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EVALUATION OF METHODS FOR SEISMIC ANALYSIS OF
NUCLEAR FUEL REPROCESSING PLANTS, PART 1

Abstrac,

Currently, no guidelines exist for
choosing methods of structural analysis
to evaluate the seismic hazard of
nuclear fuel! reprocessing plants. This
study examines available methods and
their applicability to fuel reprocess-
ing plant structures. The results of
this study should provide a basis for
establishing guidelines recommending
methods of seismic analysis for
avaluating future fuel reprocessing
plants.

The approach taken is: (1) to identify
critical plant structures and place them in
four categories (structures at or near
grade; deeply embedded structures; fully
buried structures; equipment/vessels/
attachments /piping), (2) to select a rep-
resentative structure in each of the first
three categories and perform static and
dynamic analysis on each, and (3) to
evaluate and recommend method(s) of

analysis for structures within each
category.

The Barnwell Nuclear Fuel Plant is
selected as representative of future com-
mercial reprocessing plants. The Process
Building, the Fuel Receiving and Storage
Station, and the Waste Tank Cell are
selected as representative of near grade,
deeply embedded, and fully buried struc-
tures, respectively.

The effect of site characteristics on
the structural response is also examined.
The variation of ground motion with d¢pth
for different sites (hard, intermediate,
soft) is included.

We recommend the response spectra
method of analysis combined with the
finite element model for each category.
For structures founded near or at grade,
the lumped mass model could also be used.
If a time history response is required, a
time-history analysis is necessary.

Summary and Recommendations

This is the final report of & Lawrence
Livermore Laboratory study that was re-
quested and funded by the U.S. Nuclear
Regulatory Commission Office ot Standards
Development. The report is submitted
to the Nuclear Regulatory Commission
in fulfillment of that request and funding.

-1

Guidelines are needed to specify
methods of structural analysis to ensure
safe design oi critical structures in
nuclear fuel reprocessing plants* against

“For some background information on
fuel reprocessing facilities see Appendix A,

5 S )
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This study
examines available structural analysis
methods that can be used to evaluate the
earthquake hazard to nucleur fuel reproc-

potential seismic accidents.

essing plants. The results may be used
as the basis of a Regulatory Guide that
recommends the method of analysis ancd
model necessary to ensure safe design.
The study is restricted to fuel reprocess-
ing structures, systems, etc., defined to
be critical; i.e,, those structures,
systems, etc., whose fajlure could cause
a radioactive hazard to the public,

We selected the Barnwell Nuclear Fuel
Plant (BNFPY* as representative of future
commercial reprocessing plants and took
the following approach:

e First, we identified ail critical re-

processing plant structures at BNFP.

e Second, to have our results and

recommendations represent a large
number of structures, we placed
these critical structures intc four
categories which are defined by
structural response behavior, These
are: (1) structures founded near or
at grade, (2) structures deeply en:-
bedded, (3) structures fully buried,
and (4) equipment/attachments/
vessels/piping.
Third, we selected one representative
structure in the first three categories
The scope of this

for analysis.
study did not permit us to address
critical structures in the fourth
category, such as eguipment and
piping.

* BNFP is being constructed in Barnwell
County, South Carolina, for Allied-
General Nuclear Services and is scheduled
to begin operations in 1976 with a nominal
fuel reprocessing capacity of 1500 metric
tons per year of low-enriched uranium
fuels from light-water power reactors.

2~

® And fourth, we evaluated the results
obtained from each method of
«nalysis, ‘This evaluation .ncludes
comparing the results of carh metuod,
discussing its shortcomings, and
describing the relative computer
effort and manpower required.

We believe that this approach 15 the
only practical way to have our analysis
results and recomraendations represent u
large number of structures — that is, by
analyzing individual structures in each
category, we can generalize the con-
clusions to all critical structures within
that category.

We performed both static and aynamic
analyses on each structure selected and
inciude a section discussing the different
methods of both site and structural
analyses and structurai models available
to evaluate the carthquake effects on
structures,

This study also included a site response
analysis to determine the variuation of
ground motion with depth, We varied site
stiffness, thickness, and the level of
specified surface acceleration. We con-
cluded that the specified surface accelera-
tion spectrum is an upper bound for the
response ai depths below the surface for
For soft
sites, this is not always true, The
analysis and results are included in

hard and intermediate sites,

Appendix B,

1t should be pointed out that there are
many uncertainiies associated with the
earthquake response of real structures.
Much engineering judgement and experi-
ence is required to obtain meaningful
results,
reasonable models to simulate expected
We used Regulatory

In our analysis, we developed

structural behavior,
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Guide 1,60 (Ref, 1) 1o form the basis of
input loading, we used state-of-the-art
modeling and discretization techniques,
and we included the effects of soil-
structure intersction in our models,
Since it was thie purpose of this study to
evaluute methods of analysis, no attempt
was muade to study perturbations in model-
ing und selection of input parameters
which would normally be conducted in
analvsis for design of real structures,

In addition, constderation rust be given
to the combination of seismic loads with
other design conditions (e, g,, tornado,
wind, dcad load, live load, etc.), Cur-
rent Regulatory guidelines for load com-
bination are summarized in Document A2
for Category I structures other than

containment,

At or Near Grade Structures — For this

categnry, we selected the Process
Building {P13) as a representative struc-
ture. We compared the resulis from
three different analysis methods tor
deterimining earthquake response, The
three methods were (1) equivalent static,
{2} response spectra, and (3) time-history.
A lumped mass model of the Process
Building was used for all analyses. All of
the results were determined fora l-g
maximum ground acceleration. Displace-
ment, shear, and moment quantities deter-
mined by the different methods were com-
pared. The ground motion for all analyses
followed the criteria in Guide 1.60. The 5%
damped response spectrum was selected.
In addition to comparing the methods
of analysis, we studied the effect of site
soil properties by examining three sites
with different soil characteristics: hard,
intermediate, and soft,

-3m

We recommend the response spectrum
method of analysis with a lumped mass
model for structures founded at or near
grade. This method produced conservative
results with relatively minimal effort.

Fully Buried Structures — For this cat-
egory, we selected the Waste Tauk Cell

(WTC) structure as a representative struec=
ture. We compsred results from three
methods for determining earthquake
response: (1) the ¢qguivalent static,

(2) dynamic with a lumped mass model,
and (3) dynamic with a finite eleme 1t
model, Both dynamic analyses were con-
-ducted using response spectra technigues.

We calculated earthquake loading on the
WTC resulting from vertical and horizontal
ground motions with each of the three
methods and compared the results. We
compared displacements, axial and
shear forces, and moment guantities, All
results were obtained for an earthguake
with a maximum ground acceleration of
1 g that follows the criteria established in
Regulatory Guide 1.60. The 7% damped
response spectrum was used.

We examined the effect of various site
conditions (hard, intermediate, and soft)
on the calculated loads,

Future WTCs will house a stainless
steel tank that contains the radioactive
liquid. We therefore considered the effect
of the tank and possible sloshing on earth-
quake design loads.

We recommend the response spectrum
method with a finite element model be
used to analyze fully buried structures
subjected to seismic loading. This
method can adequately model the im-
portant characteristics of fully buried
structures.



Deeply Embedded — For this category

we selected the Fuel Receiving and Storage
Station as a representative structure, We
compared four procedures for calculating
seismic loads from horizontal ground

Two were equivalent static and
Both lumped
mass and finite element models were used,
All analyses were limited to calculating
anly seismic forces on one embedded ¥a'l

motion,
two dynamic type of analysis.

of the structure.

We believe the walls could be designed
statically once the seismic forces have
been determined, so we limited our study
to comparing various methods of deter-
mining seismically induced forces on
deeply embedded structures,

All results were obtained for an earth-
quake with a maximum ground acceleration
of 1 g that follows the criteria established
in Guide 1.60.
spectrum was used.

The 7% damped response
The effect of the
site soil properties were also included in

the comparison. Soft, intermediate, and

characteristics, soil stiffness, structure
stiffness, and soil-structure :nterface
shear forces,

In summary, we recommend that
critical structures in fuel reprocessing
plants be evaluated against potential
seisinic hazard using the guidelines shown
n Table 1,

comparisons, manpower and computer

In addition io the technical

efforts were considered.

Part 2 of this report will extend the
evaluation of methods of structural
analysis at reprocessing faciiities to
equipment and piping (identified in the
following section), Other areas within
reprocessing facilities which will also be
considered in Part 2 include the seismic

design of wells, dams, plutonium oxide

cenversion facilities, and the waste solid~

ification facilities,

hard sites were considered.
We recommend that the response
spectra method with a finite element

Structeres founded
near or at grade

Fully buried

Table 1. Recommended models and
methods of analysis.
Cutzgury Aletnons of unely -im

Model

1 umped nivess or e mposome apee tra®

finute element

Foste eien.ent Hospeat ae =g tra”

structures

model be used to determine loads on

deeply embedded structures, It alone

Deeply embedded
structures

Finite vlement Response spectra®

accounts for all the factors our resulis

show to be important: site response

analysis must be conducted,
sidered importart (.¢.
time~history analys:s by direct integration munt be emp u\ul

B 2 tme instory of response v required, ~tory
I ranlinesr ef!

strain compatible sl propert

L

Selection of Structures for Analysis

Structures treated in this study should
include all types presently anticipated for
use in future fuel reprocessing plants.

The structures must also reflect structural
response characteristics representative of
future facilities,

-4-

For our analysis, we used the following
approach. First, based on US~NRC guid-
ance, we selected the Barnwell Nuclear
Fuel Plant (BNFP) to be typical of future
commercial reprocessing plants. (For

further discussion of existing fuel
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reprocessing facilities see Appendix A,
Included there are discussions on size,
type, and locatinn of existing facilities;
the reprocessing treatment; treatment of
radioactive wastes and gaseous effluents;
and plant safety considerations.) We
Ju'pe both the capucity (1500 metric tons
per year) and the process flow, equipment,
pping, and structures of BNFP to be rep-
resentative,  Next, we jdentified ail
crit:cal structures, equipment, and
comprnents within the BAFP facility and
pluced them intn four categories, based
on their ¢tructural response behavior.

Finully, we sclected ope representative

structurs each category ror detailed
structural unalysis and we empioyed a
variety of analysis techniques, With this
approach we felt thut conclusions drawn
from the analysis of each structure could
be generalized to all eritical structures
of that category,

Tu wdentify critical structural items,
we used the Finul Safety Analysis Report3
for the Barnwell plant ss our primary
source of informution, In addition, we
visited Barnwell and the Midwest Fuel
Recovery plants, had discussions with
USNRC personnel knowledgeable in fuel
provessing techniques, ars met with
Buchtel Company personnel who designed
the Barnwell facility, These discussions
enabled us to develnp a better under-
standing of the structural design basis
for the critical structures. This under-
standing is essential for good structural
characterization, which forms the basis
for our analyses., We defined eritical
structures and critical equipment, vessels,
and attachments/piping as those whose
failure could cause a hazard to the general

public.

-5

Table 2 lists the nine major structures
that we judged to be critica! and places
them into categories based on theyr struc-
tural response behavior. These structures
are identified in Fig. 1, which shows a
plan view of BNFP. Also listed in Table 2
are the critical equipment, vessels,
attachments, and piping, and their loca-
tions, We excluded the P-:AO2 conyersion
facitity anrd the waste solidification facility
from this study, because these structures
were still being designed at the time of
A3 shown in Table 2,
the four categories selected are:

this inv~stigation,

{I) structures founded on or near grade,
{2) deeply embedded structures, (3) fully
buried structures, and (4) equiprent
vessels attachments piping.

The response behavior of deeply em-
bedd=2d structures is generally dominated
by soil-structure interaction effects. The
response of structures fourded rear grade
1s not, For fully buried structures,
special attention must be given ta vertical
response and relative ground displace-
ments, For equipment/vessels piping,
fixed-base models are usually adequate;
however, load input definition may be
difficult,

We limited this study to the first three
structural categories and selected the
Process Building (PB?, the Fuel Receiv-
ing and Storage Siation (FRSS), and the
Waste Tank Cell (WTC) as representative,
e have afso conducted a site analysis to
provide a reliable definition of input ground
motion for structural analysis (see Ap-
pendix B), Background information cn each
of the three structures tc be analyzed fol-
lows, Figures 2 through 4 give the overall
arrangement of the PB and FRSS, aund Fig. 5
shows the high-level liquid waste tank (WTC).
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Fig, 1, Plan view of Barnwell Reprocessing Plant,
PROCESS BUILDING typical plant building, and Figs. 3 and 4

show cross sections of this building.
Within this main central structure are

The main process operations at BNFP

are housed in a heavily reinforced con- a remote maintenance process cell and
crete centra) structure with walls 3 to a row of contact maintenance process
5-1/2 [t thie., The structure is approxi- cells. The remote maintenance process

cell contains the fuel element shear, the

mately 60 ft wide by 175 ft long by 70 ft
dissolvers, the first cycle solvent

high, Figure 2 shows & plan view of a
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Table 2. Critical® structures, equipment, vessels, attact:nents, piping, etc,

t. Structures Found on or Near Grade

Process Building (PB)

Waste Tank Equipment Gallery (WTEG)

Emergency Utility Area/Blower Station/Ventilation Area (EUA/BS/VA)
Control Room Area/Plutonium Nitrate Storage Loadout (CRA /PNSL)
Well House (WH)

Beacon Pond Pump House (RPPH)

2, Deeply Embedded Structures
Fuel Receiving and Storage Station (FRSS)
3, Fully Buried Structures

Waste Tank Cells (WTC)
Waste Tank Pipe Vaults (WTPV)
4. Equipment/Vessels/Attachments/Piping
PB
High activity waste reboiler
High activity waste concentrator
Supports (fuel transfer table, conveyor, diverter)
Shield hatch and windows
Off gas heater
Pulse Columns
Surge tanks (iSF & 1BP)
HAP heater
Plutonium product storage, rework and sample tanks
Plutonium product pump
Exhaust ducts

FRSS WTEG
Fuel storage cannisters and brackets Intermediate-level liquid waste diverter
Emergency water iines High-level liquid waste diverter

Cask barrier beams
Crane rail retainers

EUA /BS/VFS BPPH
Blowers, doors, filters Diesel oil tank and emergency cooling

water pumps

PB/PNSL

Conirol room console

Valve, sample, load-out, maintenance, and pump glove boxes
Glove box filter frames

Tank vault cooling units

Plutonium nitrate storage tanks

Pluton:um niirate transfer pump

3Seismic Category I (for definition see Appendix A),

extraction vessels, and evaporators for the cell, These operations arz viewed and

highly radioactive solutions, controlled from work areas in the galleries
Remotely operated manipulators and above and beside the cell, shielded with

maintenance cranes permit routine 5=1/2 ft of concrete or the eqguivalent in

process operations and equipment removal, shielding glass windows. Facilities are
repair, and replacement without entry into provided for repair of the manipulators

-7-
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and cranes, for cleanup of contaminated
equipment that is to be removed for repair,
and for packaging and removal of radioc-
active solid wastes.

The reinote maintenance cell and the
contact maintenance cells have stainless
steel floor pans to contain spilled fluids.
All process cells are divided by shielding

walls,

FUEL RECEIVING AND STORAGE
STA TION

The fuel receiving and storage facility
will be used for unloading fuel from
shipping casks and short-term storage of
the fuel prior to reprocessing, Casks
will be transferred by a 150-ton crane to
a 55-ft-deep pit in the pool. While under
water, the fuel elements will be removed
from the casks and transferred to fuel
storage canisters by an unloading crane.
The loaded canisters will then be trans-
ferred to tne 28-ft-deep pool storage area.
Portions o the pool walls and bottom are
lined with stainless steel for additional

integrity.
WASTE TANK CELL

Most high-level liquid waste from
commercial fuel reprocessing operations
will be stored as a concentrated,
slightly acidic solution in cooled,
corrosion-resistant, 14,000-gal stainless
steel tanks. These tanks will be con-
tained in a stainless-steel lined, rein-
forced concrete vault buried under 10 ft
of earth for shielding.

All piping, tanks structures, and
cooling systems associated with the
waste storage system are designed with
a high degree of containment to ensure

isolation of radiocactive materials from
Process piping to and
Venti-

the environment.
Irom the waste tanks is encased.
lation air from the vessels iz routed to
appropriate vessel off gas and ventilation
treatment systems in the niain process
building.

Each high-level waste tank has
multiple sets of cooling coils to remove
the design maximum heat load from
the stored waste. Cooling water
circulates through a closed loop system
from the tank coils to a heat ex-

The

heat exchanger is cooled with well

changer and circulaticn pump.

water and the uncontaminated cooling
water discharges to the cooling
tower and then to the creek.

Stainless steel liner

Reinforced concrete wall

Fig, 5. High-level liquid waste tank,



Selection of Ground Motion and Dampiag

We needed seismic input for both the
site analysis and the structural analysis.
Because there are no existing guidelines
for the selection of the seismic input to
fuel reprocessing plant structures, we
had two alternatives: (1) to select a
single recorded earthquake accelerogram,
or (2) to derive an accelerogram that
statistically représents a typical accelero-
gram. We have chosen the latter approach,
Rather than pertorm the statistical cal-
culations ourselyes, we have, for con-
venience, used the information in USNRC
Kegulatory Guide 1.60 (Ref, 1).

Guide 1,60 defines the seismic input
to nuclear power reactors based on a
statistical treatment of some 50 earth-
quake records, It gives both horizontal
and vertical response spectra for differ-
ent values of structural damping. Both
are normalized to @ maximum horizontal
ground acceleration of 1.6 g, Once the
intensity of ground motion for a site is
specified in terms of maximum horizontal
ground acceleration, both horizontal and
vertical spectra ¢an be defined simply by
scaling.

