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SOIL STRUCTURAL ANALYSIS TOOLS
AND PROPERTIES for
HANFORD SITE WASTE TANK EVALUATION

1.0 INTRODUCTION

As Hanlord Site contractors aderess fusure straciurdl demands on noclear waste tanks,
built as early as 1943, 1t 15 necessary t0 address their current satety margmns and ensyrg safe
margins are maintainsd. Although the current civil engineering practice suigelines for sou
modeling are suitahle as preliminary design ccols, future demands potentially result in ioads
and modifications to the tanks that are outside the original design basis and current code
based structural capabilities. Fer exanple, waste removal may include cutting a large hole in
a tank.

The Hanford 5ite engineering staff requires accurate soif evaluation tools (hest
estimate pius accurate understanding of Hanford Site soil vanability) that are suitable to
compliment norlinear analytical tools that have been developed to model reinforeed concrete,
This document hrings together 2nd integrates past Hanferd Site structural analysis methods,
past Hlanford Sitc soill esting, public domair rescarch testing, and curren: soil research
cdirections,  This document, including future revisions, provides the structural engineering
overview (07 survey)y [or a consisent accurate appruach to sods structoral modeling for
Hanford Site waste storage tanks.

included in this document are examples of past Hanford Sie soil modeling. Although
the examples provide valuable Listorical information, applicatior. of older analvses of record
in evaluating new load applications should consider the sot. responscs o applied loads
addressed 1n this repore. A single soil stiffness, that provides zunservatism in the evaiuatian
of structural integrity for all the regions of every tank, cannet be selects¢, The data must ¢
evaluated for suitability and reduced, if necessary, for structural model inpuat using the rools
described aerein. The Hanford Site has hisworical soil test data 1that might be applicable 1o a
specific application (Giller 19923,
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2.0 STATIC MODELING OF HANFORD SITE SOIL

2.1 TRIAXIAL SOIL TESTING PROPERTIES

All soil constitutive models contain parameters that must be calibrated from test data.
Names & Moore {1988) conducted triaxial compressior tests for the Grour Vaute Project soii
and proviced praphs of stress versus strain at three different confining pressures (see
Figures 2-1, 2-2 and 2-3).

2.1.1 Sail Moduli and Power Egquation Variation with Depth

The University of California at Berkeley has done considerable research on soil
constitutive modeling (Wong and Duncan (974, Duncan et al. 1980, Sercd and Thingan 19R83),
"The gowl has been o deveiop a model suitable for finite-clement analysis thar properly
models the soil-structure interaction as well as the late=ral loads introduced by soit
compaztion. The Berkeley researcl: employed the existing soil triaxial test procedures with
confining pressures and developed the hyperbolic mode] for the soil stress-strain relation and
bulk moduli (Wong and Duncar 1974, Puncan et al. 1980

The Berkeley hyperbolic model has been used ar the Hanford Site to inerpoilate and
extrapolatc limited triaxial test data to provide soil moduli and swength data at vartous denths
and confiring pressures, The hyperbolic modal was also recommended for simiar nse for
toundation cesign in & Cornell University report funded by the Electric Power Rusearch
Institute {Kulhawy ard Mayne 199().

The mode! assumes that stress-strain curves for soils can be approximated as
hyperbolae, shown ir Figure 24, The local slope of the hyperbolic stress-stain curve is the
tengent modulus E,. The hyperbolic model is really a family of hyperbolic stress-strain
curves that shitt with contining pressure or stiess {o,) and the axial compression stress minus
the confining pressure (g;-o,}:

E, = [1-R; SL1* K P, [%) ; {2-1)

whers
R = constant (3.6 w 0.9)
SI. = ratwo of deviztoric stress 1o deviator stress at Mohr-Coulomb
failure
k., n = material constants
F, = atmospheric pressure (normalization factor).
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Figure 2-1. Consclidated - Drained Triaxia. Test Data,

CLIENT: KAISER ENGINEERS
Boring: B¥-1, Denth: 13.5" Sample: 3
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SUMMARY OF SAMPLE DATA:
Moisture Content = 9.5 %
Wet Density — 100.9 pof Initial Height = 5.00 in
Nry Density = 043 pef Final Haight = 4.37 in
SUMMARY OF TEST DATA.:
Confining Pressure = 13.9 psi
Peak Deviator Stress = 52.0 Psi
Tangent Modulus = 7570 ps {No. of Cycles - 1}

DESCRIFTION: LIGHTLY UEMENTED BROWN FINE SAND W TRACE SILT (5PF/SM)

October 10, 1988 DAMES & MOORE
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Figure 2-2. Consolidated - Drained Triaxial Test Dala.

CLIENT: KAISER ENGINEERS
Boring: 88-1, Depth: 19.5°, Sample: 4
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SUMMARY OF SAMPLE DATA:
Moisture Content = 1.5 %
Wet Density = 1:2.2 pef Initial Height — 510 in
Dry Density = 1045 pef Final Height = 4.60 ir
SUMMARY O TEST DATA:
Confining Pressure = 27.8 psi
Peak Deviator Stress — 116.0 Psi
Tangent Modulus = 17 000 ps1 . {No. of Cycles - 3)
DESCRIPTION: LICHTLY CEMENTED BROWN FINE SAND W/ TRACE SILT [SPISM)

October 10, 1988 DAMES & MOORE
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Figure 2-3. Copsolidated - Drained Triaxial Test Data.

