13. Circumferential Variation of Seismic Response of Tank Wall
Near Haunch from Horizontal Excitation Using Lower-Bound Soil
Properties (Run ID "cmot50 QLOWpnt4").
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Figure 6.2-14.
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Circumferential Variation of Seismic Response of Tank Wall
Near Knuckle from Horizontal Excitation Using Lower-Bound Soil
Properties (Run ID "cmot50 QLOWpnt4").
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Figure 6.2-15. Circumferential Variation of Seismic Response of Tank Base
Near Knuckle from Horizontal Excitation Using Lower-Bound Soil
Properties (Run ID "cmot50 QLOWpnt4").
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Figure 6.2-16. Circumferential Variation of Seismic Response of Tank Wall
Near Haunch from Horizontal Excitation Using Best-estimate Soil

Properties (Run ID "Q7pnt4").
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Figure 6.2-17. Circumferential Variation of Seismic Response of Tank Wali
Near Knuckle from Horizontal Excitation Using Best-estimate So11

Properties (Run ID “Q7pnt4™).
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Figure 6.2-18. Circumferential Variation of Seismic Response of Tank Base
Near Knuckle from Horizontal Excitation Using Best-estimate Soil
Properties (Run ID "Q7pnt4").
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Figure 6.2-19.
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Circumferential Variation of Seismic Response of Tank Wall

Near Haunch from Horizontal Excitation Using Upper-Bound Soil

Properties (Run ID "QHI").
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Figure 6.2-20. Circumferential Variation of Seismic Response of
Tank Wall Near Knuckle from Horizontal Excitation Using
Upper-Bound Soil Properties (Run ID "QHI").
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Figure 6.2-21. Circumferential Variation of Seismic Response of Tank Base
Near Knuckle from Horizontal Excitation Using Upper-Bound Soil

Properties (Run ID "QHI").
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Figure 6.2-22. Circumferential Variation of Seismic Response of Tank Wall
Near Haunch from Vertical Excitation Using Lower-Bound Soil
Properties (Run ID "QLOWVMAS").
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Figure 6.2-23.
Near Knuckle from Vertical Excitation Using Lower-Bound Soil
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Properties (Run ID "QLOWVMAS").

Circumferential Variation of Seismic Response of Tank Wall
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Figure 6.2-24. Circumferential Variation of Seismic Response of Tank Base
Near Knuckle from Vertical Excitation Using Lower-Bound Soil Properties

(Run ID "QLOWVMAS").
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Figure 6.2-25. Circumferential Varjation of Seismic Response of Tank Wall

Near Haunch from Vertical Excitation Using Best-estimate Soil
Properties (Run ID "Q7VMAS").
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Figure 6.2-26. Circumferential Variation of Seismic Response of Tank Wall
Near Knuckle from Vertical Excitation Using Best-estimate Soil
Properties (Run ID "Q7VMAS").
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Figure 6.2-27. Circumferential Variation of Seismic Response of Tank Base
Near Knuckle from Vertical Excitation Using Best-estimate Soil

Properties (Run ID "Q7VMAS").

3,000

8.0
‘\\,_m.z"“'\\.__'r"__'“\.__c/ '\-——c/"~_"\9-_¢//'__ 70
2,500
- 6.0
2,000
-— 50 _
— o~
s %
3 s
£ 2
= 1,500 40 ©
S S
5 -
=] =
= o————a——o——o a7 "—a | :30|é
1,000
-+ 2.0
500
OO OO0 T OO O O— OGO OT—O—O 1.0
0 0.0
90 100 110 120 130 140 150 160 170 180
Circumferential Location {degrees)
———e—— Meridional —-0— Circumferential —®—— Meridional —0—— Circumferential
Moment Moment Axial Load Axial Load

6-33

SRR R, L o

q7vNanh\STRESS3.XLC



Figure 6.2-28.

WHC-SD-W320-ANAL-002
Rev. 0

Meridional Seismic Response of Tank Base at 0°/180° Meridian

from Horizontal Excitation Using Lower-Bound Soil Properties: Effects
of Tank-to-Tank Interaction.
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Figure 6.2-29.
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Figure 6.2-30. Meridional Seismic Response of Tank Wall at 0°/180° Meridian
from Horizontal Excitation Using Lower-Bound Soil Properties: Effects
of Tank-to-Tank Interaction.
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Figure 6.2-31. Circumferential Seismic Response of Tank Wall at
0°/180° Meridian from Horizontal Excitation Using Lower-Bound
Soil Properties: Effects .of Tank-to-Tank Interaction.
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Figure 6.2-32. Meridional Seismic Response of Tank Dome at 0°/180° Meridian
from Horizontal Excitation Using Lower-Bound Soil Properties: Effects
of Tank-to-Tank Interaction.
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Figure 6.2-33. Circumferential Seismic Response of Tank Dome at

0°/180° Meridian from Horizontal Excitation Using Lower-Bound
Soil Properties: Effects of Tank-to-Tank Interaction.
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Figure 6.2-34.
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Meridional Seismic Response of Tank Base at 0°/180° Meridian

from Horizontal Excitation Using Best-estimate Soil Properties: Effects
of Tank-to-Tank Interaction.
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Figure 6.2-35.

Circumferential Seismic Response of Tank Base at

0°/180° Meridian from Horizontal Excitation Using Best-estimate

Soil Properties:
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Figure 6.2-36. Meridional Seismic Response of Tank Wall at 0°/180° Meridian

from Horizontal Excitation Using Best-estimate Soil Properties: Effects
of Tank-to-Tank Interaction.
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