The spectra given in Guide 1,60 are
based on values one standard deviation
over calculated mean spectral accelera-
tions, Guide 1,60 i5 intended for sites
underlain by either Tock or 5oil Ueposits
and it covers all frequencies of interest,
For unusually soft sites, modification of
this procedure is required. Guide 1,60
is applicable to a:i, vrcentral range to
the causative eart''qudie,

We have used the Guide 1,60 statistics
to define our input response spectrum,
The response spectrum is sufficient seis-

=12~

mic input for many structural response
calculations (e, g., those calculations
based on the response spectra). However,
we require a time-history accelerogram
as input to our site analysis calculations
and to our time-history structural re-
sponse calculations,

We generated accelerograms compat-
ible with the response spectra with the
code SIMEAFL4 For site seismic analysis
input, we used the mean value spectral
acceler 1tion55 at 5% damping, as shown
in Fig. 6. Note that these accelerations
are one standard deviation below the
Guide 1.6Q accelerations, We constructed
a synthetic accelerogram with SIMEAR,
subject to the following constraints:

(1) total duration of 30 sec, (2) duratior
of strong shaking of 8 sec, and (3} onset
of strong shaking after 9 sec, We present

10
EEERR.G. 1.60 af 5% damping”
1 1T
17
(-]
i 1 W
€ F
o T
-‘E: 87 il
2 11
H I Generated Fmrr:ls”ynthef <TIT
< 0 acceleration in Fig. '7 .
YC50% probability of
being ded
(Ref. 5, p. 56)
0.01 AT AT
0,1 1 10 100

Frequency — Hz

Fig. 6. Ground motion response spectra
used for site response analysis,
*Cne standard deviation over
average (15.8% probability of
being exceeded),

H

H
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the accelerogram in Fig, 7 and we com~
pare its response spectrum with the mean
value response spectrum in Fig, 6. Only
horizontal site response analysis was

considered.
The ground motion input to a structural

analysis should generally be the result of
a site analysis, However for this study, we
chose the seismic input independent of the
site analysis. This was done (1) because
the site analysis was conducted at the
same time as the structura, analysis, and
(2) for consistency of seismic input to
each structure. We selected the Guide
1.60 5% spectrum as input for the Process
Building and the Guide 1.60 7% spectrum
as input for the Waste Tank Cell (WTC)
and the Fuel Receiving and Storage
Station (FRSS). These spectra are shown
in Fig. 8. We used the higher damping

10 ; — ™7
————— r_._g_'L. 77#7.4‘
4+l i i R U
o | . -
Y, T
$ ‘ o
5 ]
o
® +
] +
< R
I
. ) —
I T
-0.5 -
L I N
0 10 20 30
Time — sec
Fig. 7. Ground motion accelerogram

used for site response analysis.

for the latter structures to account for a

greater soil-structure interaction. We

10 T T ————rr]
[ Generated from synthetic ]
L accelerogrom in Fig. 9 (5% damping ) 4
o F 4
|
8
B P r
K] I Regulatory Guide 1.60 i
8 I (7% damping ) ]
< L p
r Regulatory Guide 1.60 J
| / (5% damping) ]
ol el Y P
0.1 ! 10 100

Frequency — Hz

Fig. 8. Ground motion response spectra used for structural analysis.
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Acceleration —g

Time ~— sec

Fig. 9. Ground motion accelerogram,
used for structural analysis,

developed an equivalent Synthetic accelero-
gram subject to the following parameters:
(1) total duration of 30 sec, (2) 19 to 15 sec
of strong shaking, and (3) onset of strong
shaking at 2 sec, Figure 9 shows this
accelerogram, In Fig, 8, we also compare
the response spectra at §% damping. For
vertical response calculations, we used
the horizontal spectral vafues,

Damping values used are consistent
with Regulatory Guide 1.§1 { Ref, 1),
which delineates damping values acceptable
for elasiic dynamic analysis, The damp-
ing values account for energy dissipation
and reflect both material a:: structural
damping for stresses less than yield,

Methods of Analysis

Seismic analyses of structural sys-
tems require (1) definition of the seismic
input, generally through a site analysis,
(2) constructjon of a mathematical model
of the structure, and (3) selection and
application of a method of analysis to
calculate the structural response. We
digcuss below the methods available foy
each of these steps,

SITE ANALYSIS®

The purpoge of a site analysis is to
deline the seigmic ingul o structares
founded at the sile. Because structures
may be founded at or near grade, deeply
embedded, ar buried, the seismic input
may be required either at the urface

T
We are providing a section on site
analysis methods for completeness, This

does not necegsarily mean we endorse
these methodg for reprocessing licensing,
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{in the first case} or below the surface
at the foundation level (in the other two
cases),

There are three parts to any site
analysis: (1) characterizing the earth-
quake source, (2} characterizing the
effect of the seismic travel path from
source to the base of the site, and
(3) characterizing the effect of the travei
path through the site. The analysis for
items 1 and 2 is largely empirical and is
well covered in the literature, We shall
restrict ourselves to methods of analysis
of Rem 3, e site response, We limil
our discussion to computer methods be-
cause of the complexity of the calculation,

The greatest analytical difficulty is
the nonlinear behavior of soils, but other
complexities include:

(1) Site stratigraph;. The soil layers at the
aite may not be horizontat and may even
be inclined with respect to each other.



(2) The effect of the water table and soil
moisture on the response. For
example, the presence of water may
discontinuously change the soil equa-
tion of state.

(3) The geometry of the seismic input.

The emerging seismic energy may be

inclined to the soil layers,

Although we can model all of these
complexities, some simplifying assump-
tions are often made and their consequences
As-
sumptions common to the site analysis
computer codes most frequently used are:
(1) The response of the site is dominated

examined on a case-by-case basis,

by horizontal shaking from below, All
other modes of seismic energy are
neglected,

(2) The horizontal shaking is unidirectional
and the site responds with a state of
plane strain,

{3) The stress-strain trajectories within
the site are cyclic,

(4) There is no residual displacement.

(5) There is no liquefaction of soils.

Each of the codes we use deals with

the nonlinear soil properties through the

method of equivalent linear systems, In

this method the analyst supplies starting
values of the shear moduli and damping
factors and the code iterates, changing

the shear rmoduli and damping factors to

values compatible with the strains experi-
enced during the prior iteration. Shear
modulus and damping factor relations
have been developed by Seed and ldriss
for sands, clays, and rocks, and we

describe their specific application in a

6

later secticn.

It should be noted that there are many
uncertainties in modeling a site and the
selection of input parameters for analysis,
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This type of analysis generally requires
much experience and judgment! on the
part of the analyst.

We use three computer codes for site
analyses.* These codes represent the
state-of-the-art for culculating site
response:

PLUMP = Lumped mass7

SHAKE — Wave propagatit:mB

LUSH — Finite element,

PLUMP — PLUMP calculates the one-
dimensional horizontal response of the
site, It represents the soil deposit by a
series of horizontal layers as shown in
Fig. 10,
lumped at the top and bottom of the layer

The mass of each layer is

and the masses are connected by shear
springs whose characteristics are spec-
ified by the shear stress-shear strain
properties or the soil in the layer. The
site model is then excited with an
acceleration-time history applied at the
base of the site,
pute horizontal displacements, accelera-

The program will com-

tions, stresses, and strains throughout
the site as functions of time.

SHAKE - This code, like PLUMP,
calculates the one-dimensionai response
of horizontal soil layers to horizontal
shear shaking. The method of solution is
based on the Fourier transformation of the
wave equation and the input accelerogram;
thus the calculation resembles a systems
response calculation (see Fig, 11).

The use of certain specific anaiytical
technigques and computer codes does not
necessarily imply endorsement for use
in reprocessing licensing.
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Fig. 10, Lumped mass representation
of 1ayered system — PLUMP,
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Because all calculations are in the
frequency domain, the code can calculate
the response anywhere in the deposit,
given the input motion anywhere else in
the deposit. Displacement, acceleration,
and soil stress, time-histories ai any
level can be computed with SHAKE,

LUSH —~ LUSH 15 2 two-dimensional
finite element code which solves the
transient response problem in soil sites
by complex frequency response. It can
calculate the response of sloping soil
layers to shear shaking emevging at any
‘There
are a variety of boundary conditions
available and the coding provides for three
different materials: nonlinear clays and

angle of incidence (see Fig. 12}

sands, elastic solids, and rigid solids.
LUSH was written specifically to treat
site response problems and therefore has
incorporated some of the most recent
thinking regarding soil deposit response,
For example, the material damping can
vary from element to element through the
methed of complex response with complex
moduli, Second, because of this approach,
accurate solutions can be obtained even in
the high frequency range. This is often

a requirement for calculations of soil-
structure interaction of critical structures.

STRUCTURAL MODEL

Once the seismic input to 2 structure
has been defined, a mathematical model
of the structure must be construcied,
The model must incorporate all the
important rerponse characteristics of
the actual structural system being
analyzed (e.g., mass and stiffness dis-
tributions, structural damping, and




pertinent effects of soil-structure inter-
action). The mathematical model con-~
structed is usually too complex to solve
directly so approximation solution schemes
are employed, Either of two methods

cun be employed to discretize the struc-
ture: the lumped mass approach or the
finite element approach,

The lumped mass approach divides
the struciural system intc discrete mass
points connected by massless springs
that represent the stiffness character-
istics of the structure. These springs
mav represent truss members, team
members, or shear panels, An example
of a simple lumped mass model is shown
in Fig. 13. In this example, the real
structure is a process building, In the
lumped mass model, the actual mass is
concentrated at the appropriate level in
the model and the 5tiffness of the struc-
ture is modeled with beam elements that
reflect both the bending and sh ‘ar stiffness
of the real structure.

The finite element approach is a tech-
nique for discretizing a structure into an
assemblage of structural elements, Each
element models the mass and stiffness
distribution of part of the structure, The
mathematical model constructed may be
composed of different types of elements
‘s r- -esent differences in structural
hehavior, Elements ars currently avail-
able to mod2l truss, beam, continua,
plate, shell, and pipe hehavior, The wee
of the finite element procedure eliminates
the need to approXximate continuous
structures by lumped mass systems.
Figure 14 shows a finite element rep-
resentation of a process building. This
model uses truss, beam, continua, and
plate elements to model the structure,

&

I T

Earthquake motion

Rigid base

Fig. 12. Typical finite element model—
LUSH

Soil-structure interaction effects must
sometimes be included in the mathematical
model. Soil-structure interaction is the
phenomenon in which the structural
response deforms the surrounding soil
and consequently modifies the soil motion.
This results in a structural response that
15 gencrally different from the response
that would be calculated using unmodificd
free-field soil motion, The intéraction
can often be neglected for very soft struc-
lures because of their compliance with the

Actual structure=
process building

,—.| /‘Lunpid spring

Lumped mass

=3
E-a;.hqua Lumped mass model

motion

Fig. 13. Lumped mass representation
of structural system.
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Plate elements to model
floor and roof slabs-

Solid continum
elemants
to meel

shear resistance
of structure

Beam or
truss elements to
model structural

steel brecing

' /

\\\\/ \\ \\/
W //// NN

\

A RTETRARR
= Earthquake motion
Finite element model
Fig. 14. Finite element representation

of a structural system. Fig-
ure 13 shows the actual
structure-process building.

soil motion, However, it is important
to include interaction effects for the
stiffer structures that are typical in [uel
reprocessing plants,

= Earthquake motion

Actual structure-process building

Earthquake motion

Lumped mass
model and
interaction
springs

Fig. 15. Lumped mass and finite element representationm

effects,

Linear and
torsional
springs

There are two calculational methods
available to represent the effect of the
soil:

e applying the soil motion to springs
that are attached to the foundation,
called the half-space method

# placing the foundation in or on a
finite element mesh, and calcula-
ting the response of the entire
assembly.

Figure 15 is an example of a
lumped mass and finite element repre-
sentation of a process building that
includes the effects ol soil-structure
interaction.

There are limitations to each method,
A npumber of these are suvmarized in
Table 3, The principal advantage of the

half-space approach is its simplicity and
economy. For example, in Table 4 and
Fig. 16 we give formulas for calculating
These values were
developed for rigid circular and rectangular

the spring cons‘.ants.l !

foundations resting upon the surface of an
elastic half space,

Roller
boundary
Finite conditions
element
mesh

Earinquake motion

Finite element model including
soil wstructure interaction

of aoil-structure interaction



Table 3. Limitations of the half-space and finite éilement methods.

Limitations of half-space method

® Does not include material and
radiation® damping.

e Cannot model a multilayer soil
deposit easily.

e Neglects structure - structure
interaction,

e No rational way to deal with
embedded structures,.

® LDoes not permit detailed
structural analysis.

Limitations of finite element method
o Appropriate three-dimensional codes

are not available, Presently requires
a plane strain solution.

e High-frequency informaticn may be
lost because of mesh size or the use
of Rayleigh damping.

e The extent of the model may not be
sufficient to eliminate wave
reflections from boundaries.

e Analysis is more complex than
half-space method.

2Radiation damping accounts for the energy lost by radiation of waves from the base

of the structure,

Table 4, Formulas for calculating soil-spring constants® for 2 lumped mass model as

shown in Fig. 15,

Motion Circular foundation Rectangular foundation
4G To G
Vertical K, =1=% K, =1=58, VBL
32Q1 - u)Gro
Horizontal Kx s Kx =2(1 +v) Gﬁx ~NBL
sor) G 2
Rocking K¢=m K¢;=1_-—yﬁ¢ BL
where:
G = Shear modulus of soil (Ib/it%)
v = Poisson's ratio of soil (dimensionless)
r, = Radius of foundation (ft)
B = Foundaticn dimension perpendicular to applied force (ft)
L = Foundation dimension parallel to applied force (ft)
BBy
B¢ = Functions of L /B and are shown in Fig, 16.(dimensionless),

2These equations only apply to structures founded at grade. They do not adequately

represent deeply embedded or buried sitructures.
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Bz or Bx

oL Loyl 13 1a1tl0

0.1 1 10
L/8

Fig. 16. Soil-structure interaction
coefficients for rectangular
footing, 11

STRUCTURAL ANAL YSIS

Once the mathematical model has been
developed, a method of analysis must be
chosen. The purpose ~f the analysis is
to estimate maximum stresses and dis-
placements and to use these estimates to
develop a safely designed structure. The
methods of structural analysis can be

Structural analysis methods

divided into two main categories:
equivalent-static and dynamic, The static
methods of analysis attempt to furnish a
distribution of seismic forces that approxi-
mate distributions obtained from dynamic
analyses, The dynamic analyses include
the inertia eifects of the structure as well
as the time-varying nature of the forces

in the analysis.

Probabilistic methods are also avail-
abie to conduct seismic analysis. How-
ever further research in this area is
required before these methods will be
useful; they are therefore not considered
in this study,

We will consider the following methods
of analysis shown in Fig. 17,

Equivalent-Static Methods

These methods of analysis are used to
obtain a set of static lateral (horizontal)
forces for structural design. The lateral

Equivalent
static Dynamic
Uniform Maximum Response Time<history
building horizontal spectra
code ground motion
Direct Modal
integration response

Fig. 17. Structural analysis methods.




forces are generally assumed propor-
tional to the weight of the structure as

F=C'W,
where

F = total effective equivalent static
lateral force

W = weight of structure (includes
dead weight plus percentage of
live load assumed to be effec-
tive during earthquake),

C' = seismic coefficient.

The selection of the seismic coefficient
depends on the seismicity and soil
characteristics at the site as well as the
dynamic characteristics, type, and
function of the siructure, The major
difference between the different static
methods is the way in which the seismic
coefficient, C!, is ohtained. There are
two commonly used ways to obtain a value
for C': the Uniform Building Code!?
approach and the maximum horizontal
ground motion approach. Both of these
static methods of analysis assume the
structural behavior is governed by the
response of the first fundamental mode

of vibration.

(1) Uniform Building Code Approach12

The method of seismic analysis
specified in the Uniform Building Code is
a static method of analysis intended fer
the design of most resicential, industrial,

and commercial structures in the United
States.

This approach provides minimum
standards to make structures earthquake-

resistant by
e resisting minor earthquakes without

damage
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e resisting moderate earthquakes

without structural damage

e resisting major earthquakes without

collapse (could produce severe
structural damage).

Many municipalities adopt the Uniform
Building Code for minimum design re-
gquirements.

In the Uniform Building Code approach,
the entire effect of seismic forces on the
structure is expressed in terms of base
shear, For design, the base shear is
distributed as concentrated forces located
The Uniform Build-
ing Code specifies a seismic coefficient
that is a function of the natural period of

at various heights,

the structure, the seismicity of the area,
and the type of structural system employed
in the design, The equation for base

shear is
F =C'W = ZKC W,
where

F = base shear
Z = seismicity factor
K = type of structure factor
C = coefficient which is a function
of fundamental period of the
structure,
W = total weight of structure
These factors reflect both the seismicity
of the area and the actual performance of
multistory structures in the United States
during earthquakes.

The Building Code also specifies the
method of distributing the seismic forces
at various levels of the structure, as
follows:




where
Fi = design force at location i,
where [ specifies a level of
the structure
W, = weight at location i
X; = height to location i,

Currently the Uniform Building Code
does not use a site factor to include the
effect of the type of soil at the site or an
importance factor for the structure.