CLIENT: KAISER ENGINEERS
Boring: 88-1, Depth: 33.37, Sample: 7
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SUMMARY OF SAMPLE DATA:

Maoisture Content = 12.7 %

Wet Densily = 10%.8 pof Initial Height - 5.00 in
Dry Density = 043 pet Final Height = 4 {{) in

SUMMARY OF TEST DATA:
Confining Pressure = 55.6 pai

Peak Deviator Stress = 190.0 Psi
Tangent Modulus = 28,200 psj {No. of Cycles - 3)

DESCRIFTION: LIGHTLY CEMEWTED HROWN FINE SAND W TRACE SILT (SB/SM)

October 10, 1988 DAMES & MOORE
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The modulus modeled in this manner increases with increasing confining pressure aag
decreases with increasing deviatoric stress. The Lkyperbolic model eses this tangent modulus
to model primary loading where the loading occurs at a stress level equal 1o or hugher then
all previous stress levels.

Triaxial test data from the Grout ¥ault soil show that, when the siress voloaded level
IS lass than the previous maximum stress, the soil no lenger follows the primary load curve,
The sl respeneds along the unload-reload path (Figure 2-1b) that is defined by the
unload-reload modulus as follows:

o,"
E::: = Ku: Pa 1—: ’ {2-2)
& ;
where
E. — unlead-relead elastic modulus in consistent anits
K. = nondimensional constant = 726.2
o8 = atmogpheric pressure in consistent wnits
. = contining pressure in consistent units
i = power constant = 730

The original hyperbolic mode] 23sumes that the bulk modulus, B, of the soil is
independent of the deviatoric sress and depends on confining pressure as follows:

'.'1;]"“, | (2-3)

where Ky and m are nondimensional material constants.

2.1.2 Sandy Soil Poisson’s Ratio

To complete the Hanford Site soil propertics deseription requires volume-change data
tt determing the dilation angle and Poisson’s rati. Such data are not inchuded in the Dames
& Moore report. [lowever, the test reports do contain enough information to define the
internal angle of Tiction, Young's modulus, aad the material yield stress.  These parameters,
along with Poisson's ratio, cosmpleiely describe the classical matzrial oroperties.
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Fipure 2-4. Hyperbohic Suil Model (a) Stress-Strain Curve for
Primary Loading and (b} Linear Unlozding-Reloading
Stress-Strain Relationshiz.

1q—u1 (6=-0,

S E
E -
TR

2 i
E = n-npmrx?gq!ﬁj-

e

{a} Hyperboiic Representation of Stress-Strain Carve for Prumary Loading.
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a
E.- K ;-P:'{ 03 ! Pl)

E
-

{b} Lincar Unloading-Reloading Stress-Strain Relatioaship.
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Although volume-change data were not recorded for the Hanford Site imaxial testing,
volume-change data have heen found for triaxial -esting of sandy soil in Japan (Kitamura and
Hzruyama 1988). The trends of stress-strain behavoor for the Japanese sandy soil are sumular
to the trends from the Hanford Site Grout Vault sandy sob tests.  The volumetric data for
high confining pressarcs frem the Japanese sandy soil tests exhibit the classic bebavior with a
Poisson’s ratio of .27 at zero strain and approaches 0.5 at plastic failure, The data for low
confiping pressures of asproxtinately 28 ib7in’ showed a significant shift in Poisson's ratio
approaching the plastic failure value during the triaxial compression lest.

2.2 PLANE STRAIN TESTING SQOIL PROPERTIES

2.2.1 Introduction

Inn the 24 [-C-106 repart {(Julyk er al. 19933, the loading conditions on the tanks were
"defined as axisymmerric because the in situ loads are essentially axisyrunetriz,” However,
there is some guestion as to whether the soil oading conditions on the sidewalls of the tanks
arc in fact axisymmetric, and therefore, whether it 15 appropriate W conduct all the proposcc
analyses within an axisymmetric framework. Bevause the diameater of most of the tanks is 75
fi, conditions at the sides of (he tanks are approaching plane straia conditions (the actual
plane strain test sample is closer to the condition including confinement, than the small
cylinder of the triaxial test). ‘This can be seen in Figure 2-5, in which an are ot a cirele 37.5
ft in radius has been drawn, The arc appears to be almaost a straight line. The soil clement
sketched aear the tank wall can on.y undergo movement in rhe direction of the tink wsll, and
not taterally. Thus, the element when subjected {o in situ loads wiil be cssentally i plane
strain, not axisvinmetric,

For this reason, a review of plane straim souls testing was carned out. The objective
was to see 1f and how much the basic s¢il properties are ditterent when :ested in place strain
rather than convenlional riaxial compression testing. An additional consideration was to
decerming how plane sirain soil properties mizht be implemented in the Drucker-Praper
constitutive models being wsed for the finite-element analyses of the 1ank-soil interaction.
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Figure 2-5. Plan View of Tank Wall.
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2.2.2 Backgroumd on Plage Strain Tesling

Saada and Townsend (1980} reviewed the test devices designed primarily for plans
strain testing, that have been developed by several rescarchers since the 19350s. The dewvices
test a cube or parallelepiped of soil, 10 which the two opposite faces of the prism are
prevented from meving while pressures are applied to the other two sets of faces. The end
platens are either lubricated or the dimensions of the prism are large enough so that the
stationary faces can be assumed o be the intermediate principal planes. Figure 2-6 shows
the stress conditions in plane strain, while Figure 2-7 shows a plane strain test specimen it
the University of Caiifornia, Berkeley, device.