It is not reasonable to use the Uniform
Building Code approach directly for the
design of critical structures in nuclear
facilities. These structures are differ-
ent from those on which the Building
Code is based.
nuclear facilities are required to function

Moreover, critical

during and after a strong earthquake with
little or no structural damage,

(2) Maximum Horizontal Ground Motion

Approach

Another approach to equivalent static

analysis is to use the maximum hori.-ontal
acceleration postulated for the site as the
This would better
incorporate the local seismicity of the

seismic coefficient, C?,

area into the design but would not include
the dynamic characeristics of the struc-
ture. In many cases, this is an acceptable
approach for stiff structures (i.e., struc-
tures with frequencies greater than 33 Hz).
A set of static forces for design could be
obtained by the Building Code method of
distribation.

An example of the equivalent-static

method of an:!ysis applied to the Process

Building is shown in Fig. 18.

Dynamic Methods

Dynamic methods of analysis deter-
mine the distribution of forces in a

structure by including the dynamic

characteristics of the structure (mass,
damping, and stiffness} in the equations
of motion, The following methods are

generally employed:

(1) Spectra Response Method

This is an approximate method of
analysis that reguires an acceleration
response spectrum as a description of
the ground motion. Mode shapes and
frequencies of the mathematical model
must be calculated, The solution is
then obtaired by calculating the response
(i.e., displacement, acceleration, and

| =
—I—.

RARRNANIANAND

F=ZF,

Model with static forces for analysis
Fig. 18. Example of equivalent static
method applied to process
building.
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stress) in each mode and then adding up
the modal responses toget the total re-
sponse, Figure 19 shows the process.

This mode superposition is usually
achieved by a square root of the sum of
the squares (SRSS) [.n"ocedur‘e.:k This
method of analysis is approximate
because of the way the modal guantities
are combined to get the total response,
The SRSS procedure of combining modal
guantities is used since the maximum
value in each mode may not occur at the
same time. Enough modes must be in-
cluded in the analysis to capture the
complete structural response.

The advantages of this approach over
static methods are: (1) the mass and the
stiffness characteristics of the structure
can be included in the analysis, and
(2) the method permits the incorporation
of the site response characteristics.

(2} Time-History Method

The time-history method of analysis
is an exact method for determining the
structural responsc to an arbitrary force-
time history or acceleration-time history.
The method solves the following system
of equations at each time-step:

Iz
I

+CR+KX=EW,

where
M = mass matrix
C = damping matrix
K = stiffness matrix
X, X, X - displacement, velocity,

"This procedure is modified when
closely spaced modes occur ir a problem.
{Refer to R.G. 1.92.13) Another pro-
cedure is to combine modal results by
adding absolute values of each mode.

and acceleration vectors.
(These vectors will have
as many entries as degrees
of freedom allowed in the
model.)
E(t) = input forcing function or base
acceleration.

Time history analysis is conducted by
one of two approaches: mode super-
position or direct integration, The mode
superposition approach first solves the
eigenvalue problem associated with the
model to determine the mode shapes and
frequencies of vibration, Then the total
response is separated into the response
of each mode, and finally the response
in each inode is determined and combined
to get the total response. This method
is limited to the linear response of struc-
tures,

The direct integration method is used
to obtain a solution by step-by-step
integration of the equations of motion
directly. Solution of the eigenvalue
problem is not required and nonlinear
effects may be included if required. The
method gives an exact time history of
response, and a technique to combine
modal response is not needed.

A direct integration analysis is
equivalent to an analysis by the mode

—
undamental "
mode §—T
+
o Y~
+

i D e £ 8
ER: &8  E3
29 € €
g
e~ tt———"
Modal response

Fig, 19. Schematic of modal super-
postion,
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superposition approach in which all mode
shapes and frequencies are included and
the same time step, At is used. Both
methods involve a large amount of com-
puter time to solve for the dynamic re-
sponse of a structure, since small time
steps are required to achieve meaningful
results,

Table 5 compares some of the advan-

tages of these methods.

Computer Programs Used in Structural
Analysis®

The structural analysis can be per-
formed by many available computer

programs. We conducted our analysis
with the SAPIVI4 and GHOSHI® programs.
SAPIV is a structural analysis program
for computing the static and dynamic
response of three-dimensional linear
systems. The structural system that can
be analyzed may be modeled with a com-
bination of different structural elements.
The program contains the following
elements: 3-dimensional truss element,
3-D beam element, plane stress element,
plane strain element, 2-D axisymmetric
solid element, 3-D solid element, thick
shell element, thin plate or shell element,
pipe element, and boundary element.
These structural elements are shown in
Fig. 20, They may be used to model
problems for static or dynamic analyses.
GHOSH ir a structural analysis
program for computing the static and
dynamic respcnse of axisymmetric struc-

“The use of certain spccific analytical
techniques and computer codes does not
necessarily imply endorsement for use in
reprocessing licensing, They are used
only to evaluate acceptability of structural
design methods.
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tures (structures that are bodies of
revolution) subjected to arbitrary loading
or base acceleration. The structural
system to be analyzed may be constructed
with axisymmetric solid and sheltl ele-
ments,

Both programs can solve static prob-
lems and have three solution options for
dynamic problems: response spectra
analysis, time-history analysis by mode
superposilion, and time-history analysis
by direct integration.

y
(b) Thres-dimensional
beom element

<
1%

(a) Truss element

b
%

(¢) Plone strass, plane stroin, and oxisymmelric

v

(e) Thick shell
element

\

2

(d) Thres-dimensionol
solid

(£) Thin shell a boundary element

£

Tangent Bend
(g) Pipe element

Fig. 20, Element library of SAP 1V,



Table 5.

hod

Advantages and disad ges of

of analysis,

Methn

Advantagen

lisadvantages

Theeet n g tralie, of
cQial ain ]

|
|
|

w

[

. Structure uxually stalically

determipate wharh greagly
mmphifien rirgctural analysia,

Faster than both i
methods fnr must problems
with bare acccieral:

Provides a s
Qe T anIng makir
e Quantiics, Rtesulta
rearcnably arcurate

RpRetre boutadihp Aty carthe
guake arccleraban-time hatary
nay be uscd an thpul,

. Can e ‘ude peiclineas malerial

antd geoprctne offei s,

Faor very large probleiuy may be
{asicr Whar mede xaporpokiiien
e e,

Fitncehiato ! resf  ac
abtained direetly.

ST
user ih
giliod not

Approximmationn o
soplectity hugher
o€ maperpesilion
needed,

Hexultx acrurste for a givesr
acerieratiohi-fitnm hintues,

Farier than diret intogralion
for moxl probless, sance
solution may be expresscd by
Hiret fey moder,

Opce (requencies i mode
shapes are obiaaned 3 varety
of response analysix can be
canducted cllicicutly.
Stesults occurate for a given
acceleration=time histos o,

Time-malory of responsc
abaned directly,

1.

2

[

w

No guarantes that cquivalent
»ate {orces represen, actual
dynpmic loaditg,

Canpot obta:n tithe-kistary of
FoRpmnse,

! large vigenvalue
€3 be Lime confgming.

Must combine maximusn. modal
quantilies to got tatal soluting,

Cannot obiptn tme-hintory of
Fonpotac,

Limates to bawe arseleration
npats onay,

Uagally requires a large amaunt
of compiter tite o solyr probters,

fteralts fean differcnt arccleration-
time hintorics boln conmatent with
the pame respchsc Fpecisa may ve
diffcecnt,

Solution uf large cigenvaluc
probutemr can be Lime consuming,
Mat applicable to non-hinecar
analysis

Resuits from ifferent aceeleration-
Hme historses bolhs consistent with
the samc resjonnee speciva may be
different.

:% integration

= uncangiled o
guatian

INTRODUCTION

We compare the calculated results
obtained by using three different analysis
procedures for determining the seismic
response of near-grade or partially

embedded structures.

Building (PB) as representative of this

We

Process Building (PB)

category of structure,

The three methods

of analysis conducted on the Process

use the Process

25

Building were:

o Equivalent static method

» Response spectra method

e Time-history methods
The same lumped mass model of the
Process Building was used for all analyses.



A1l results were determined for a l-g
maximum ground acceleration. Since all
materials were linear-elastic, the re-
sponse to other peak accelerations can be
obtained by linear scaling. The ground
motion for all analysc was horizontal
and met the criteria established in Guide
1.60 (Rel, 1).
spectrum was used, The damping value

of 5% is apnropriate for the concrete

The 5% damped response

stracture but may ' e tow for soil behavior,
For the purposes of this comparison, 5%
damping was assumed for both concrete
and soil,

We also studied the effect of site soil
properties by examining three sites with
different soil characteristics: hard,

The effects of
the site soil conditions were included in

intermediate, and soflt,

the analysis by translational and rota~-

tional soil springs developed for elastic
hall spaces, Alternative ways to develop
cquivalent soil springs exist but were not

included in this evaluation,

Contact maintenance
process cells
Remote mointenance
proces: <l

\

MODEL DESCRIPTION

The Process Building is typical of
structures founded near grade or partially
embedded,
elevation views of a representative process
building.
the one at the BNFP facility.
designs may provide a corridor between

Figure 21 shows plan and

This structure is the same as
Future

the five process cells and the remote
process cell, This will cause the build-
ing to be slightly wider but should have
little effect on the seismic analysis,

The Process Building is a heavily
reinforced, massive, concrete structure
with many cells for confinement of chem-
ical reprocessing equipment., We used a
lumped mass model to represent the
dynamic response of the building, as
shown in Fig. 22. This model represents
the properties of the ’rocess Buiiding in
‘The methods

ofanalysis and comparisondiscussed here

the transverse direction.

apply equally well to the longitudinal direction.

Remofe maintenance
process cell

Contact maintenance
process cell

Level A

Level B

\
L]

}___

\ L [
M

——
[—-‘ 496t gogy

f— 1006 —]

22 ft ‘
f———— wof —— TRARIINTIRINTAN
Plan view Eanhq-uI;.morion
End elevation ,
Fig. 21. Plan and elevation views of a typical process building. :
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™
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3
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Fig. 22,

~———Beam element

Foundation
level

Lumped mass model of process
building.

Masses were lumped at regions where
heavy floors or other concentrated weights

occur,

Beam elements were used to

represent the shear stiffness of the rein-

forced concrete shear walls,

Reinforced

edncrete floor slabs act as rigid hori- 8
zontal diaphragms and cause the building I

to move laterally as a unit, N

Soil-springs were included in the
model at the base of the structure to
consider soil-structure interaction effects,
The spring constants were varied to study
the effects of different site properties on

the structural response,

The properties

reflected hard, intermediate, and soft
sites and were defined by their shear

wave velocities,

Table 6 lists the mate-

rial properties used in this analysis,

Properties of the shear beams were

computed from cross-sectional geometry
data at various elevations in the Proces-
Building.3 These values represent
characteristics of the BNFP Process

Building.

Values used for the lumped

masses and the beam properties are

given in Table 7.

Shear stiffnesses were

determined from ASG/L, where A is the
effective resisting shear area, G is shear
modulus of conerete, and L is the length
of shear beam. Values for the spring

constants, Kx’ Kz, K¢* were determined
using Table 4 and are shown in Table 8.
We assumed a rectangular foundation with

Table 6. Process Building material propert.ies.a

b

Y Cy E G
3 & 2 6 2
(lb/ft") (ft/sec) v {10° 1b/It") (107 1b/ft°)
4000-psi
concrete 150.0 - 0.25 550.0 220.0
Soflt soil 125.0 500.0 0.30 2.5 1.0
Intermediate
s0il 125.0 2000.0 0.30 404 15.5
Hard soil 125.0 4000.0 0.30 162.0 62.2

a‘Damping is assumed to be a uniform 5% of critical damping for the entire soil-

structure system.

bShear wave velocity Cg = NGJp, p = mass density = v/g.
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Table 7. Properties of Process Building
used for analysis,

5

g it g e
L.ocahon tkap-sce™ j(t) 107 kapst1) ({1}
1 70 1.5 .t
2 100 5.3 66
k 240 26.8 58
4 150 2.1 49
5 230 21 42
[ 230 G623 28
7 240 26.7 22
a 260 46.8 a8
4 650 - a

dimensions 100 by 190 (t for this
analysis.

More detailed and complex structural
models can be constructed. We believe
these models would not give us any more
information about the overall structural
behavior of the Process Building,

METHODS CF ANALYSIS

Equivalent~Static Method

We chose one static method of anal-
ysis., It is based on F = C'W, where F
is the equivalent static load from the
earthquake to be applied to the structure,
C! is the seismic coefficient, and W is
the weight of the structure. We used a
value of C' = 1 g, which assumes that the

seismic coefficient C is equal to the peak
horizontal ground acceleration and that no

dynamic amplification of the structure
would occur, ‘fhe earthquake losds were
distributed as discussed in the mathods
of analysis secction,

Results of the static analysis are shown
in Fig, 23. These figures show the varia-
tion of lateral displacement, shear, and
woment with height for the Process
Building.

Response Spectra Method

The response spectra method is an
approximate-solution technique for deter-
mining maximum displacements, shears,
and moments from earthquake excitation,
In this approach the input base motion is
a response spectrum,

We did three response spectra anal-
yses on an intermediate site that differed
in the number of modes of vibration in-
cluded in the solution. We used one, five,
and nine modes, One mode is the minimum
number required to obtain a solution #nd
nine modes is the maximum number we
can use for the mathematical model of
the Process Building.

Our calculations show that the struc-
tural response is governed by the first
mode and that the response is unaffected
if additional modes are included. Accord-
ingly, we use only the first mode solu-
tion for the three sites considered (see
Fig. 24.)

Table B. Spring constants,

Site 6, . 6, . 10, .
characteristic Kk, (10" kipftt) kz (107 kip/ft} k¢ (10" kip-ft/rad)
Soft site 0.36 0.45 0.13
Intermediate site 5.7 7.2 2.1
Hard site 22,8 28.8 8.2

-28-



100 T T 1 | T T T |
(a) 1 L& ] L(c) ]
& 1F 4 F -
[ 1T 1 i
= 1r b T
2
T 40 1t . =
20 —l = =3 -
ol | A W S 1 /| 1 1 l . 1
¢ 0.2 04 06 0.8 1.0 0 5 10 15 20 4 é
Displacement — ft Shear — 104 kip Moment — 16° kip-ft
Fig. 23. Static results for the Process Building. (a) Variation of lateral displacement
with height. (b) Variation of shear with height. (c) Variation of moment
with height.
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Fig, 24, Response spectra results for the Process Building, (a) Variation of lateral

displacement with height. (b) Variation of shear with height, (c) Variation
of moment with height, Symbols: o —soft soil; 4 — intermediate soil, and
0~ hard goil,
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Time-History Methads First we compared the mode super-

Time-kistory methods of analysis are
exact methods for determining the re-

position and direct integration approaches,
using the model shown in Fig. 22, In
both cases the acceleration time-history
defined in Fig. 9 war applied at the
foundation level.

sponse of a structure cf time-varying
forcing functions or to base acceleration
time-histories. There are two appvroaches
available for conducting a time-history Table 9 gives the results of these
They differ very little, Be-

cause the response of the structure was

analysis: mode superposition and direct analyses.

integration.
Tadle 9. Comparison of results of time-history analyses for an intermediate site.
g
Displacement “""“r ‘éom"'m
[1{3] {10° kip) (10~ xip-ft)
Lirect Mode Direct ode Direct Wode
Location integration superposition integration superposition integration superposition
1 0.242 0.246 0.98 1.09 0.0 0.0
2 0.212 0.215 0.98 1.09 0.15 017
3 0.198 0.200 2.25 2.45 0.33 0.37
4 0.185 0.186 4.78 5.12 0,77 0.83
5 0.175 0.175 6.23 6.67 1.2¢ L.30
6 0.154 0.154 8.25 8.80 2.38 2.53
7 0.145 0.145 10.17 10.58 2,99 3.17
8 0.126 0.125 11.86 12.21 4.5¢ 4.81
9 0.115 0.113 13.42 13.61 5.69 5,93
100 =TT T 1
(o) (b)
80 ~ -
< &0 - —
!
) 1
£ 40 = —
20 - 1
[1].". 1 11 1 1 1
0 0.2 04 046 0.8 1.0 0 5 10 15 20 0 2 6

Displacemant — Ft

Shear — 10% kip

Fig, 25,

Time=history results for the Process Building.

digplacement with height, (b) Variation of shear

of moment with height. Symbols: © — soft soil;
0 — hard soil,
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governed by the first mode of vibration,
the mode superposition method is more
economical than the direct integration
methaod.

Results of time-history analyses for
all three sites are shown in Fig. 25.
These aralyses were all conducted with
an input acceleration time-history applied
at the base level,

Effvct of Site Characteristics on

Aralysis

Time-history and response spectra

analyses were conducted on the Process
Building model located on sites of differ-
ent stiffness. The effect of site stiffness
was included in the model as translational
and rotational springs. Values for these
spring constants were determined from
the equations presented in the section on
methods of analysis, Site characteristics
were defined by shear wave velocity
through the soil.