1.2.3 Heview of Plane Strain Testing on Sands

A review of the soil mechanics literature on plan strain testing grasular materizls was
conducted, ard the following is a summary of pertinemt work. Cmpbasis is or the strength
and modulus properties in plain strain (P8) versus triaxial compression (TC).

Cornforth {1964) reported on a comprehensive testing program of P8 and TC on a
rather uniforey medium sand over & wide range of densities. Resuls of interest to this
projeet arc shown in Figures 2-8 and 2 9. The angle of imternal {riction ir plape strain is
spmewhat hipher than in triaxial compression, especially at higher densities {lower void
rattos and porosities). That the axial strain at failure 1s being significantly lower in plane
strain (Figure 2-8¢) indicates that the PS moduelus is .ike:y to be much greater than the I'C
mudutus, and this 15 indeed the case, a8 indicuied by the tesi resulis shown in Figure 2-9. In
addition, the peak strengths are markedly preater, especially at higher densities. Because of
the smrall size of the figures as published, po attempt was made to deiermine initial target
moduii, but estimates of the peak secant moduli could be scaled from the figures. The ratios
of thls modulas in plane strain 0 the corresponding triaxial modulus was between 3 and 4.6
the lower values were for the higher densities.

Sultan and Seed (1967), in a study of the stahility of sloping core earth dams,
reported on the resubts of some PS and TC compression tests or two sands over 4 range of
voud ratios (Figure 2-100.

Green and Reades (1975) conducted a wide range of both TC and P'S tests on sand,
and the:rr results essentially confirmed carlier work on the PS versus TC friction angle
(Figure 2-113. These results were confirmed by Oda et al. (1978) who studied anisotropy in
sands by PS wests {Figure 2-12).

11
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Figure 2-6. Stresses in Place Strain Conditions.

{Saada and Townsend 1981}
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Figure 2.7,

Plane Strain Specimen.

2.6 cmn wide by 21.6 cm Jong by 10.1 c¢m high (Marachi et al. 1981)
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Figure 2-8,

Comnarison of Plane Strain and Triaxial Failure Characteristics.
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(Cornforth 1964)
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Figure 2-9. Comparison of Plane Strain and Triaxial Compression

Taste at Different Sand Densities.

(a) Dense:  Relative Property 80 percent, (b} Medium Dense: Relative Porosity 63 percent,
fc) Loose Medium: Relative Porosity 40 percent, {d) Loose: Relative Parosity 15 percent

({Cornfortk 1964},
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Fipure 2-10.
Void Ratie For Monterey and Ottawa Sands.
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Relatiouship Between Angle of Internal Friction and

{Sultan and Seed 1967)
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Figure 2-11. Peak Strergths From Drained Vertical Plane Strain Tests
and Triaxial compressior Tests on Rectangular Samples. (Green and Reades 1975)
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Figure 2-12. Compied Figure of *he Mohr’s Failure Envelopes in the
Plane Strain and Triaxial Compression Tests. (Oda et al. 1978}
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Marachi et al. (1981} conducted a comprehensive series of experinents vn a medium
to coarse uniform sand to examine the effects of 4 number of soil and test specimen variables
on the plane straw test reselts. OF 1nferest Lo this project are the tesulls shown in
Figure 2-13, that are very similar in appearance to those of Cornforta (1964}, Figure 2-9.
Both the peak strength and initia. tangent moduli are greater 1o plane strain.  Peak secant
moouli were scaled from these figpures, and the ratios of PS to TC meduli ranged from 3.7
iy 1.9, Ta this case, however, the denser specimens apparently had the greater modulus
ratlos--oppesite of what the Cornforth {2964) data showed.

Marachi ctal. (1981) also verified that the PS friction angle is prater than the TC
‘riction angle, cspeciallv for denser sands. These results are given in Figure 2-14 in terms
of initial veid ratio, aad in Figure 2-15 versus confining pressure.

Peters et al. (1988), in an investigation of shear baod formation in sands, condueed
TC and P5 tcsts on a uniform medium sand at ¥ percent relative density. Because of
different stress paths, the resuits of anly one P§ ard one TC ‘est can be meaningfinly
compared, and the PS modulas was about 1.25 higher than the cotresponding TC modalus.

Bovle (1993) conducted a few PS and TC tests on very dense (I, = 96-101 percent)
specimens of uniform and rounded gramed Ottzwa sand and a shightly hetter graded, coarser,
and very angular grained Rainier Avenue Sand from Seattle. The TC tests wers conventional
strain rate controlled {Figures 2 16 and 2 17}, while the PS tests were conducted in a new
"unit cell” devics that used stress (incremental) controlled loading. "The PS test resulis frw
the two sards are given in Figures 2-18 and 2-1%. The PS5 o TC secant modulus ratios
ranged from 0.9 to 2.1 for the Ottawa sand and from 2.9 to 4.2 for the Rainier Avenus
Sand.

Bovle (1993) also summarized the test results for friction angle for both sznds 1o
Frgure 2-20. The difference in PS versus TC friction angle 15 significant for the angular
Rainier Avanue Sand, especially at low confining pressures.

SLMIMARY

Rased on the available experimental evidence, it is generally accepted that the PS
friction angle s significantly greater thano the friction angle measured tn TC tests, especial.y
for denser sands and sands with friction angles greater than about 35°.

Aithough the Iiterature is somewhat inconsistent, it appears that the PS modulus at
higher densities 15 between two and four times the TC modulus for most med:um to coarse
uniform sands.

18
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Fipure 2-13. Stress-Strain Relationship for Plane
Strain and Triaxial Specimer.
(g - 70 kPa [10 psi]) (Marachi <t al. 1981)
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Figure 2-15. Yarnations of Angle of Internal

Friction With Contincing Pressure. (Marachi et al. 1981)
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Figure 2-16. Triaxial Test Results for Onawa Soil, (Boyle 1995}
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Figure 2-17. Plape Strain Test Results for Ottawa Soi.. {(Boyle 1995)
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Figure 2-18. Triaxial Test Results for Rainer Avenue Soil, (Bovle 1995)
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Fipurc 2-19. P.anc Strain Test Kesults for Rainer Avenue Soil. {(Boyle 1995}
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Figure 2 20, Planc Stram, Triaxial, and Direct Shear
Friction Apgles for Ottawa and Rainer Avenue Saoils,
{v;, - Confining Pressure, oy - Direct Shear Normal Pressure, kPa).
Triaxial Results tor Soil R at 70. 190260 and 310 kPa and STS (1980). (Royle 1995)
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2.2.4 Application To The Drucker-Prager Constitutive Model

The following discussion is based on information extracted from the following
references: Desai and Siriwardane (1984), Chen and Mizano {19903, Chen and
Saleeb {199<), and Chen (1594).

The Drucker-Prager constitative model is basically an exwension of the classical von
Mises failure criterion to take inte account the vbserved dependency of the strength of saiis
on the hvdrastatie stress companent. The Drucker-Praper criterion can be written 1o terms of
the stress invariact as follows:

£11,,d,) =7, -a1,-k=0 (2-4)

where «x and k are positive material constanes, [, 1s the first invariant of the stress temsor, anc
I, is the second invariant of the deviatoric stress tensor. Tae constants « aad k must be
determingd from test results, and it 1% possible to relate these constants to the common Makr-
Coulorb strength parameters ¢ and ¢ For conventional triaxial compression, these
equivalent parameters are

_.._2sirg ]
? VA (i-sing) (2-3)
and
. &r cosd B
V3 (3-5iad) {e-8)

As the Mohr-Coulomb parameter ¢ can be assumed to be zzro in granular materials, the
Drucker- Prager criterion tor sands n triaxial compression is

3 l:das-qu;w 0 (27}
sS_np|
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The advantages and limitations of the Drucker-Prager model have been discussed by
Chen and Mizupo 1990 and Chen and Saleeb (1994). As shown by Chen and Saleeb (1994,
pp 483-5), in any implementation of the Drucker-Prager model, it 18 imperative thal proper
sclection of the matching conditigns must be made in order to approximate the Mohr-
Covlomb failure surface. For plane strain matching, rhe value of alpha is

- Lﬁmb
(3+12tanip) /2 (2 8)
and the Drucker-Pragar criterion for plane strain conditions s
=20 Iy =0 (2-9)

(9-12tand) /2 B

For the derivation of the incremertal equations for the Drucker-prager modsl], see
Desai and Sirtwardane (1984, pp 246-231).

2.2.5 Alternste Approaches

Constitutive modeling of soils 15 not ordinariiy casy nor straight-forward. Soils n
general have a non-linear stress-strain relationship and this relationship is highly stress saate
dependent. Furthertnore, soils are npticonservative, inhomogeneous, and anisolropic
materials, and often their mechanical properties arc time dependenr. In the present case,
however, the precominately pranular soils at the Hanford Site permit us to ignore time
depandency. Because natural soils were excavated and recompacted adjacent to the waste
tank walls and on the tank domes, the soils can be reasonably considered to be homogeneous
and isotropic for analysis purposcs. In addition, the soils were compacted and therefore,
preloaded or prestressed, so the use of the unload-reload modulus is appropriate—-ths
modulus can be readily approxtmated by a linear average of the two carves, provided unload-
reload cycles were done during the tests.