Table 10 and Figs, 26 through 28 show
maximum results from these analyses,
These results indicate little difference
between methods for hard sites and a large
difference for soft sites. For the inter-
mediate site, we found differences in the
methods, Since the structural response
of the Process Building is governed by
the first mode response, we believe that
these differences result partly from
differences between the Guide 1,60

‘.00 ¥ ' T I v I
© Response spectro ]
a Time history
0.80 -1
| i
$
g 0.60 -
o
2
k3 i
o
§ 0.40H -1
£
é L .
0.20— -1
. ) ]
0 L 1 L 1 L }
0 20 40 ]
Shear modulus — 10° kip/ﬁ2
Fig. 26. Effect of site characteristics

on maximum displacement.

spectra and the spectrum of the accelera-
tion time-history used in analysis. As the
site becomes very soft (i.e., as the shear
modulus approaches zero), the results
obtained from a time-history analysis

tend to their limiting values. (Displace~
ment goes to maximum ground displace-
ment, base shear goes to zero, and
moment at base goes to zero.) Caution
should be used in comparing these methods

{or very soft sites,

Table 10, Summary of maximum displacements, shear, and moment calculated by
different methods for the three sites considered,

Displacement (ft) Base shear (104 kip) Overturning moment (ll]G kip-ft)
espunse ime esponge ime= esponse ime

Site spectra history spectra history spectra history
Soft 1.05 0.60 16,2 9.2 6.6 3.8
Intermediate 0.10 0.12 13.1 16.0 5.7 7.0
Hard 0,06 0.05 10.2 10.1 4.9 4.7

-31-




We compared these spectra for 5%
damping, The differences for the sites
studied are shown in Fig. 29. Both
methods give equivalent results for hard
sites, but they are sensitive to the gen-
erated acceleration time-history and the
integration time step for softer sites,
The time-history method can produce
results higher ar lower than those ob-
tained by the response spectra method,
depending on the position of the generated
spectra with respect to the Guide 1,60
spectra. This difference alone is not
enough to explain the difference in results.

Care must therefore be taken in gen-
erating an artificial acceleration time-
history, This generated accelerogram
should produce a spectrum which mini-
mizes the differences in the methods,
The time step for integrating should also
be small enough to capture the complete
response.

©Response spectra

Base shear — 10% kip

é& -]
B Tima history
4 .
2 ]
0 i } ' 1 ) |
o] 20 40 60

Shear modulus — 10° kip/fr2

Fig. 27. Effect of site characteristics
on base shear,
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Fig, 28. Effect of site characteristics
on overturning maoment.

For the soft site there was esgentially
no difference between the spectra, but
the difference between methods was the
largest. We believe this difference re-
sults from the way soil-structure inter-
action was included in the model and the
time step of integration chosen, The soft
spring could be acting as a fiiter for
time-history analysis.

COMPARISON OF METHODS

Results of our analyses are compared
in Figs. 30 through 32. These analyses
used the same mathematical model and
an earthquake with a peak horizontal
ground acceleration of 1 g. The 1-g maxi-
mum ground acceleration was used
directly to conduct the static analysis,

The horizontal spectrum for 5% damping
in Guide 1,60 was used directly as input
for the response spectra analysis, and

G e s s
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We believe the time-history method of
analysis should be used as a standard for
This method is the most
accurate when a known acceleration time-
history is used as input.

These results can be explained as

Statie results are low since the struc~
ture was assumed rigid (T <0.05 sec) and
no dynamic amplification was admitted.

The actual model analyzed has a cal-
culated fundamental period of T = 0.106 sec,
In an attempt to account for dynamice
amplification, we examined the response
spectra in Guide 1.60 for 5% damping and
found a dynamic amplification of approxi-

[— S - Soft site
— I - Int diate site j
—H - Hord site compartson.
10 lllE 1l
o 1k
)
6 follows:
g ! ==:c2
E] = —H Static Method
— Regul ide 1,60
2 (Sg/u lo I_y'g:l e 1, 6 [:
0.1}=i==— Generated spectro 4
(5% damping i
} J'l'll -
s+
0.0 i [l
0,01 0.1 1 100
Period — sec
Fig. 28, Comparison of regulatory guide

1.60 and spectra generated
from acceleration-time history.

an acceleration time-history developed
from the Guide 1.60 spectra was used as
input for the time-history analysis,

{a) Soft site

{b) Intermediate site

mately three occurs for this model,

This approach requires that the funda-
mental period be estimated or assumed,
Three times the static results overesti-
mates the response predicted by dynamic

analysis. This difference is due to

() Hard site

WO =7 T 1 T T T T 1 1
| Time history—  Response 1 L |
Static spectra {
80— - 7 Static, response |
| 1 b spectra, ond ]
o time history
= g0 - — =
o
5 ] Stotic W 1
2 — — -
T A0 Response
L 4 spectra s .
201 _ Time history - ]
0, " ! I I 1 | I 1 I 11 1
0 0.2 0.4 0.6 0.8 1.0 0 0.2 04 0.6 0.8 1.00 0.2 0.4 0.6 0.8

Displacement == ft

Fig. 30.

Displacement — ft

Displacement « ft

Displacement calculations using three methods.
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difference in deformed chapes associated
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Fig. 32.

with the two approaches.

In suramary, if we use an equivalent-
static method of analysis, we generally

Moment — 10° kip-ft

dynamic analysis.

- 34-

0 2 4 &
Moment — 100 kip~it

Moment calculations using three methods.
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period of the structure, The major
advantage of the equivalent-static method
is the ease with which the analysis can be
conducted, However, the method produces
low results and does not include site
characteristics. The effort and uncer-
tainty involved in improving the results

do not appear justified when a dynamic
analysis by response-spectra techniques

can readily be conducted.

Time-History Method

The results from the time-history
analysis are the most accurate for an
input ground motion. The major dis-
advantages of this method are the large
amount of computer time required to
obtain a solution and the uncertainty in
the input base acceleration time-history,
Our input record was generated from
Guide 1.60 and is an input record with the
However,

required frequency content,
this record is not unique and many other
records could also have the same fre-
quency content as specified in Guide 1.60.
Time-history analyses with other
acceleration time-history records that
conform to Guide 1.60 would result in
different structural response,

Response Spectra Method

Results obtained by the response
spectra method generally are largest of
all three methods. This probably results
from both the way in which the modal re-
sults are combined and the specification
of input motion by a spectrum. This
spectrum was developed to include the

effects of many different earthquake
acceleration time-histories and it rep~
resents an upper bound on the expected
input seismic excitation.

The major disadvantage of this method
is that acceleration time-histories at
different elevations of the structure can-
not be obtained. This infermation is
required to produce floor spectra for
designing equipment located within the
structure. In addition, if more than one
mode is important the absolute summing
always yields conservative results and
the SRSS summing may be conservative
or non-conservative depending on period
spacing of medes,

MANPOWER AND COMPUTER EFFORT

Table 10 indicates the manpower and
computer effort requirements to develop
seismic loads using the different types of
analysis for structures founded at or near
Once these loads are defined, the
designer would distribute them to the
appropriate structural elements. The
effort required for this task would be the
same for all three methods and is not
included in Table 11. We assume the
structure to be of equal complexity to
that of the Process Building. Three
different site characterizations are

grade,

assumed. Both horizontal directions are
included in the estimate.

The values shown in the table represent
upper limits. The actual effort will be
dictated by the experience of the designer
with structural analysis techniques and

Table 11, Manpower and computer effort-
Process Building.
Manpower Computer time
Method {weeks) {CDC 7600-min,}
Equivalent static sl 0
Response spectira s 1.5 52
Time-history ~3 55
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computer application, The values include
time required for development of a math-
ematical model, the generation of input
forcing functions, computer interaction,

and the interpretation of results,
CONCLUSIONS

We recommend the response spectrum
method of analysis for structures founded
near or at grade. The results show that
the response spectrum method produces
conservative results for relatively minimal
This
method adequately captures the important

manpower and computer efforts,

dynamic properties of the structurs, can
tinclude site characteristics, and does not

require an acceleration time-history

record for input. Structural analysis is
rapid and inexpensive to conduct with this
method,

If a time-history of response quantities
is required, the mode-superposition
approach with a few modes included will
produce the most economical results for
at-grade structures similar to the Process
Building. Time-history analyses will be
more complex and time-consuming to
perform than response spectra analyses.

The static method of analysis is
suitable only for preliminary design of a
structure like the Process Building. This
analysis is easy and rapid to conduct, but
the uncertainties associated with the re-
sults cannot easily be evaluated

Waste Tank Call (WTC)

INTRODUCTION

Three methods exist for determining
the earthquake design loads of fully buried
structures: the equivalent-static method,
dynamic anaiysis with a lumped-mass
model, and dynamic analysis with a finite
element model. We have comparead the
effectiveness of these approaches as
applied to fully buried structures in fuel
reprocessing plants.

To accomplish this, we selected the
Waste Tank Tell (WTC) structure to be
representative of fully buried structures
at future reprocessing plants, We then
calculated earthquake loading on the WTC
resulting from vertical and horizontal
ground motions with each of the three
The
comparison is based on technical and

methods and compared the results,

economic considerations. The former

-36-

includes the accuracy of the computed
design loads; the latter, man-hours and
computer time required.

Vertical earthquake forces will prin-
cipally affect the design of the upper and
lower plates of the WTC.
earthquake loading will establish the

Horizontal
design of the cylindrical shell, Since the

WTC selected has a vertical axis of sym-
metry, only one horizontal component was
considered. We also examined the effect
of various possible site conditions (hard,
intermediate, and soft) on the calculated

loads,

Future WTC's will house a stainless
steel tank that contains the radioactive
liquid.
effect of the tank and possible sloshing on
In the vertical

We tierefore considered the

earthquake design loads,
analysis, the estimated mass of the tank
plus the mass of the contained fluid (with




the tank assumed full) was distributed
uniformly over the WTC foundation slab,

In the horizontal analysis, the same

procedure was used with a lesser amount

of fluid,

The smaller amount of fluid

reflected the fact that a portion of it would

not participate in the horizontal motion to

All three approaches assume that the

soil and structural material properties

are homogeneous, jsotropic, and linear
elastic and that damping is of the viscous

type.

In the finite element analysis, we

also assume that static overburden pres-

sure is sufficiently large to permit linear

any ex:ent, response even though the calculated
Ground surfoce
‘ 106
(=————  6B-ft diam ——=f
¥
| =
40 ft
100 ft
l .
4ft typicol——l [— s
Axis of
symmetry
Bedrock
XXX;XXXXR XAXARXRXXXXXXXXXXX
Weight (kip)
Voult 8200.0
Stainless steel ‘o
tonk (astimated ) 500.0, Dlsrrlbulled
vertical analysis 3500.0 f.;‘:::i;?il:n:
Contained fluid | o ntal analysis  1300.0 s slab
Materiol properties”
Y <, v E G
Waighal density | Shear wave [ Poisson's You:g's modulus | Shear modulus
(1b/r°) Velocty | e | ofivm®) | (10° tb/eP)
Concrete 150.0 0.20 525.0 219.0
Soft sofl 125.0 500.0 0.30 2.53 0.97
Intermediate soil 125.0 2000.0 0.30 40,4 15.5
Hard soil 125.0 4000.0 0.30 162,0 62.2

aDomping is assumed to be a uniform 7% of critical damping for the entire soil-structure system.

Fig, 33. Geometry, weight, and material properti~c of the WTC modcl.
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results give rise to dynamic tensile soil
stresses.

MODEL DESCRIPTION

The WTC is a completely enclogsed
concrete cylinder housing a stainless steel
tank filled with liquid radioactive waste.
The tank rests on a foundation slab.
Figure 33 gives a detailed description of
the geometry, mass, and material
properties of the WTC used to develop our
calculational models, There are some
stight differences between the WTC design
we used and the actual WTC at the Barn-
well plant, none of which should signifi-
cantly affect the comparison of results.

The top of the WTC was selected to be
10 ft below the ground surface, This
burial depth is consistent with shielding
requirements. The depth from the ground
surface to the bedrock or hard soil media
was selected to be 100 ft,

The actual WTC complex at Barnwell
is a group of four closely spaced struc-

tures. Interaction among them may be
important. However, we assume the

WTC to be isolated for our analysis.

METHODS OF ANALYSIS

Equivalent-Static Analysis

Vertical Direction

Figure 34 shows the assumed load
distribution on the WTC from verticat
earthquake forces. The loading is divided
into two parts: (1) those loads resulting
from the weight of the top plate, and
(2) those loads resulting from soil pres-
sure acting on the tank. ‘The plate
contribution is assumed equal to the
weight of the upper plate muilt:plied by
the peak vertical ground acceleration,
Along the upper plate the soil loading is
set equal to the vertical overburden soil
pressure multiplied by the peak vertical
ground acceleration,

Along the cylindrical portion of the
WTC, a lateral pressure is set equal to
the overburden soil pressure multiplied

a,*+a,

w

IU
_J

=Asyeh
% "8 e
Ap = Peak vertical ground accelerotion
Y= Weight density of upper plate
Y= Weight density of soil

h = Thickness of upper plate
v = Poisson's ratio of sof!
z = Depth

Pig, 34. Vertical loading—static analysis.
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both by the peak vertical ground accelera-
tion and by v /1 - v, where v is
Poisson's ratio of the soil. This latter
term reflects plane-strain considerations
and may be considered a sail-pressure
coefficient, The smaller the values of Ve
the smaller is the effect of soil pressure
acting on the WTC, In the vertical earth-
quake analysis, Ve is taken to be one-
balf for simplicity and conservatism,

We assume that the tank is supported
along its bottom and that the loading
effects on the cylindrical shell at the
junction of the side wall and upper and
lower plates disappear rapidly as the
Thus,
the solutions for the upper plate, the
cylindrical side wall, and the lower plate

distance from the edge increases,

for the loadings on the upper plate and
The loading
effects of the upper plate and the lower
plate on the WTC can be considered

lower plate are uncoupled.

separately, We consider on}y the loading

on the upper plate.

Because of the availability and the
simplicity of the solutions, the loadings
for the vertical static analysis are
divided into two parts:

(1) The weight of the upper plate and the
linearly varying soil pressure along
the cylindrical shell,

The solutions for the moment and
the deflection along the upper plate
and cylindrical portion of the WTIC
are avaijlable in Flligge

Timoshenko and Woinowsky-Krieger.17

and

Their results using appropriate
properties of the WTC, are summarized
in Figs, 35 and 36. The deflection and
the moment for the upper plate are
denoted by (Wp)a and (Mp)a. The
deflection and the moment for the
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cylindrical shell are denoted by (W, )a
and (M), .

(2) The s0il pressure acting on the WTC,

Thin plate and shell theory is used

to develop the deflection and moment
of the upper plate and cylindrical shell,
The results are also summarized in
Figs 35 and 36.
moment for the upper plate are denoted
by (“.P’b and (Mp),. The deflection
and moment for the cylindrical shetl

The deflection and

are denotel by (We), and (Mc),.

The curves shown in Figs, 35 and 36
are based on the material and geometry
properties of the WTC, the material
properties of the surrounding soil, and
the 1-g maximum earthquake vertical
Note that these
curves ar? site independent because the

ground acceleration,

only site characteristic in the model is
the soil density and soil density is the
same for hard, intermszdiate, and soft
sites, Note also that the same scales are
employed for comparing the magnitudes

of the deflection and the moment,

Horizontal Directicn

Figure 37 shows the model used to
develop the static horizontal earthquake
loading on the WTC. The exciting force
is assumed equal to the weight of the

upper plate pius the weight of the soil
This
magnitude of load represents a force

column directly above the tank.

equivalent to a 1-g maximum horizontal
ground motion. For other values we can
simply scale the results,

The resisting or restoring forces
reflect the stiffness of the surrounding
soil media and are represented by KC
{the compressive resistance), Ks {the
shear resistance), and K¢ {the rocking
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v = Weight density of the concrete
1, = Weight density of the soil
a = Radius of the WTC
E = Young's modulus of the concrete
v = Poisson's ratio of the concrete
L, =The depth of the ground surface to the upper plate
h =The thickness of the WTC

Fig. 35. The deflection and the moment of the upper plate-static vertical analysis.

resistance). In the case of the compres- resistive area. Thus, B and L are the
sion spring, Kc, we used the vertical height and the diameter of the waste tank.
spring equation developed in the section The deflections and spring forces can
on methods of analysis for rectangular be determined by establishing horizontal
foundations and considered the horizontal equilibrium. Figure 38 gives the deflec-

projection of the waste tank as the effective tions and moment along the cylindrical
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7= Weight density of the concrete
v = Weight density of the soil
a = Radius of the WTC
E = Young's modulus of the concrete
v = Poisson's ratio of the concrete
Ls = The depth of the ground surface to the upper plate
h = The thickness of the WTC

The deflection and the moment of the cylindrical shell-static vertical

Fig. 36.
analysis.

portion., Note that the deflection was
derived for the soft site characteristics.
For the intermediate and hard sites,
values can simply be scaled by the factors

Dynamic Analysis With Lumped
Mass Model
Figure 39 shows the lumped mass

16 and 64, respectively.

These factors

reflect ratios of the different shear

moduli of the soil,

-4le

model used for the WTC subjected to
vertical ground motion. Mp+s is the
generalized mass of the upper plate and
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Surface
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W_ = Weight of soil column

W; = Weight of upper plate
A_ = Peok horizontal ground acceleration

K.= Soil compressive resistance
K, = Soil sheor resistance

o

Ké = Soil rotational resistance

Fig. 37, Horizontal loading - static

the soil column above the WTC, The
stiffness of the waste tank structure itself
is captured with the generalized spring
constant, K _, which models the bending
stiffness of the upper plate, The gen-
eralized mass and the generalized spring
constant for the upper plate are derived
by considering the flexural characteristic
of the upper plate, assumed to be a
uniformly loaded, clamped, circular
plate, Mc+ o1
cylindrical shell, the lower plate, and

is the mass of the

the waste tank internals, The soil column
is not included in the generalized mass of
the upper plate, KC and KS reflect the
compressive and shear resistance pro-
vided by the surrounding soil and are
defined in the section on methods of anal-

analysis. ysis,
Upper plate
0.446 in,
6710 5301 kip
kip 1409
kip
£
0
~
%— g0 L3ZZ0KiP 1,145 % 10° in. kip
. kip
£
©
~
3270 kip 1,583 % 10% in.-kip
- |—-0. 197 in.
Lower plate
Deflection Force Base Overturning
shear moment

Fig. 38. Deflection, shear force, and bending moment diagrams for static horizontal

analysis,
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This two-degree of freedom lumped
mass system was solved with the SAPIV
computer program, The 7% damping
horizontal response spectrum shown in
Fig. 7 was used directly as input.