F-or limit state or failure type analyses, the Mohr-Coutomb failure criterion has been
found 10 be the most suitable for predicting the failure of soils. It has a lang history of
successfil use for the solution of many common probiems in geotechnical practice,
However, as noted by Desai and Siriwardane (1984 and Chen and Mizuno (19903, the
Maohs-Coulomb criterion has serious limitations for generalized three-dimensional stales of
stress.  The fatlure surface o stress space exhibits "corners” or singularities that lead to
difficaliies m numerical analyses such as the Gniwe-element method.
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Alernate faliure criicrion such as Drucker-Prager, even with iis hmuations and
deficiencies, can potentially provide a better arediction of farure conditions, provided it is
properly calibrated and its parameters appropriately determined for the soils at the site. A
seripus shortcoming however is the inability of the Drucker-Prager to consider strain
softening, a rypical behavior of dense sands during shear. As shown in Figures 2-9 and
2 13, for example, dense sands sheared in plane strzin undergo significant strain softening
atter reaching their peak stress at rather small detormations.

{ther sol failure models that could be consulered include the (1} Cap mode] {(Chen
and Mizuno 1990, Chea 1994), (2) the Lade two parameter criterion (Chen and Saleeb 1994,
Chen 1994}, and {3) the Prevost and other "nested” models (Chen 1984 Although the Cap
model nas shown considerable success for some problems, it alse cannot account directly for
strain softening. The Lade model, however, can co this, bat it has 14 model parameters
determined apparently from rhree triavial compression tests (at three different conlining
pressurzs). The Prevost medel requires a triaxial extension tes - but TE tests are not casy
thiy on granular materials.

Conventional Sampling and Laboratory Testing

It is always difficult 1o obtain reliable soil properties from laboratory tests on granubar
maierials. First, it is almost impossible to obtain undiswurbed samples of thase types of
materials, and unfortunatzly, sample disturbance tends to cause unconservatve test results for
most practical problems.  Second. reconstituting disturbed samples of granular materials in
the laboratory 15 rot viable either because this process cannot racreate the nataral or
compacted structure of the material in stiu.  Laboratory tests on reconstiteted samples are not
viery likely to vield the correct response or soil properties.

In Situ Tests

These difficulties with samoling and laboratory testing of sands has led to increased
use of in §itu tests in proslems similar o the Hanford Site waste tanks. 1o situ tests using
calibrated inflatable proves {pressuremeters), cone penetrometers, plate load tasts carried out
at depth (screw plats compressometer), and a number of geophysical techniques offer
vonsiderable promise for obtaining meaningful estimates of the perinent deformazion and
strength properties of the granubar backfill soils. Please refer to report Section 3.1, 1.

Observations uf the Performance of Other Nearby Structures

Cine of the mest reliable seurces of intormation about soil properties and toundation
conditions at a particular site is settlement performance data oo nearby structures constructed
of similar soils. Provided the structural loads can be reasonably estimated | back-calculation
of deformatior. moduli and other paramsters accessay for settlement analvses can be
performed. Unfortunately, performance date are often aot availahle or difficult to obtain in
most situations. Howewver, the presence of & large nuber of strucoures at the Hanford Sie
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and zll on similar foundation seils would appear to provide an excellent opportuaily to utilize
this vaniation af the "ohservational methed” to obiain an additional piece of informatior
about the deformation properties of the Hanford Site sands.

2.3 SPRING MODELING OF SOIL

The simplest and least costly method for analytical modeling of the Flanford Sie
waste tanks 15 to mode! the soil beneath the ranks as elastic springs.  The initial evaluat'on of
generic tanks has employed soil springs. “The current ANSYS and ABAQUS' detaifed
modeling of reinforced conerete tanks has shown that the Hanford Site tank designs are
senstiive (o the soil modeling.

2.3.1 Determination of Sait Elastic Modulus Variation With Depth

The mowst important tacwor infleencing the modnolus of pranalar soils is the stress
history, or mwore precisely, the strain history of the deposit.  The construction sequence of
the Hanford Sitc waste tanks began with removal of 2 sand and grave. overburden down to
the level of the present tank foundation. Ther: the tanks were constructad and the tank farm
buried uncer soil fill,

The tank foundation soil at the Hanford Site has already been subjected to vertical
pressure loads preater than a tank filled with wastz, Consideration of the history of the tank
tourdation sml led to an cogincering judgment o employ soil unlead-refead modu‘us derived
from triaxial est data {Dames & Moore 1988)

C'vlindrical samples of the Hanford Site soil are taker. rom bore koles at various
deptks (Dames & Moore 1988). The soil is a cohesionless sand ang gravel mix. The
cylindrical soil samples are wrapped in a rubber membrane for testing. Thesc samples are
subjected to radial contimng pressures representative of the bore hole depth as they are aiso
loaded 1in compression. The stress strain relation of the soil cylinders o failure is very
nonlinear. Unloading and reloading of the samples hefore failure results in a nearly linear
unlpad-reivad wedeius (see Figures 2.1-2 and 2.1-3, from Dames & Moore (1988). The
Hanlord Site test data were used to derive a simpie relztion for the variation of unload re.oad
elastic modulus with confimag pressure or depth.

'ABAQUS is software developed by Hibbirt. Karlsson & Sorensen, Inc., Pawtucket,
Rhode Island.