Table 12 summarizes the results, Cal-
culations include hard, intermediate,
and soft site characteristics. The geom-
etry and material properties shown in
Fig. 33 were used,

The moment in the upper plate is shown
in Fig, 40.
from the maximum deflection of the upper

This moment is calculated

plate, which is taken to be the difference
between the deflections of mass Mc+p+I
and the mass Mp+5.

Horizontal Direction
The lumped mass model developed to
analyze the horizontal response of the

Upper plate Mp+s
Kp

Lower plate MC+P+[
K+ K,

Earthquake motion

K = Spring reflecting bending stiffness of
upper plate

K _ = Sail compressive resistance

K. = Sail sheor resistance

+ = Generalized mass of upper plate plus
P™  50il column above tank
M¢:+p+I = Mass of cylindrical shell plus lower
plate plus waste tank internals,

Fig. 39. Lumped mass vertical model.

Moment ([b=Ft/Ft)

A

1M
l L l 1 I 1 l L ' ] l
1.0 0.6 0.2 0.2 0.6 1.0
R/e
Moment at center  Moment at edge
Site (M) (M)
Soft 2,474 x10° 4.138x 10°
Inter- 5 5
mediate -2,228 x 10 3.726 x 10
Hard 1,479 % 10° 2.926x 10
Fig. 40, Moment upper plate — lumped

mass vertical analysis.

WTC is shown in Fig. 41. Mp+s represents
the mass of the upper plate plus the mass
of the soil column above the tank. Mc is
the mass of cylindrical portion of the
tank, and M " is equal to the mass of
ihe lower plate plus the mass of the
internal equipment plus approximately the
mass of liquid waste in the WTC. KS_.
KC, and K, reflect the shear, compres-~
sive, and rotational resistance provided
by the soil. These springs were the
same spring constants used in the static
horizontal analysis,

As with the vertical direction, this
lumped mass model was solved with the

SAPIV computer program. The 7%

Table 12. Lumped mass vertical response
analysis results —=WTC.
Frequency (cps) Vafection tin.)
Sa B
Site 181 mode 2nd mode prs copel
Foft 4.5 12.0 .39 117
Intermediote 1.2 193 0.23 0.04
Hord 114 38.0 0.16 ¢.01
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Upper K /4 and soft site considerations. Figure 33
[

>
>
>

o
¥

geometry and material properties were

used. Table 13 summarizes the results,
Note that the maximum moment and the
KC/2 maximum shear force are the total maxi-

oy
) M mum bending moment and the total maxi-
mum shear force in the cylindrical side

wall,
Lower

plate

A p+
> Kc/-1+Ks Dynamic Analysis With Finite
Element Model

The finite element model used is shown
e . .
Earthquake motion in Fig. 42. The diameter of the soil
region modeled is 320 ft. Depth to bed-
rock was selected as 100 ft. The WTC
was represented by shell elements., The

K, = Soil rotational spring

K. = Soil compressive spring

Ks = Soll shear spring surrounding soil is represented by solid

M " Mass of upper plate plus soil column elements, The solid finite elements used
|4 above tanl are 8 ft horizontally and 4 ft vertically.

Mc = Mass of cylindrical portion of tank The model was the same for both the
Mp+l' Mots of fower plate plus fank internals vertical and horizontal analyses with two
Fig. 41. Lumped mass horizontal model. ~ €X¢eptions. First, for the vertical

analyses, radial (or lateral) motion was

damping horizontal response spectrum not permitted along the vertical boundary
shown in Fig. 7 was used as input, Cal- of the mode; for the horizontal analysis,
culations inzlude hard, intermediate, vertical motion was restrained along this

Table 13. Lumped mass horizontal response results— WTC,

Site condition

Soft Intermediate Hard

Modal 1st 4.5 17.3 32.2
frequencies 2nd 9.9 33.9 55.5
(Hz) 3rd 74.1 76.1 83.2
Displace- Top 1.47 0.062 0.013
ments Mid-cylinder 1.20 0,046 0.008
(in.) Bottom 0.93 0,031 0.004
Displacement at top relative to
bottom (in,) 0.55 0.031 0.010

Base Top 5.38 3.20 2,14
shear
(105-1b) Bottom 8.36 4.62 2,32
Overturning Top 0.0 0.0 0.0
monent Mid-cylinder 97.0 58.0 39,0
(109 ft-.b) Bottom 247,0 140,0 78.0

wd4a



20 spaces at B ft = 160 ft -———“J

12 ft ; 32 ft |
11
1
1 1 1
r 2
ey ? 25 spaces
l at 4 ft =
100 Ft
IAF]
II i
shell y OO ™~ Horizonkal
e ol Bond,
elements—/[—- f cory
i condition
1A ri
IL ™~ Verticol

WTE (shell thickness =4 ft)

Fig, 42.
properties.)

boundary. Second, for the vertical
analysis, the stainless steel tank was
assumed to be filled with liquid waste.
The mass of the tank and the liquid waste
is evenly distributed along the lower plate;
for horizontal analysis, a smaller amount
of the mass was distributed to account
for possible sloshing of the liquid waste
in the tank. The actual physical proper-
ties of the WTC and the surrounding soil
as well as the weight of the stainless steel
tank are shown in Fig. 33.

Figures 43 and 44 indicate the funda-
mental mode shapes and frequencies ob-
tained by GHOSH.15 Also included for
comparison are predicted results ob=
tained from a closed-form solution. This
solution develops the characteristic

~45-

ZBedrnck (fixed)

[
/Z
Soil (quadrilateral solid elements)

Finite element mesh of WTC. (Fig. 33 gives soil and shell element material

frequencies and mode shapes for the
equations of motion for shear response
of a homogenous, isotropic, plane strain,
elastic continuum, The frequency equa-
tion for an infinite site is
[ o= 2k - 1) C
k ~— &h °
where
C = compressional wave speed for
vertical site mode or shear
wave speed for horizontal site
mode
h = 100 ft {site depth)
k = 1 for lowest free-field site mode.
The fact that the finite element frequencies
agree very well with those predicted
indicates that the outer boundary of the
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Fig. 43. Mode shapes and frequencies

of fundamental vertical modes,

soil is sufficiently far from the structure.
The closed~form solution also predicts
that the displacement distribution through
the depth at free-field is a quarter-sine
wave, being maximum at the surface and
zero at bedrock. Both the vertical and
horizontal mode shapes agree with this
very well at the outer boundary.

=46 -

of fundamental horizontal
modes,

The results of the vertical analysis
were surprising in one way. Due to the
shallow layer of soil over the WTC, we
expected to see the primary mode shape
involving vertical vibration of the roof at
a frequancy of approximately 11 Hz.* In
the intermediate and hard soir mode shapes

*Based on a handbook solution for a
clamped plate that includes the mass of
the overhead soil.



{see Fig. 43), the upper plate mode is
present and i combined with the funda-
mental system mode. This is possible in
the intermediate soil model because the
roof and system frequencies are guite
close, The stiffer soil in the hard soil
model drives the roof frequency upward
so that the combined mode at 18.66 Hz is
feasible.

For the soft soil vertical case, we did
not observe any upper plate participation
in the fundamental mode. We feel that

Vertical analysis

LTI A

\—Bedror:k

the soft site results require a more
detailed investigation. For this reason,
the deflections and loads presented in
Fig. 43 for the vertical soft soil case
must be used with caution,

Figure 45 indicates some key
relative displacements for the six
cases analyzed. In effect, it quantifies
These

displacements provide a basis for

the mode shapes given earlier.

comparison to the other methods of
analysis and give the reader a better

Horizontal analysis

e

2
|

-

Vertical analysis Horizontal analysis
Soil condition Soft Intermediate Hard Soft Intermediate Hard
Fundamental site
frequency (Hz) 2.35 ?.37 18.66 1.26 5.03 10.03
Spectral acceleration
applied at bedrock®(g) 1.86 2.23 1.44 1.56 2.46 2.1
1] =21.53 0.084 0.020 9.50 0.836 0.161
Displacements 2| =2.06 0.217 0.058 ?.04 0.888 0.188
relative to 3| =2,17 0.360 0.150 13 0.0'3 =0.017
bedrock (in.) 41 =2.23 0,356 0.146 | 10,96 1,17 0.275
5 =4.72 0.33% 0.045 12,14 1.19 0,258
6 _— —_ 11.53 1.19 0.270
7 — —_ 12.36 1.22 0.263

%These values ore from Figs, 6 and 8 and correspond to the fundamentul site frequencies,

Fig. 45.
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Results of WIC finite element analysis — fundamental site frequencies,
spectral accelerations, and relative displacements,
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understanding of what ground motion
does to the WT'C.
Figure 46 defines the sign convention

and stress resultants used, Figures 47

-48-

Fig. 46. Definitions and sign conventions
of stress-resultants, (a) M
and My are the stress-resultant
moments. Units are (ft~1b/ft).

A positive value produces ten-
sion on the inside of the WTC
as shown. (b) Ng and Ng are
the stress-resultant forces,
Units are (Ibfft). Positive
value produces tension. {(c) Ngg
is the stress-resultant in-
plane shear force. Units are
(lb/ft). Positive as shown,

and 48 give plots of the stress-resultant
shell loads in the WTC for vertical and
horizontal ground motion., The sign con-
vention is in agreement with the relative
displacements given earlier in Fig, 45,
To facilitate a comparison with lumped
mass horizontal analysis, the overturning
moment and shear along the cylindrical
part of the WTC was calculated from the
These
overall "body-bending" forces are pire-
sented in Fig, 49,

shell forces mentioned above.

COMPARISON OF METHODS

To compare results from three models
analyzed {equivalent-static, lumped mass,
and the finite element), we selected
saveral response parameters of the WTC.
The comparison demonstrates the varia-
tion in results from the vertical and
horizontal analyses and permits us to
draw conclusions about the choice of
method for the seismic response evalua-
tion of fully buried structures, particularly
future WTC's that have the characteristics
modeled.
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Fig. 47. WTC vertical finite element analysis, Distribution
is axisymmetric. RG160 vertical spectrum applied
at bedrock, 7% damping, normalized to 1 g maximum

ground acceleration.

Vertical Analysis

For the vertical case, we have selected
moment and deflection quantities to iden-
tify the variation in resuits from the
three methods. Figure 50 and Table 14
summarize these comparisons. Figure 50
shows the moment distribution in the
upper plate and the cylindrical sides of

the waste tank for all three models for
hard, intermediate, and soft sites.
Table 14 gives numerical values of
deflection as well as the maximum mo-
ments. Below we list some observations
regarding the variation in results:

(1) Allthree methods produced moment dia-

grams that have basically the same shape.

4 9=
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Fig. 48, WTC horizontal finite element analysis. Terms are as
defined on Fig. 47, except the shell moment varies
circumferentially as the cos §. For (e), Nsg is the
meridional circumferential shear stress-resultant. Ngg
acts in the plane of shell RG160 horizontal spectrum
applied at bedrock, 7% damping, normalized to 1 g maxi-
mum ground acceleration.
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Fig. 50. Comparison of results —

vertical analysis WTC,

Table 14. Comparison of results ~ vertical analysis WTC.
Lumped Finite
Item Site Static mass element
Vertical deflection Soft 0.18 0.22 20.11
Center top plate Intermediate 0.18 0.23 0.14
Relative to shell Hard 0.18 0.16 0.09
{in.}

Moment Soft 183.0 247.0 2116.0
Center top plate Intermediate 183.0 258.0 116.0
(103 st-1jit) Hard 183.0 155.0 76.0
Moment Soft. 245.0 414.0 2147.0
Edge of top plate Intermediate 245.0 431.0 232.0
(10° ft-1b/et) Hard 245.0 306.0 188.0
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(2} All three methods produced maximum
deflection of the upper plate and center
and edge moments in the upper plate
that are in reasonable agreement, The
lumped mass results are the largest,
the equivalent static intermediate, and

‘The

higher lumped mass values reflect

finite element the smallest.

the dynamic amplification from input

ground motion. For example, at 11 Hz
(the approximate fundamental fre-
quency of the upper plate) the maximum
ground motion of 1 g is amplified to
approximately 1,7 g. Although the
finite element method accounts for
such amplification, the soil media
contribution tends to increase the
fundamental period of the systems
such that a lesser amplification results.
Our static method did not account for
amplification, although proper selection
of the g level coefficient would have
allowed this factor to be included.

(3) The results show a considerable
variation due to the different site
stiffnesses, Maximum center upper

plate deflections and plate and cylinder

moments show a variation greater than

50% going from hard to intermediate

soil stiffnesses,

The static and lumped mass models

reflected our judgment as to how the

upper plate of the WTC responds to
vertical seismic loading. The shell
side wall loads were induced moments
resulting from the continuity condition
imposed at the upper plate and shell
junction, Neither reflected effects
from the lower plate. The finite
element analysis automatically in-
cludes the stiffness characteristics of
the entire WTC structure plus soil-

(4)

~52-

structure effects in distributing the
loads. The finite element analysis
shows bottom plate moments that are
much greater than the upper plate for
soft sites. Thus, assumptions
implicit in our static and lumped mass
analysis proved to be correct for the
hard and intermediate sites. For the
This dis-
crepancy points to the need 1or an

a priori good understanding of the

soft site they were not,

response when using the static and
lumped mass methods.

(5) Local soil conditions play a major
role in determining WTC stresses,
The finite element methods results
show that the resistive load paths to
the seismic motions change with soil
stiffness. For example, for inter-

mediate and hard sites, vertical loads

are transferred primarily into the soil
media by shear transfer along the

For the soft

site, the loads are transferred by a

shell of the waste tank.

distributed normal pressure i.long the
lower plate (see the large moment in
Our static
The
lumped mass did {(although results are
not plotted on Fig. 5¢). Both static
and lumped mass methods could in-

the lower plate in Fig, 50.
analysis did not account for this,

clude soil stiffness springs to account
for such possibilities, but not without
increasing the complexity of the models,
particularly the selection of appropriate
spring constants.

Horizontal Analysis

For the horizontal case, we have
selected the overturning moment, and
shear and horizontal deflections as re-
sponse characteristics to compare the



variation in the results from the three
methods, Figure 51 plots overturning
versus height above base of the WTC,
These values were obtained from equilib~
rium consideration for the static and
lumped mass analyses. For the finite
element analysis, it was necessary to
integrate the shell moment (Ms) plus the
shell axial stress (N) over 360° to get
the overturning moment. Table 15 gives
the absolute horizontal displacement at
the top and bottom of the WTC, the
relative horizontal displacements between
the top and bottom, and overturning mo-
ment and shear at top and bottom, Varia-
tions in results because of different site
characterization (i.e., hard, intermediate,
soft) are also included in both Fig. 51
and Table 15, Some observations on the
variation in calculated results follow:
(1) The static method produced smaller
absolute horizontal displacements at

36 T T
2 \

28—

24r

Distance from floor — ft

4_l-v'—dvﬂ<
oLl
~200

Moment — 10 ft-Ib

Fig. 51. Comparison of results—horizontal
analysis WTC.
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both the top and bottom plates than the
lumped mass approach, by as much as
a factor of four. Relative deflections
calculated by the static analysis was
also smaller than the lumped mass,
by a factor of two. The static and
lumped mass analyses both used the
same set of soil springs. The
geometrical arrangement of the
springs was also the same. The dif-
ference noted in the calculated deflec-
tions arise from the inclusion of
dynamic amplification and inertia
forces in the lumped mass analysis.

(2) The finite element analysis produced
absolute displacements (top and bottom
of tank) and relative displacements
larger than the static or lumped mass
results by an order of magnitude,
This difference results primarily be-
cause of the way the methods account
for the site response characteristics.
The finite element analysis indicates
that site response dominates the
motion of the WTC (see fundamental
mode shapes in Figs, 43 and 44),
Fundamental frequencies of the finite
élement system are 1.25, 5.03, and
10.03 Hz for the soft, intermediate,
and hard sites. These are consider~
ably different from 4.5, 16.3, and
32.2 Hz associated with the lumped
mass analysis. Hence, we attribute
these differences to amplification
effects and the way the soil springs
reflect the site deformation character-
igtics.,

(3) A comparison of overturning shear
at both the top and bottom of the WTC
shows the static and lumped mass
cases to be lower than the finite ele-
ment values. There appears tc be no




consistent relationship between values.
The difference can be attributed
primarily to site amplification differ-
ences and the way the lumped mass
and finite element methods include the
site characteristics,

(4) Note that the static results produce a
loading on the WTC independent of site
properties, Calculated deflections do
consider site characteristics effects.

{5) The finite el¢ément results (see Fig. 48a)
indicate that the bending stresses in
the top and bottom plate are significant,
Neither the static nor lumped mass
models we uged give these stresses
directly. Simplified loading assump-

tions could be made such that we could

develop top and bottom plate loading.

However, the pressure distribution

would require considerable refinement

to models in order to include local soil

characteristics.

MANPOWER AND COMPUTER
EFFORT

The manpower and computer effort
associated with analysis must be con-
sidered when evaluating different methods.
Therefore, estimates of the effort re-
quired for each of the three WTC analysis
are shown in Table 16, These estimates
indicate the relative effort required for
the three methods. We assume that the
analysi is experignved with stractors
analysis techniques and computer analysis.
The ampunt of experience in these areas
will indicate the actual effort required,

The static and lumped mass estimates
allow for developing and formulating a
suitable model, interpreting results, re-
modeling (if necessary), and the analysis
itgelf, Computer time required for these

54~

two methods is negligible compared to the
finite element analysis.

The finite element estimate is for two
analyses (vertical and horizontal) using
a GHOSH-like computer program on a
CDC 7600,
approach is assumed as well as an
axisymmetric WTC-like structure,
Aliowance is made for additional com-

The response spectra

plications such as important internal
structures and varying soil properties
{three sites).

CONCLUSIONS

The results of the WTC analysis
strongly suggest that finite ¢lement
techniques should be used to model fully
buried structures similar to the WTC.
Site amplification effects were shown to
Load transfer mechanisms
were seen to be very much dependent on
the relative stiffness between the WTC
structure and local soil properties,
Finite element techniques more directly
ft is much

be important.

consider all these effects.
more difficult to account for these items
with static on lumped-mass models, and
uncertainties associated with these models
will be much greater than those with the
finite element model, We recommend

the use of the finite element method to
model fully buried structures.

If time-history response quantities are
TequiTed {e.g., 1o pEnerate 1oat definition
for internal eguipment) or if it is felt the
analysis must incorporate strain com-
patible soil properties, then the time-
history method of solution is Nécessary.

If the time-history response and strain
compatibilities are not required, then the
response spectrum approach would be the
most economical method of solution.
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Table 15, Comparison of results — horizontal analysis WTC.

Lumped Finite
ltem Site Static mass element
Horizontal displacement {in.) Roft 0.45 1.47 10.96
Top of WTC Intermediate 0.03 0.06 1.17
Relative to bedrock Hard 0,007 0.013 0.28
Horizontal displacement (in.) Soft 0.20 0.930 9.50
Bottom of WTC Intermediate 0.01 0,031 0.84
Relative to bedrock Hard 0.003 0,004 0.16
Horizontal displacement (in.} Soft 0.25 0.55 1.46
Top of WTC Intermediate 0.02 0,03 0.33
Relative to bottom of WTC Hard 0.004 0.01 0.11
Overturning moment (106 ft-1b) Soft 0.0 0.0 34.0
Top of WIC Intermediate 0.0 0.0 3.0
Hard 0.0 0.0 29,0
Overturning moment (106 ft-1b) Soft 154.0 247.0 376.0
Bottom of WTC Intermediate 154.0 140.0 88.0
Hard 154.0 78.0 117.0
Overturning shear (10° 1b) Soft 5.30 5.38 12.9
Top of WTIC Intermediate 5.30 3.30 191
Hard 5.30 2.14 13.3
Overturning shear(lo6 1b) Soft 3.27 8.36 29.3
Bottom of WTIC Intermediate 3.27 4.62 18.7
Hard 3.27 2.32 3.8

Table 16, Manpower and computer effort —
WTC.

Computer time
(CDC 7600-min,)

Manpower
Method (weeks)
Equivalent-static £0.5
Lumped mass Sl
Finite element <3

<30
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Fuel Receiving and Storage Station (FRSS)

INTRODUC TION

Our objective is to compare three
procedures for calculating seismic effects
on deeply embedded structures. We used
the Fuel Receiving and Storage Station
(FRSS) as an example of atypical deeply em-
bedded structure and calculated the seismic
forces fromhorizontal ground motion. We

used three models to make these calculations:

static, lumpedmass, and finite element.

All analyses assume linear elastic
behavior. These analyses were limited
to calculating only the seismic forces
imposed on one embedded wall of the
structure, The same procedures could
be applied to all walls to determine desigh
forces, We believe the walls could be
designed statically once the seismic
forces have been determined, so we
limited this study to comparing various
methods of determining seismically induced
forces on deeply embedded structures.

All results were obtained for an earth-
quake with a maximum ground accelera-
tion of 1 g that meets the criteria
established in Guide 1.60 (Ref. 11). The
7% damped response spectrum shown in
Figs. B and 9 was used. The effect of the
gite soil properties was also included in
the comparison. Soft, intermedlate, and
hard sites were considered,

MODEL DESCRIPTION

The fuel receiving and storage station
consiste of two structures: the pool
structure and the FRSS building. The
pool structure is a series of contiguous

buried pools for fuel handling, The FRSS

building is a steel structure founded at
grade that encloses the pool structure and
The two
This analysis

supports the overhead cranes,
are structually separate.
is limited to the buried pool structare.
A typical view of pool structure is
shown in Fig, 52.
sists of four main areas: the decontam-

The structure con-

ination pit, the cast unloading pool, the
fuel storage pool, and the fuel transfer
pool. The cast unloading pool and the
fuel transfer pool are 65 it deep. All
walls are 4 ft thick. The pool structure
is reinforced concrete,

For our analysis we have simplified
the pool structure to the buried structure
shown in Fig. 53.
on exterior walls were considered, For

Only seismic forces

this analysis the directior of earthquake
shaking was assumed to be longitudinal.
We computed seismic forces on the 75-ft
by 65-ft end wallby various approaches and
compared theresults. Material properties
for concrete and the three site properties
usedinthis analysis are shown in Table 17.

METHODS OF ANALYSIS

We used four approaches to determine
the dynamic pressure distribution on a
typical wall. These are: (1) pressure
distribution determined by the Mononobe-
Okabe earth pressure theory 18: {2} pres-
sure distribution determined by assuming
rigid structure on elastic half space;

(3) pressure distribution determined from
dynamic response of a lumped mass
model of the pool structure; and {4) pres-
sure distribution determined from a
plane-strain finite element model of the
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Table 17. Material propertiea.

s E G
Shear wave Nid Young's modulus Shear modulus

3 vetocity Poisson's 3 2 3. oo

v(b/ %) (ft/sec) ratio (10° kipfft®) (107 kip /£t2)
Concrete 150.0 - 0.20 525.0 219.0
Soft soil 125.0 500.0 0.30 2,53 0.97
Intermediate 125.0 2000.0 0.30 40.4 15.5

soil

Hard soil 125,0 4000.0 0.30 162.0 62,2

Decontamination pit

Cask unloading pool

o Fuel storage poal

Fuel transfer

4 ft poal

(all walls)

—
AN
Grade _/ / N

k 2
\\ A

* N \
Note: All dimensions in feet \

/

Fig. 52, Typical FRSS pool structure,
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t =4 ft typically

%"b?“b(— %

]

8‘0

Total w, =20270.0 (kip) ~2

8
90?%4

Pool structure used for
analysis.

Fig. 53.

goil-structure system. The first two
approaches are equivalent-stati ¢ models;
the third and fourth use lumped mass and
finite element models, respectively.

Equivalent-Static Models
(1) A rapid estimate of the dynamic earth

pressure acting on the pool structure
wall can be obtained with the Mononobe-
Okabe (M-0} earth pressure theory.
This theory assumed a linearly vary-
ing pressure distribution as shown in

Fig. 54. The maximum dynamic
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H = wall height

77

Dynamic earth pressure

Fig. 54. M-0O dynamic pressure dis-

tribotion,

earth pressure can be determined
from:

P ax:-,HAK

m AE Sy

where
v = unit weight of soil
H = wall height
AKAE = dynamic eartg pressure
coefficient = 4-§
a = maximum ground accelera-
tion
g = acceleration of gravity.
This method of analysis does not in-
clude the effects of site stiffness,

(2) Another approach to determining the
wall pressure distribution is to assume
that the pool structure is rigid and the

The soil

The spring

soil is an elastic material,
is represented as springs.
constants can be determnined from the
equations in the section on methods of
analysis, Values of the spring con-
stants for each site are listed in
Table 18. The model used for this

analysis is shown in Fig. 55. In this




analysis we imposed the displacements
Al, AZ' As, A4 as shown., Values
for these displacements were deter-
mined from the closed form solution
for infinite elastic sites, as shown in

the following:

8, wh;
A= sin 573 » (2)
LT Fg i
where
SA = spectral acceleration at bed-
rock
hi = distance to point of interest
D = depth to bedrock
Cs
f = frequency = iD

C. = shear wave velocity in soil.

Figure 56 further defines terms, The
values used for this analysis are listed
in Table 19,

Lumped Mass Model

The wall pressure distribution was also
obtained by modeling the pool etructure as
series of lumped masses interconnected
by shear beams. The effects of the soil
are included as springs. The model used
is shown in Fig. 57. Values for the mass
and stiffness characteristics of the pool
structure are shown in Table 20, This
model was excited at all horizontal springs
with the 7% damped response spectrum

defined in Guide 1.60.

Finite Element Modéel

Wall pressure distributions were also
estimated by constructing a finite ele-
ment model of the soil-structure system,
The model used for this analysis is shown

in Fig. 58. The soil was represented as
plane-strain solid finite elements, while

the FRSS pool structure was moreled
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Fig. 55. Rigid model in elastic half-
space.
A
_J‘_ D = Depth to bedrock
Seil [
N 7N
-—
Earthquake motion
Fig. 56, Defining terms for Eq. (2).




Table 18, Spring constants for three sites,

K K
Ky 2 K3 Ky B o0 2
Site (105 kipety  (10% kipitty  (10% ki) (108 kiggt) (108 kipfeo) ( rad
Soft 0.03 0.05 0.05 0.03 0.24 0.10
Intermediate 0.40 0.79 0.79 0.40 3.78 1.60
Hard 1.57 3.14 3.14 1.57 15.17 6.42
Table 18, Imposed displacements for three sites.
c PN 4
s ®) , T=2000 R-I783 h=-156.67 h=1350
Site {ft/sec) z {ft/sec”) (ft) (£t} (ft) (£t)
Soft 500.0 0.625 28.9  2.39 2.35 2.25 2.08
Intermediate 2000,0 2.50  87.5  0.451 0.445 0.425 0.39
Hard 40000 500  79.3  0.102 0.101 0.096 0.089

3¢ is based cn 200 ft site depth.
bSA is based on Guide 1,60. Horizontal spectra for 7% damping, normalized to 1 g
maximum ground acceleration.

Table 20. Mass and stiffness character- 9] 1
istics of pool structure, (This
meodel was excited at all
horizontal springs with the 7%
damped response specira de-

fined in Guide 1,60,)

Mass Shear stiffness 2 M2
Location (K-seczlft) (108 kip/te) 2—'\/\/\'—1-2
1 80 10.5
2 160 10.5
3 160 10.5
4 235 K3 M

G é——/w»—«s 3

A
Shear stiffness = SL

Fig., 57, Lumped mass model of FRSS e
pool structure-soil interaction. Earthquake motion
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Site soil plane strain elements

FRSS pool structure
(beam elements)

1

Direction of shaking

Finite element model of FRSS
pool structure — soil system,

Fig. 58,

with beam elements, The model was
excited with the 7% damped horizontal
spectrum from Guide 1.60 applied at the
base level,

Soil properties were varied to study
the effects of site characteristics. The
stilfness of the pool structure was varied
to study the effects of structure stiffness

on the resulting wa!l pressure distribution,

COMPARISON OF METHODS

Figure 59 gives the earthgquake-induced
soll pressure distributions calculated by
the four methods (M-0, rigid structure
with imposed displacement, lumped mass,
and finite element), A complete analysis
of the FRSS pool structure would include
the structure inertia forces and the forces
duve to shear atth soil-structure inter-
face, For comparison purposes we con-
sidered only the soil pressure load be-
cause it is the most important earthquake
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load and because it is the only quantity
calculated in the simpler methods.

Figure 59 indicates that the soil pressure
magnitude and distribution vary consid-
erably with method, soil stiffness, and
(in the case of the finite element analysis)
rigidity of the strvcture.

The foundation soil pressure is com-
puted in the three simplified methods by
asgsuming that the overturning moment
created by the lateral pressure is re-
sisted by a linearly varying pressure on
the foundation, Therefore the sign and
distribution are identical for these three
methods; only the magnitudes vary. The
M-O and lumped mass methods predict
peak foundation presscres between 1 and
3 kip/ftz. The rigid-structure-with-
imposed-displacements method predicts
peaks of 3 to 11 kip/ftz. These differences
in foundation pressures are due to
the differences in wall pressure
distributions,

The finite element method makes no
such assumption about the foundation
pressure distribution, The overturning
moment calculated by the finite element
method was seen to be totally resisted by
shear along the wzlls. Furthermore, in
five of the six finite elen.ent cases, the
overturning moment created by the
foundation pressure was in the same
direction as that created by the lateral
pressure. The pressure magnitudes show
considerable variation, depending upon
soil and structure stiffness. The peaks
range from 3 to 31 kip/ftz. The important
point here is that the finite element
method predicts foundation pressures
that are quite different in sign and mag-
nitude from those predicted in the simpler
methods,
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Fig, 59. Results —pressure distributions,
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The sidewall soil pressures predicted
by the M-O theory and the lumped mass
model were in substantial agreement with
each other, The former predicted a
linear distribution varying [rom Q to
6 kip/it?. The latter method resulted in
pressures between 1 and 5,2 kip/t‘t2 for all
soil conditions, For the soft soil case,
results of the other two methods were also
in reasonable agreement with the M-O
and lumped mass methods, Peak pres-
sures (for soft soil) predicted by the
rigid-structure-with-imposed-
displacements method and the finite ele-
ment method range between 5.6 and
9.5 kip/it®.

However, for the intermediate and
hard sites, the M-O and lumped mass
wall pressures were less than half those
predicted by the other two methads. For
example, the imposed displacement and
finite element methods resulted in peak
pressures {for intermediate and hard
sites) ranging from 15.6 to 44,0 kip/ft2,
The M~-O method and the lumped mass
model predict lower wall pressures be-
cause they do not account for site re-
sponse characteristics.

The rigid structure model with
imposed displacements should be com-
pared with the finite element results for
a rigid structure, The comparison is
quite favorable, The wall pressure
distributions are similar, The peak
wall pressures produced by the imposed
displacement method are 5.6, 17.4, and
15.6 kip/fl.2 for soft, intermediate, and
hard soil, respectively, The finite
element (rigid structure) peak pressures
are 9.5, 25.0, and 22.0 kipfft2, The
intermediate site results are largest be-
cause the spectral acceleration is largest
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for that site. Figure 5% indicates that
the finite element pressure distribution
falls off at the top of the structure,
particularly for intermediate and hard
sites. By contrast, Fig. 59b indicates
that the imposed displacement method
produces the peak pressure at this point.
Although the imposed displacement method
yields wall pressures comparable to those
from the finite element method, it over-
looks the soil-structure interface shear.
These forces are important to the overall
design of the structure.

The results of the finite element
analysis indicate that site properties have
a significant effect on the seismic re-
sponse of deeply embedded structures.
The finite element inethod provides a way
to account for this and yields higher design
loads. It also accounts for effecis unfore-
seen by the analyst, such as the fact that
soil-structure shear forces, instead of
the foundation pressure, counteract the
overturning moment, The plane-strain
assumption introduces its own problems,
however. The analyst must decide what
mass and stiffness to use in the pool
structure model, We felt the mass was
of less importance and thus varied only
the stiffness,

MANPOWER AND COMPUTER
EFFORT

Table 21 indicates the manpower and
computer effort we estimate would be
required to conduct each of the analyses.
These estimates are intended as indicators
of the relative effort required, They
assume the analyst is familiar with the
method and the structure. Having defined
the earthquake loads, the designer would




Table 21. Manpower and computer
effort— FRSS pool structure.
Manpower Cumputer time
Method {man-wecks) {CDC 7600-mun.y
Equivalent static
M-O theory 0.2 °
Dynamic
Imposed displace-
ment 0.2 [
Lumped mass + 0.5 PRy
Finite element 1 5

use them to statically design the structure.
This procedure would be essentially the
same, regardless of the method used to
determine the loads. The design effort is

rot included in Table 21.
CONCLUSIONS

The analysis results indicate that the
response spectra-finite element method
should be used to determine loads on
deeply embedded structures, It alone
accounts for all the factors the results
show to be important: site response
characteristics, soil stiffness, structure
stiffness, and soil-structure interface

shear forces. In addition this method
consistently produces higher loads than
the other three methods.

Two additional benefits accrue from
the use of the finite element method:

(1) the same model (which accounts for
much of the manpower required) could be
used for the vertical ground motion
problem, and (2) the model would also
allow the use of strain-compatible soil
properties if this became desirable.

The rigid structure model with imposed
displacements gave reasonable sidewall
pressures with relatively little effort.
However, it does not account for soil-
structure interface shear and thus dozs
not predict the overall load path correctly.
It is possible that this method could be
modified to include all the important
features of the structure~site response to
ground motion, In many cases, however,
the analyst would have tc know what to
expect beforehand in order to use such a
method. The finite element method
relieves him of that burden without re-
quiring a great deal more effort,

Acknowledgment

The authors wish to acknowledge the
assistance and encouragement of
V. N, Karpenko, leader; and C. E.
walter, deputy leader; Nuclear Test
Engineering Division, Mechanical
Engineering Department, Lawrence
Livermore Laboratory.

We would like to particularly thank
H. Stelling, U.S, N, R, C,, Office of

Standards Development, for providing
guidanc - nd support throughout this
study.

We also appreciate the time spent by
R. I. Newman and his associates at the
Barnwell Naclear Fuel Plant and
E. Gallagher and his associates at
Bechtel Company. Their assistance and

cooperation have been most helpful.

64~




Appendix A

Existing Fuel Reprocessing Facilities

The information presented in this
Appendix was taken from The Safety of
Nuclear Power Reactors and Related
Facilities.¥ For more detailed informa-

tion, consult this document.