ANSYS is a registered trademark of Swanson Analysis Systems, Inc., Houstor,
Pernsylvania,
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The University of California al Ber<eley has done considerable research on soil
constitutive modeling including variation of the unload reload modulus with confining
pressure (Wong and Duncan 1974, Duncan et al, 1980, Seed and Duancan 1983}, The resu.s
show that the unlead-reload soil modulus can be defined as in Equation 2 2 of scction 2.1.1.

2.3.2 Schmertmann Kstimation of Fundation Soil Springs

In 1670, I. H. Schmertmann proposed a new procedure for esumating elastic
scrtfement of “oundations on granular soils. The equivalen: soil springs are calcutaed by
dividing the foundation force by settlement displacemenr.  Although the Schmertmant
me:hod is empirical, the procedure has a ratonal basis in the theory of elasticity, finite-
ccment aralyses, and observations from fizld measuraments and laboratory mode? studics
{Holtz 1991). The distribution ot vertical strain within the linear-clastic half space suhjecred
to a uniformly distributed load over an area at the surface can be determined by

A

_ T -
¢, = =% 1, (?-1c)
where
£ = the vertical strain
Ayq = the inensity of the uniformly Gistributed load
E = Young's modulus of the alastic medivm
1. = a strain influgnce factor, that depencs oaly on the Poisson’s ratio and the

gsometric location.

The distribution of strain within loaded granular masses has been obscrved to be very
similar in form to that for 2 linear-elastic medium, hased on the resutts of displacerment
measurements with:mn sand masses loaded by model lootings, as well as flnite-glenent
analyses and deformations of materiais with nonlinear stress-strain behavior. Figure 2-21
shows some typical results of model est and finie-glement analyses reported by
Schmertmann (1978 and 197])) and Peroff (1975}, The settlement of a soil layer due to a
unifarmly d:stributed load is simply the vertical strain from eguation {2-4} rimes the soil-
layer thickness. The swran inthuence factor at various soil depths zan be estimated from the
resulis show In Figure 2 21 or by the simplified modihcation shown mm Figare 2-22
{Schmertmann et al. 1978, Schmertmann 1978}, The total foundation settlement §, can be
obtained by tke following sutnmation:

5, = ¢ ¢ Ag £ HF*}, Az, (2-11}
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Figure 2-21. Comparisons of ¥entical Smain Distributions
From FEM Studies and From Rigid Model Tests.

{a} Hartman FEM axisymmewic, (b) Brown Model Test L/B=1, (t} Hartman FEM plane
stramn, {d) Brown Model Test L/B =4 {Schmertmann et al., 1978)
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in which

= total foundation settlement

act load imtensity at the foundatior depth

strain influznce factor from Figure 2-22
appropriaic Young's modulus from equation 2-2
.0, = correction factors, as described below,

£
1t

i

i

where

c =1F{J_ﬁ{ﬂ':;:;~n.5, (7-12}

and

¢ effective ir siru overburden stress at the foundation depih
A g = net foundatien pressure.

I

In all cases, the C, embedment correction factor should oot be less thar 0.5,
Schmertimann also included the C, correctior. to account for some time-dependent increase in
seitlement. Huitz (1991) does not recommend using C,; therefore C, is set equal w 1.0.

The =0il spring value per unit area of foundation is obtained by dividing the sail
heneath the foundation into lavers with the corresponding strain influence factor and soit
modulus (based on the unlvad:/reload modulus power @quation show in Equation 2-2), The
summatior of the soil laver seitlements (Equation 2-11) was obtzined and divided 2y the
foundation pressure to obtain the eguivalect spring per unit area of foundation.

The Schmertmann methad could also be osed to obtain an equivalent B {Young's
Modulas) for the entire layer beneath the foundation. The summatior. of Equation 2-11 could
he set aqual to another similar summation with a constant E value. The equation would be
solved numerically for an equivalent E (Young's Modulus),

2.3.3 Estimation Of Soil Layer Confining Pressure

The confining pressure of the soil layers should be estimated as being the denth of the
spi. multiplied by the soil density.
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2.3.4 Results Of Schmertmann Soil Spring Estimation

If the Hanford Site 504,000 gallon wasie tanks were conswered w0 have a full-
diameter rigid foundation and the corresponding uaiform distributed load, Schmettmann
method ©f soil foundation spring estimatior results in springs of 1K) Ibifin. for each square
in. of foundation area (Note: This value compares to Dames & Mcore 1988
recomraendations). Initial ANSYS finite-element analvses with the spring values given ahove
cxperienced nonlinear numerical problems and large-scale concrete cracking ard crushing
in the tank floor area. These problems may be solved nsing the updated version of the
concrete element that allows for a gradual stress redisribution after cracking.

The 300,000 gallon tank Tootings carried the sob overburden, dome, and wall weight,
white the center tloor region carried only the waste load. The tank floor and footing de not
act as a single rigid foundation tor Hanford Sie tangs. The footing region carried the {arpest
load (Note: The load 1s greater for the footing than the overburden load at the foundatian
depth.). Calculations cf soil springs assuming only the footing region as {oundation resitlted
ir. estimated soil springs of 330 o 380 |bffin {deperding on coafining pressures estimations
for varianon) for =ach square n. of area.