Nuclear reactor fuel assemblies must
be replaced periodically. Each year,
typical large (1000 MW) power reactors
discharge from 25 to 40 tons of spent fuel,
in 60 to 200 fuel assemblies., These
spent fuel assemblies are sources of heat
and intense radioactivity.

The function of a fuel reprocessing
plant is (1) to recover the residual fuel
materials (uranium and plutonium) in a
pure form suitable for re-use, and (2) to
isolate radioactive wastes for storage and
ultimate disposal,
reprocessing plants use recovery proc-

Commercial fuel

esses that are variations of the recovery
process that has been used in ERDA-
operated facilities for many years,

The ERDA plants in Richland, Washing-
ton, and Savannah River, South Carolina,
have done production-scale reprocessing
of irradiated low-enrichment nuclear fuels,
The ERDA Chemical Processing Plant at
the Idaho National Engineering Laboratory
has been operated for the past twenty years
to recover high-enriched uranium from
irradiated nuclear fuels,

The first commercial reprocessing
plant in the U, 8, was the Nuclear Fuel
Services facility in West Valley, N.Y.

It began operation in 1966 with a nominal
capacity of 300 metric tons per year of
low-enriched uranium fuels irradiated in

light-water power reactors, Presently
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the plant is shut down for modification to
inerease its reprocessing capacity and
to improve its process.

The Midwest Fuel Recovery Plant,
owned by General Electric Company in
Morris, lllinois, was originally expected
to begin operations in 1973 with a nominal
capacity of 300 metric tons per year of
low-enriched uranium fuels. However,
economics and technical problems related
to the chemical process have occurred
and the plant is not yet operational.

A third commercial plant, the Barn-
well Naclear Fuel Plant, is being
constructed in Barnwell County, South
Carolina, for Allied~General Nuclear
Services and is scheduled to begin
operations in 1976 with a nominal fuel
reprocessing capacity of 1500 metric
tons per year of low-enriched uranium
fuels from light-water power reactors.
A plant of this capacity is considered
typical of future recovery plants.

REPROCESSING TREATMENT

The process treatment steps in a
reprocessing plant are illustrated in
Fig. A-1.
storage at the reactor of about 150 days

After a normal period of

to allow decay of greater than 95% of the
sources of heat and radioactivity, the
spent fuel is transported from the re-
actor to the reprocessing plant in heavy,
shielded casks, The casks are designed
to hold either seven Pressurized Water
Reactor or eighteen Boiling Water Reactor
fuel assemblies weighing some 65 tons,

i
A
1
i
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Fig, A-1. Reprocessing of spent power reactor l'uel.19



The casks are lifted from the transport
vehicle (truck, barge or railroad car) by
a crane and lowered to the bottom of the
cask unloading pool {more than 50 ft below
the water level). The water provides
shielding from the radiation when the fuel
is removed from the cask, All fuel hand-
ling and storage operations are conducted
below a water depth that is safe for radia-
tion shielding., The fuel elements are
transferred to storage canisters and stored
in racks located in the adjacent fuel
storage pool,

The first step in reprocessing is to
shear the long fuel assemblies into
approximately 1-in, pieces to expose the
fuel material for dissolving in nitric acid,
The sheared fuel is placed in the nitric
acid, where the fuel material containing
the uranium, plutoniuvm, and fission
products is dissolved, leaving the cladding
hulls as a residue., The dissolved solution
containing the uranium, plutonium, and
fission products is transferred to the
feed tank for the purification process.

The hulls are placed in containers and
transferred to the solid waste storage area,

Uranium and plutonium usually are
recovered and purified by a solvent
extraction process. Reprocessing
conditions are such that the uranium and
plutonium are extracted while the other
fission products remain in the liquid
waste. The liquid waste is transferred
to the waste treatment system, and the
uranium and plutonium are separated from
each other in a second extraction opera-
tion,

The purified uranium and plutonium
products are packaged in licensed shipping
containers and shipped to the fuel fabrica-
tion plant as solid plutonium oxide, solid
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uranium oxide, or liquid uranium hexa-
fluoride. All the solvent extraction
reprocessing plants are considering
conversion of the recovered uranium to
uranjum hexafluoride for direct recycling
to a uranium enrichment plant,

TREATMENT OF LiQUID
RADIOACTIVE WASTES

The latest reprocessing plants are
designed to reduce to a minimurn the
release of liquid radioactive effluent under
normal operating conditions. The highly
radioactive wastes from the sélvent ex-
traction systems are concentrated by
evaporation to decrease the volume to be
stored. The vapor from the evaporator
typically contains less than one-hundred-
thousandth (16" 5) of the radioactive mate~
rial in the original waste, along with acid
and water, The acid is separated for
re-use and the water vapor may be
monitored and discharged up the stack
or condensed and recycled. The
evaporator concentrate may be scnt to
either a liquid waste storage tank for
interim storage or a feed tank for cal-
cination to a dry solid. Liquid wastes
are stored as acidic solutions in stainless
steel tanks or as alkaline solutions and
slurries in carbon steel tanks.

Liquid-waste storage tanks are in
underground stainless steel-lined concrete
vaults. Decay heat is removed during
storage by use of water-cooling coils sub-
merged in the waste, Federal regulations
require the solidification of the wastes
within a five~-year period after collection,
and transfer of the solids to a Federal
repository within ten years.

The stainless steel cylinders con-
taining the solidified high-level wastes
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are sealed and stored in racks under
water in canals prior to shipment to a
Federal repository. Circulating water
removes the radioactive decay heat from
the cylinders,

TREATMENT OF GASEQUS
EFFLUENTS

The gaseous effluents, including
building ventilation air, are treated to
remove to the extent required by regula-
tion chemical and radioactive contaminants
The
principal radioactive materials in the

before the gases are released.

untreated off gas are tritium, krypton,
iodine, and radioactive particulates
suspended in the air, The principal
nonradioactive contaminanis are nitrogen
oxides,

Gas from the spent fuel shearing and
dissolution steps and from venting of
process vessels contain the highest
amounts of radioactive materials. They
are given extensive treatment to remove
radioactive contaminants and nitrogen
oxides prior to discharge through a tall
stack, The treatment involves primary
and secondary scrubbers, absorbers, and
high-efficiency particulate air (HEPA)
filters.,
and other parts of the building also
passes through HEPA filters, ora
deep-bed sand filter, before entering the
stack,

Thia type of treatment of gaseous
effluent removes at least 99,9% of the
iodine from the off gas and essentially
The krypton
and tritium are not removed and are
discharged to the atmosphere. Atmos-
pheric dispersal of these radionuctides
reduces the off-gite concentrations to

The air from the proceas cells

all the particulate matter.
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levels that are well below those considered
acceptable in current federal regulations,
The need for the removal of krypton and
xenon from the stack gases and of tritium
from process off gases and methods to

do this are currently under examination..

PLANT SAFETY CONSIDERATIONS

Because of basic functional differences
between fuel reprocessing plants and
nuclear power plants, the structure and
safety systems of fuel reprocessing plants
differ in some respects from those used
Nevertheless,
the same safety philosophy is applied to
both, Some of the differences that in~
fluence safety systems are:

(1) The fuel reprocessing plant does not

in nuclear power reactors.

have the high temperatures or pres~
sures that are associated with power
reactors.

{2) In a power reactor, most of the radio-
active materials are encapsulated in
the fuel assemblies, but in the fuel
reprocessing plant the radioactive
materials are released from the fuel
and must be handled by the reprogessing
system.

(3) A decay time (the time between fuel
element discharge from the reactor
and the start of reprocessing opera-
tions) allowa much of the fuel radio-
activity, which is in the form of
short-lived radionuclides, to dis-
appear,

(4) The reprocessing plants are designed
to handle fuel from 10 to 50 large
(1000 MW) reactors, Thus the
quantity of fuel at a reprocessing
facility is much greater than the
amount of fuel at a reactor,
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Structures and Confinement Barriers

Fuel reprocessing plants are designed
with multiple confinement barriers for
control of radioactive materials,
Postulated accidents involving acts of
nature or other external forces are the
same as those that are assumed for the
The

general policy is that process and con-

design of nuclear power plants,

finement systems will be designed, tested,
routinely inspected, and maintained so
that exposure to credible external events
or forces (iuss of power, earthquakes,
tornados, floods, hurricanes, impaction
by moving vehicles, etc,) will not impair
the ability to shut down the plant safely
and maintain safe shutdown conditions,

The structures, systems, and equip-
ment are classified according to their
function and the degree of integrity re-
quired for plant safety. In a typical new
plant, the classification according to usage
might be:

Seismic Category 1 structures, systems
and equipment are those whose failure
could cause uncontrolled release of
radioactive materials or those whose
operation is required to effect and main-
tain a safe plant shutdown, Systems and
equipment in this class are designed,
constructed, and inspected to withstand all
postulated loadings without loss of function,

Seismic Category II structures and
systems are those whose failure would
not result in an uncontrolled release of
radioactive materials and whose function
is not reguired to effect and maintain a
safe plant shutdown.

Ventilation and Off Gas Systems
The process building is supplied with
The air

cleaned and conditioned air,

then flows to limited access zones and
finally to restricted access zones. The
ventilation air flow is maintained in the
desired direction by providing progres-
sively lower pressure levels in zones of
increasing radioactive contamination,
Air from the process cells is combined
with ventilation gases, refiltered, and
monitored for activity before discharge
through the ventilation fans and plant
stack to the environment,

Procesgs Safety Systems
Process safety systems minimize the

probability of occurrence of accidental
conditions that could potentially disperse
radioactive materials and jor mitigate
their consequences. These accidental
conditions include process upsets, equip-
ment leaks, fire, chemical explosion, or
niiclear chain reactions. Such safety
systems are carefully designed and con-
structed and incorporate use of both
engineered and administrative controls,

Process operations and enclosures are

highly instrumented with sensors for

radiation level, temperature, pressure,
volyme, weight, flow rate, and material
concentration. Such instrumentation

systems detect process upsets; equipment

¥
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leaks; and changes in mass, concentration,

moderation, or neutron absorber content

RN

that could lead to nuclear criticality K
conditions., Criticality incidents are -
prevented in a fuel reprocessing plant by
assuring that the individual systems are
subcritical and that any feasible assembly
of systems is subcritical, Plant designs
treat hazardous chemicals in conformance
with the practice in both nuclear and non-
Emergency elec-

¥,

nuclear industries.
tric power generators are provided to
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maintain vital services, and emergency
sources of cooling water are available in
case of failure of tne primary water supply.
The control room of the plant is
designed to be a Seismic Category 1
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structure that is isolated from the
process by remote instrument systems
so that no transfer of radioactive
materials into the control room can
occur.
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Appendix B

Site Response Analysis

INTRODUCTION

In this section, we derive seismic
input at the foundation level for Reproc-
essing Plant Structures with foundations
at any level., There are presently no
official NRC quidelines regarding the
seismic input for these types of structures.
However, we expect that, when written,
the quidelines will be based on the same
logic as the corresponding guidelines for
nuclear power reactors, Therefore, in
this analysis, we assume a given surface
response spectrum and calculate the re-
sulting response spectra at other soil
depths,

This is an important calculation that
has more significance than simply prov-
iding the seismic input to our structural
analyses, for it also provides an evaluation
of the response spectrum variation with
depth, If the variation is small then it
may be sufficient to apply the surface
response spectrum as input to embedded
foundations and thus avoid a site response
On the other hand, site
response calculations are required if our
results show that the variation is large,

Because of the absence of appropriate
data for a representative variety of sites,
we will base our evaluation on calculated
results rather than empiricism, We will
use the SHAKE core because results from

calculation,

Because we perform free-field cal-
culations, the input will be valid only for
structures where there is no soil-structure
interaction, We enlarge on this point
later.

SHAKE compare favorably with the little
data available.

CALCULATION TECHNIQUES

Typical Sites
Figure B-1 illustrates the three typical

sites chosen for analysis. The order of
increasing hardness is consistent with
average acoustic shear wave velocity,
We take the water table to be at bedrock
(the base of each deposit) for each site,
Bedrock is assumed to be infinitely hard
and the lower half of each deposit is a
gradation layer between the relatively
soft upper soils and the rigid bedrock
half space. We include this gradation
layer to smooth out rapid changes in soil
properties and thus minimize potential
numerical difficulties,

We take the density of each layer to be
constant, and we assign a different shear
stress-strain function to each layer,
Soils are exceedingly nonlinear, and
therefore we use the shear modulus-
shear strain function presented by Seed
and ldriss.6 These curves are shown in
Fig. B-2,
for typical rocks and clays is fairly
straight-forward; the shear modulus
function for sand is miore complex be-

The shear modulus function

cause its shear modulus is very sensitive
The functional
; therefore

to overburden pressure,
dependence on pressure is p
the shear modulus of & typical sand at a
given overburden pressure is the function
in Fig, B-2 times p¥2,
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Fig. B-1. The three sites used in the calculations.

To allow for shear modulus functions
slightly different than those in Fig, B-2,
we introduce a shear modulus factor for
each layer. This factor multiplies the
approg riate function to define the shear
modulus used in that layer, Figure B-1
includes the shear modulus factors that
we used for each layer; Table B-1 gives

1000FT L L B Y B R M
———Clay
==~ Rock

100
= === Sand

el
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-

Modulus
T T ‘l'
ol

G
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—=mee_o?¥?
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.

0.1 AT Y T
0.1 1 10 100 1,00010,000

Shear strain = %

Fig. B-2. Shear moduli used in the cal-
culations,

the corresponding low strain (10_4%)

acoustic shear modulus for each layer.
We find that our calculations were very
insensitive to the damping factors used;
we therefore used directly the damping
factor functions given in Ref, 6 and re-

produced in Fig. B-3,

Soil Thicknesses

In our calculations, we detéermine the
response of each of the soil deposits for
total thicknesses of 200 and 400 £t, We
include thia parameter to assess the
sensitivity of the response to a possible
uncertainty in the assumed soil depth of a
site, These depths represent, in our
judgment, typical depths to bedrock in the

eastern United States,

Seigmic Input to Each Deposit

We shall require that the hedrock
motion be such that a specified typical
response spectrum be recorded at the
surface of each deposit. We feel that the
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Table B~1. Soil properties

used in the calculation,

Unit weight

Range of 10 % strain shear
moduli above gradation layer

Soil type kiptS) (kight?)
Sand 0.085 701 - 2330%
Soft clays 0.090 1150 - 3450
Intermediate clays 0,090 -~ 0,120 4600 - 6900
Hard clays 0.120 5750 - 8050
Soft rock 0.120 (used only in gradation layer) ¢

ncluding the effect of overburden.

4T

- TT1T T 1 |—|-'_r T l—fr T 17171 I TrT

[ Sond ]

® 3 -
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8 o ]
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s d
E | i
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8 i
1 F =
-L/ ]
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0.0001 0.00t 0.01 0.1 1 10
Shear strain — %
Fig. B~3. Damping factors used in the

calculations,

most comprehensive comparison of
earthquake response spectra was recently
prepared by J, A, Blume and Asgociates
for the USAEC.®>  Their statistical in-
vestigation of 33 earthguake records re-
sulted in a statistically-mosi-probable
response spectrum (normalized to 1.0 g)
and spectra for plus and minus one

We shall take their
most probable response spectrum as our
surface response spectrum (SRS).

standard deviation,
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We used the SHAKE code to perform
Be-
cause the code calculates the soil response

the dynamic response calculation.

in the frequency domain, we can apply the
seismic input anywhere in the deposit and
allow the code to calculate the motion
elsewhere by means of transfer functions,
In our application, it is most convenient
to consider the SRS as the seismic input
and to use the code to calculate the
equivalent bedrock accelerations.
Because SHAKE requires the input to
be in the form of an accelerogram, we
used the code SIMEAR to derive an
eqguivalent synthetic accelerogram from
the SRS,
for the application, we required that:
(1) the total duration be 30 sec, (2) the
duration of strong shaking be 8 sec, and
(3) the strong shaking start after 9 sec.

In generating the accelerogram

Figure 7 shows the calculated accelero~
gram, normalized to 1.0 g; in Fig. 6 we
compare the response spectrum of the
accelerogram to the SRS at 5% damping.
The agreement is good, and we therefore
take the derived acceleration history,
appropriately normalized, as the seismic
input to SHAKE,

We considered it important in our
analysis to examine the effects of




different intensities of shaking. This
parameter will capture the effect of an
uncertainty in the magnitude of the
causative earthquake, We judged that
0.125 g would be a typical peak surface
acceleration for potential fuel reproc-
essing plant sites and that 0.250 g would
be an upper limit. We therefore normat-
ized our synthetic seismogram to each of
these two peak accelerations, These two
accelerograms were taken as seismic
input to the soil response calculations,
Analysis

We made over 30 trial calculations
with SHAKE to appraise its sensitivity to
input parameters. By trial and error we
found that optimum mesh size varied from
2,5% of the entire deposit thicknesses
near the surface to 10% at t+ gradation
layer (half the thickness of the entire
deposit), The results were less sensitive
to sublayer thickness in the gradation
layer, except at the very base of the soil
where sublayer thicknesses less than 10%
of the total thickness were required.

We found that almost zli the energy in
the accelerogram was carried in fre-
quencies less than 10 Hz; we therefore
suppress all acceleration amplitudes at
frequencies over 10 Hz. We found that
the higher frequencies often cause
stability problems in the calculation,

In every calculation but one (which we
will discuss in detail later), we required
that the code iterate until values of the
shear modulus and damping factor changed
by less than 5% or for 20 iterations, which-
ever came first. The maximum number of
iterations was never required.

After the calculation was conipleted,
in every case we input the calculated
bedrock motion to SHAKE and then re-

calculated to find the corresponding sur-
face motion. The difference between this
accelerogram and the surface accelero-
gram originally input was to provide a
check on the original calculation. In

every case but one, the differences were
negligible,

In summary then, we have selected the
three soil deposits as typical fuel reproc~
essing plant sites. We consider each to
have two thicknesses (200 ft or 400 f),
and the dynamic soil properties (shear
moduli and damping) of each site are taken
to be nonlinear, We calculate the response
of u specified surface accelerogram dowr
to bedrck twice for each site, once with
a peak acceleration of 0.125 g and again
with a peak of 0.250 g. The selection of
these parameters (three sites, two
thicknesses, and two peak acceleraiions}
gives twelve different response calcula-
tions. The results of these calculations
are given below.

RESULTS AND DISCUSSION

We first present the results of each
calculation and then compare them.
Table B~2 briefly summarizes the twelve
runs; Figs, B-4 through B-9 give more
detailed results.
marize relevant site properties and give
the shear modulus, shear strain, and
response spectra variation with depth.
All the spectra here, as well as those
following, are for 5% damping.

It is important to remember, while

In each case we sum-

examining the results, that we have
specified the surface motion and have
Thus
we will not see fundamental site periods
in the response spectrum emerging at the

calculated the motion elsewhere.
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Table B-2. Summary of results for the 12 runs.
Calculated
Peak peak Number of
Site surface bedrock iterations
Run Site thickness acceleration acceleration to 5%
1D hardness (ft) () (g) accuracy
1 Hard 200 0.125 0.08 4
2 Hard 200 0.250 0.157 4
3 Hard 400 0.125 0.070 4
4 Hard 400 0.250 0.219 4
5 Intermediate 200 0.125 0.06 4
6 Intermediate 200 0.250 0.115 5
7 Intermediate 400 0.125 0,058 4
8 Intermediate 400 0.259 0.32 [}
9 Soft 200 0.125 0,065 3
10 Soft 200 0.250 0.28 8
11 Soft 400 0.125 1.32 15
12 Soft 400 0.250 —) (—=)
surface; the peak and its period {0,166 sec) B-5, There appear w0 be no drastic fre-

have been [ixed (see Fig. 6).

The general trend of the results is that
as the sites become softer, the depth
variation of the secondary peaks in the
response spectrum increases while the
primary peak varies in a much more
complex way, generally displaying a de-
creased variation, Furthermore, the
spectral accelerations at depth significantly
exceed the accelerations of the surface on
only thec softest sites, This is very im-
portant, for its shows that for all but soft
sites, it is conservative to apply the sur-
face responsc spectrum to foundation
levels below grade. We shall illustrate
these trends in the following discus-

sions,

Hard Sites (Figs, B-4 and B-5)
Note the consistency of shape of the
rerponse spectrum in Figs. B-4 and

7 5m

quency shifts of spectral peaks; rather we
observe a simple acceleration amplitude
scaling at each frequency. Indeed, we
would expect that nonlinear processes like
large frequency shifts would be least in the
hardest sites. Another important ob~
servation is that the surface response
spectrum generally bounds all other re-
sponse spectra, Further, for increasing
softness, we see a decrease in variations
in the spectral peak ard an increase in
variations in the secondary pesk. Note
that for the hardest sites (Fig, B-4) the
variation in spectral peaks from the sur-
face to 25-ft depth is very large; the
spectral peaks between these two levels
vary by a factor of 2, The minor ex-
ceptions to these generaliz.tions are
probably explained by our inability
to order the sites correctly by hard-

ness.



&
] .ﬂ ®
. . 8 3 |
8 5 5 e 3 £
8 @ 3 £ 3 B
.m 3 B o m 3
i ¢85 § 3
= m 4 M B3 3
@ & & & 104 10% 10741072
T T 1
Inter. 1 Surfoce
clays 092|216 \ ﬂ o.uoi\\l -
Stiff c
solarn, |12 |25] 3 8
2 o0.20
& Stiff v
| clays 1.2 (3.5 2 m
£ 100 43
B Soft rockj 1.2 1 1 ° 0.10
a8 2
Soft rock| 1.2| 2 1 ©\
150 0ftocki 1,2 4 |1 | . 0 ] ] I
Soft rock| 1.2| 8 [ ! 0 1 2 3 4
Soft ock| 1.21 16 | 1 Period — sec
Soffrock| 1.2[ 32 | 1 | 1 VWi, 1 Run 1
200
(b)
Surface
@
|
B
L
£ 8
| -1
£ B
I3 b
a -8
w
| i i
oo 1 2 3 4
Period — sec
Run 2

Fig. B-4. Results hard site, 200 ft depth,

=76=



2

3
- -
£ I R
H s )
-g ) ; 2 3 £
A T 3 % B
I B -
L] % i ‘s é E
= n &N
@ 8 B F 2 g 1040
Y Inter L M
< o9 2
clays é o 0-%
R I
ol [12j2s)a ft §
E 0.20
& Sriff '5
- 8]
7 clays |1:2[08] 2 g
< 200 4 2
Fo|sreki2|1 £ 0w
Soft rack|1.2 | 2 [ 1 &
ool oftrockl 1.2 | 4 [ 1 | _ 0
Soft rock|1.2 | 8 1 0
Soft rock{1.2 | 16 | 1 Ren 3 Period — sec
Soft rock]1.2 |32 [ 1
400 roc! L L i
(6} 10 105,107 102
YT T L
o
|
k]
ool ]
K]
. [
*l- 8
£ 200 E
& £
300 —~
4
Period — sec
Run
400! l a1 1

Fig. B-5, Results hard site, 400 ft depth,

-77-




2'
S
H ®
5 |
, & :
= s [
£ 5 £
e 8 3 8 3 e
8 3 & . <
A A T
=9 m. g8 4 n n
<« - -
0  8F & & 2 463 180t
U L — — T
Soft clayd 0.9[ 1 | 6 o
|
moMom- claysd 0.91.5] 3 { | §
B
= inter IM
a n .
] clays 1213 2 m
£ 100 - =
5 [stficlepn2] 4 |1 £
12110 1 2
150 .2(201 1 L i o | i |
Stiffclays] 1,225 | 1 () 1 2 3 4
Stiffclays{ 1.2 50 | | Period — sec
J CT KD £ A I T A Run 5
(b)
-]
|
50 3
E
=
& 8
I ]
< 100 B
a -
[*]
a 5
150 0 | 1 §
0 1 2 3 4

Period — sec

200

Fig, B-6, Results intermediate site, 200 ft depth,

«78=



— B st m peas g Gt Pl aou s e

2|I N
g .
e =
8 | R
8 5 I
- 8
£ F 3 : 3 £
e % I 2
“ '3 - - [
2 %55 8 ¢ £
= . A ] N
@ o— & & 2 1o ;
L B ?
!
Soft n_ni 09111 6 ._u 0.30 ;
100 | Soft clays|0.9 [1.5( 3 §
_ £ 0.20
ter. - [
._n n.__nwa 12) 32 m
= 200 3
mﬂ Stiffclays]1.2 | 4 | 1 £ 0.10
Stiffclayd 1.2 110 ] 1 cm.. -
agoSHffclayd 1.2 [20 [ 1 h 0 |
Stiffclays 1.2 | 25 | 1 3 4
Stiffclaysj1.2 [ 50 | 1 Rom 7 Period — sec
wol3tfctan{ 1.2 [200] 1 n
(b)

Spectrol acceleration — g

Fig, B=7. Results from intermediate site, 400 ft depth,

=70«



N&
<
) 5
B ! ®
. 8 3 !
§ 23 & E :
2 o2 & < Fi g
=% 3 i T & &
(o) 33 L2 2.3 510'310"
o— T T 17
Sand 0.85/0.51 & o 0.2
|
1
50 Eoﬁcﬂys 0.2/05] 3 -§
g 0.20
-
T Soft claysj0.9 | 1 | 2 \ s
o
£ 100 B
£ g 0.10
3 SHFf K
& clayf1,2{ 2 {1 [
StiffcloyT.2| 8 | 1 &

150 §'|F?c|ay;l.2 207711 - 0
Stiffclays/1.2{ 25 [ 1 Y
Stiffelayd 1.2 25 | 1 Rum CTiod ~uec

200 Stiffclaysf1,2 {100} 1 § | N1/ 1 -

(b) 0 10% 10% 1073 107!
T 1T T\
o
|
5 §
B
£
& 8
I -]
£ 10 E
g, o
&
150~ -
Period = sac
fun 10
zw [ L2 1

Fig. B-B, Results from soft site, 266 ft depth,

-80-



Nﬁ
B
- -
k] { R
[2]
s 9z ¢ E |
g B 3 e 3 £
2 v 3 & 3 2
§ o 32 ¢
i &85 5 3
= i 2 S v v
{a) g & & 2 03,5037
9 L B L l :
Sand  [0.85[0.5] 6 o 0.30f*——_Syrface
{ 50 ft
JoofSo clov|09f0.51 3 8 :
£ a.z0,
= Soft clay (0.9 1 | 2 g g
[ s | :
£ 200 = Foe
& [scyr2]z | g 010+ .
H . by
Stiff clay(1.2| 8 | 1 "8’ v \‘v"‘\_,..&
o0 2tiff clayj12T20 1 | . | i !
Stiff clay 1.2 | 25 | 1 % 1 2 3 4
Stiff clay| 1,2 (25| 1 Period — sec
400 Stiff clay 1.2{100] 1t [ 1 | Run 11
® 4 2.0
) o 10° 16* 10 10 0.70
T ,
@ 0,60} Surface
! /50&
100 S ‘§_ O.SOF'
_g 0.40;".\
3 .
" g o.aoff
£ 200 e P
¥ o208 i, \
2 WA
0.10 \rv*"“\,j
300 0 1 1 {
0 1 2 3 4
Petiod — sec
Run 12
4001 1 |

R A

Fig. B-5, Results from soft site, 400 ft depth,

-81=



Intermediate Sites (Figs, B-6 and B-7)

We gee here a continuation of the trends
started with the hard sites: decreasing
variation of the primary peaks and in-
creasing variation of the secondary peaks
with the surface response spectrum being
a bounding spectrum. In Fig, B-6 we
see the beginning of appreciable variations
in the secondary peaks along with a neg-
ligible variation in the primary peaks.
Nonlinear effects are still not manifested
in large frequency shifts, even through
Run 8 (Fig, B-7),

Soft Sites (Figs, B~8 and B-9)

Our results become both more inter-
esting and more comptex with the soft
sites, First, we begin io observe some
frequency shifting of spectral peaks.
Second, it can no longer be said that the
surface spectral accelerations exceed all
others; we sce them being exceeded in
Fig. B-8a between 0,25 and 0.6 sec and
in Fig. B-8b between 0.0 sec and 0.8 sec.
We believe these to be genuine results and
not the result of the numerical instabil-
ities that plagued the remaining two runs,

The last two runs (Figs, B-%a
B-9b) had some numerical difficulties
that we believe resulted from the fact that
these thick, soft sites cannot support the
level of bedrock shaking required for a
0.125-g or 0.750-g surface acceleration,
No matter how hard we made the gradation
laye, the shear moduius in the layers
cloge to bedrock would tend to zero and
the strains and accelerations would
approach infinity, While Run 11 terminated
normally, it took 15 iterations, and the
gradation layer was becoming increasingly
soft., BRun 12 terminated due to an in~

stability after five iterations; we re-ran
it to four iterations to get the results in
Fig. B-9b, We did this because we ob-
served that SHAKE converged very
rapidly to zero error strains and stresses
in the uppermost layers, and that these
results might have meaning even if re-
sults from greater depths might not.
Accordingly, in Fig, B-92 and b

we overlay plots of the spectra from the
surface and from 12.5% of the deposit
depth.

EFFFCT OF VARIATIONS IN SITE
HARDNESS, PEAK SURFACE
ACCELERATION, AND SITE
THICKNESS

We now turn to comparison of the re-
sults, We first compare the hard, inter-
mediate, and soft sites for a given
thickness and surface g-level. We then
compare the response of each site for the
different g-levels. Finally, we examine
the effect of site thickness by comparing
responses of the same site for both
thicknesses, at a given g-level.

Effect of Site Hardness
Figure B- 10 compares the response

of sites i diiferent hardness of the same
level of surface shaking and the same
deposit thickness for spectra at the 12,5%
total depth tevel. The results are very
complex and it is difficult to generalize
from them. However, one thing is clear:
the longer~period spectral accelerations
are least affected by site hardness, while
those accelerations near the fundamenta!
period of the aite (0,10 - 0,50 sec) are
greatly affected. We might therefore
expect that the transfer function for all
these sites is highly peaked around the

fundamental period. Thia apparent
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Fig, B-10, Comparisons between different site hardnesses,

compiexity is due to the difficulty to
clasgsify sites by hardness,

Effect of Peak Surface Acceleration

Here we want to consider the con-
sequences of an uncertainty in the peak
surface acceleration, To assess this,
we normalized the response of each site
of a given hardness and thickness to the
peak eurface acceleratlon., For example,
the spectral acceolerations of each layer
from Run 1 were divided by 0,125 g and

those from Run 2 were divided by 0.250 g,
and the resulting spectra were compared
at each layer. We hoped thiat this com=
parison would quantify the effect of in=-
creasing softness with increasing intensity
of shaking. Figure B-11 gives this
comparison for the 12.5% total depth level.

The comparison for the hardest site
(Fig. B-1la) displays exactly what we
expect, i.e,, the lower intensity gives
proportionately higher spectral accelera-
tions at all periods because of less
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dynamic softening.* It is interesting that
for all the remaining comparisons in
Fig. B-11, the more intense shaking
produces proportiornately higher spectral
accelerations over a small friguency
window. This clearly must be the effect
of peaks in the site transfer function; it
demonstrates that our intuition regarding
dynamic softening can sometimes fail us,
In summary, an uncertainty in the
estimate of peak surface acceleration can
lead to large uncertainties in spectral
a~celerations at lower levels, These un-
certainties
calculation.
show that it 1s conservative to use the
surface response spectrum as the response

n be gquantified only by a

)wever, our calculations

spectrum for a lower level,

Effect of Siie Thickness
In this section, we consider the effect

of an uncertainty in the site thickness.
Figure B-12 compares the spectra of the
12,5% total depth level for sites of a given
hardness and given peak surface accelera-
tion, For example, in Fig, B-12a we
compare spectra for Run 1 and Run 3.
Here we see that the peak spectral
acceleration for the 200-ft-thick site just
slightly exceeds that for the 400-ft site,
For increasingly softer sites, the spectral
peaks for the 400-ft sites exceed those of
the 200-ft sitea, the greatest excess being
for the intermediate sites, However, the
spectral accelerationa of the 200-{t site
always exceed those of the 400-ft site at
longer periods.

e

Site hardnesses depend on the mag-
nitude of shaking, An intense excitation
rich in frequencies hear the fundamental
gite period will so violently shake the
deposit that it may respond more like a
soft site,

These results show that, as in the
prior comparison, we must perform a
calculation for a proper understanding of
the variation,

MANPOWER AND COMPUTER
EFFORT

We agsume that SHAKE, or a similar
code, is compatible with the user's
SHAKE is user-oriented, and
A user

system,
input is exceedingly manageable,
supplied with the appropriaie site in-
aphy, hydrology,

28 or each layer, and a

formation (s
physical pro,
bedrock or surface accelerogram or
response spectrum} might spend two inan-
days acquainting himself with the code

and ita sensitivity to input by making
several trial runs, These might include
varying (1) layer and sublayer thicknesses,
(2) frequency cut-off for the input accelero-
gram, (3) materials characteristics of the
bedrock half space, (4) length of ""quiet
zone" that should be added to the accelero-
gram, and (5) shear-stress relations,

The analyst then forms his best soil de-
posit model and makes his flnal SHAKE
calgulations. If there are any uncer-
tainties, he should include them as pa-
This effort, allowing for ad-
ditional parametric runs, should require
two to three man-days. The total effort
should, therefore, require less than one

rameters,

man-week,

The computer time reguired for each
of our calculations averages 20 sec on our
CDC 7600 computer with 15 sec being
CPU time and 5 sec being 1/O time, We
estimate that a first-time user might
require six runs or roughly 2 min of
CDC 7600 time to obtain final answers,
We judge that the total eflort would
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require the expense of one man-week and
2 min of CDC 7600 time.

SUMMARY AND CONCLUSIONS

We have selected thoree different fuel
reprocessing plant sites: hard, inter-
mediate, and soft. We have 2pplied 2
horizontal excitation to each site at bed-
rock with an accelerogram such that a
specified responce spectrum is observed
at the surface. We shake each site with
two levels of shaking and we consider
each site to have two different thicknesses,
This provides us with 12 calculations,
between which we have made extensive
comparisons,

Based on the results of these cal-
culations, we conclude:

1. The specified surface acceleration re-
sponse spectrum is an upper bound for
the response spectra at depths below

the surface for every site we con~
sidered, except for the two softest
(Runs 11 and 12},

2. For the range of sites we considered,
the effects of site hardness, thickness,
and surface acceleration are not easily
quantified, probably becausz of our
inability to classify sites by hardness.

3. These results can be used to define the
foundation-level seismic input to
structures where there is no soil-
structure interaction. Where soil-
stiructure interaction is a problem, a
separate calculation of the response of
the soil-structure system must be
preferred. These results provide the
input to this calculation.

4. The costs associated with a site re~
sponse anzlysis are small,

We emphasi: . that our results apply
only to free-field motion. The input to
structures may be very different if there

is any soil-structure interaction,
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