Additional investigation of 500,000 pallon anks employed the Schmertmann method
using a superposition of two problems. A ripid fouadation with a uniform pressure
equivalent to the center floor pressure gives an elastic settlernent consistent with foundation
springs uf 100 I4f/ia for each square in. of area. The deita pressure tor the footing region
also gives additional sectlement, if vnly the active footing width is applied. The two
settlements were added and the sum was divided into tntal footing pressure to obtain
founcatom springs of around 2K [bf/in for each sguare in. of area. An analysis with soil
springs tor the center floor and footing of 100 and 200 lof/in per square ir. of arca,
respectively, reeds additional work and evaluation.

2.3.5 EPRI Foundation Soil Spring Estimation
The Electric Power Kesearch Institute sponsored a report by Cornell 1niversity

(Kulhawy and Mayne 19%0) that recommended Egquation 2-17 (Vesic 1961) for the
determination aof subgrade foundation springs:

0.65, , £8% 140, E
K={—=1 {1 —
£ E I, 1-v®

; (2-13)
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whert
= soil Young's Modulus (nse untoadireload power equation).

E
r = sol. Powsson's Ratlo,

B - foundation wid:h, beam foundation
E, = foundatior. Young's Modulus,

I; = foungation moment of ingria.

A sample calculation was completed with Equation 2-13 for 6 ft wide 2 ft thick tank
wall foundation at a 55 £ depth. Equation 2-13 resuled in estimated foundahon springs of
273 thiindind.

2.3.6 Recommendations For Hanford Site Foundation Seil Spring Modeling

Either ar both the Schmertmann soil spring calculation and the EFRI endersed Vesic
may 5¢ used for tank foundatior seil springs. Tt is recommended for wal. foundation spring
calculations that the width o? the foundation be limited to only the rigid portion of the fmoting
that carries the wall and dome load weigat. The thin nonstructural {loors that carry only
waste hydrostatic loads would be treated as a separate larger foundation with different
stiffness springs,  Please refer to Appendix A {or formelation cateulations.

The triaxial test data (s, at this time, onge of the hest existing Hanford Site sources tor
soil properties at deprh for spring calculation. The Hanford Site soil has been shown to kave
a linear unload/reload modulus behavior. The past loacding or strain kistary can shift the
Flanford Site so:l into this lingar unload/reload modulus region especially with compacted soil
ar =0if that has not been distorbed but has 2ad a large keavy overburden removed.  As long
as the new loads ars not greater than the previous soll load and the soil s oot disturbed i
wil. act limearly. The range of the loads may need to be checked for exereme load case
analyses.

The puwer eguation relation for confining pressure can be ased 1o interpolate amd
extrapelaie triaxial test data as reeded. This method was also recommended in the Cornell
Uneversity report funded by EPRIL

Although the triaxial testing data hase is important for Hanford Sie soil
characterization, plane strain soil jesting data 15 probably more applicable for soil properties
around the wall anc wzll fovndation of very large buried tanks with axisymmetric loads.
FPublished public domain research data nas shown that plane strain test data versus triaxial
data resufts 1 s1f modulii by factors or twe to as much as four. [n hike manncr the
compression failure strength seems to ncrease by about 50U percent and the strain at failure
decreases to 173, The stress-strain curves for plane swTain testing and triaxial tlesting are
sipnificanty different.

Soil spring modeling on the outside of the tank walls skould account for compaction
with he unloadsreload modulii used for small srains, Exact determination of the stram Limct

35




WHC-SD-WhE-DA-208
Hevision 0

fur uoload/relowd modulii depends on the compaction history. Pleass refer to Appendix A
for horizontal spr:ng calculations.

It is recommended that the existing Hanlord Site triaxial testing data base be used 10
establish the lower bound soil propertics. The upper bound properties for buried tanks
shauld be factared up from the wiaxial westing o account for plane strain offects (For
example modulti ractored up by 2 or 3 times.). Triaxial versus plang strair tosting neads
additional investigation for the Hanford Site sandy soils, The actual siress and strain field of
these sandy sotl test samples need investigation.

2.4 FINITE-ELEMENT CONTINUUM MODELING OF SOI1L

At this time the plasticity-based models are the most pooular for modeling
geotechnical materials (Chen 1994). The characterization of soil behavior by plasticity
theories has become ore of the most active research areas in solid mechantes,  Significant
advances in this area have led to the developiment of constitulive mopdels that mav accurately
represent the hehavior of soils subjected 1o pereral toad paths, Technology has progressed to
the extent that the monotonic loading response of the soil can be accurawely represented by
several existing constitntive mogdels. Bat, when cvelic loading canditions have significant
pastic response under both loading and reverse ioacs, very few existing models are capable
of reproducing most of the observed soil respanses, although some of ther qualiative
hehaviors may be caplured.

The wide vanety of s0ils leads to the conclusion that no material model will 2e able
te caplure the behaviors of all seils under all conditions, and o the same {ime retain the
necessary simplicity for practical tmplementation and use {(Chen 1994}, At this time the
three most popular plasticity based eonstitutive madels for cohesionless (sandy) soils are the
Mohr- Ceulomb, the Drucker-Prager, and the Lade Two-Parameter medel. For past and
present Hantord Sit2 soil continuum modeling only the Drucker-Prager has been available.
The Lade Two-Paramewr or the Lade Foorteen-Parameter model would be preferred for
nocliocar three dimersional static soil-structere analyses of Hankord Site waste storage tanks.

2.4.1 Mohr-Coulomhb Plasticity

The Mohr Coulomb plasticity failure model defines a pressure or hydrostatic stregs
dependent fature surtace or envelope. In the principal stress space, the Mohr-Coylomb
failure surtace represents an iwrcegular hexagenal pyramid with straight meridians (Chen and
Saleeb 1994, see Figure 2-23), The adveniages and hmitations of the Mohr-Coutomb
plasticity model can be summarized as follows {Chen and Saleeb 1994):

= The Mohr-Coulomb failure criterion is a fair approximation of seil strength in
mest practical appiications.
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Figure 2-23. Mohr-Coulemb Criterion in Principal Stress
Spate and Mohr's Diagram.
{a} Principal Stress Space, (b} Mohr's Diagram.
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. It assumes tha: the intermediats principal stress bas no mflueace oo fanlure,
whicl is contrary to experimental results.

. [t assumes that the failure parameter of the sor friction angle does not change
with confining or hvdrostaric pressare.

. Tae failure surface has corners {singularities) that make il imconvealent
numerically for three dimensional problems.

2.4.2 Drucker-Prager Plasticity

Thae Drucker-Prager can be simply understood as an extended or modified Von Mises
failure criterion with a dependency or confining pressure or hydrostatic stress.  The Drucker-
Prager failure surface in the principal stress space is 2 right circular cote with the space
diagonal hydrostatic stress axis as s axis {see Figure 2-24). The Drucker-Prager cone
farlure surface can be viewed as a smooth Mohr-Coutomb surtace (Chen and Saleeb 19949,
The advantapes and disadvantages ol the Deccker Prager model can be summarized as
follows (Chen and Saleeb 1994):

. The criterinon is simple and has only two paramerters that can be deterrined
from corventioral triaxial fests,

»  The failure surface is smaoth and mathematically conveaient 1o use it three-
d:mensional analyses.

. ‘The effect of hydrestatic pressure is addressed. However, since the traces ol
the core failure surface are straight lines, reasonable results are expected onlv
for 8 limited range of hydrostatic pressures, where the curvature in the failure
envelope may be neplected.

*  The trace of the failure surface on the deviatoric plane is circular, which does
not match test results.

. The Drucker-Prager criterion does consider the influence of the intermeadiate
principal stress.  But if great care is not takea in selecting the material
pararmeters from test results, this influence may not be correctly represented
with serious discrepancies between predicted and experimental results.

[t is generally observed that the use of the asscciated flow rule for conical vietd
surfaces resulls in excessive plastic dilation which is not observed during testing of soils
(Chen 1994). The concept of adding a cap to cenical failure suriazes was first proposed hy
Drucker et al. (1957). The proposed cap would allow consideration of compressive plastic
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Figure 2-24. Drucker-Prager Failure Criterion - Failure Surface and Traces
on the Meridian and Deviatoric Planes. (a) Principal Stress Space,
{by Meridian Plane (@ = constant), {¢) Deviaworic Plane. (Chen and Salech 1994)
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volumetric strains {or compaction) while at the same (ume limil the amount of plastic dilation
that occurrs when loading on a conical limit surface, Although, ircreased hydrostatic
pressure results more load carrying capability for granular cobesicoless soils at extreimnc
hydros:atic pressures the soil grains may crush or compact {thus the cap).

Figure 2-25 shows thz Drucker Prager cap model. The model consists of a Drucker
Prager surface with an elliptical cap positioned symmeltrica.ly about the hydrostatic axis at
the open end. The capped Drucker-Prager model has pet yet been used at the Hanford Site,
hecanse it was not availahle until recently.

2.4.3 Lade Two-Parameter and Fourteen-Parameter Plasticity

Experimental results have ‘ndicated that the failure envelopes of most soils are
curved, particularly over 2 wide range of confining or hydrostatic pressurcs. The soil
friction angle decreases with ingreased confiming pressure. Lade (1977) has extended hus
simple one-parameter modet to take 1nto account the curvature of the Zailure envelfope. [h the
principal stress space, the failure surface of the Lade Two-Parameter model is shaped like an
asymmetric hullet with the pointed apex at the origin of the stress space (see Figure 2-24},
The failure shape in the deviatoric plane is similar to the Moar-Coulomb model but without
the singularities or sharp poinis.

The advantapes and disadvantages of the T.ade Two-Parameter model can be
summarized as fotlows (Chen and Salech 1994):

. The Lade [1%77) model parameters may easily be obtained from the results of
triaxial t=ss.

. The failcre surface of the Lade (1977) inodel s always concave toward tke
bydrostatic axis. This implies that the friction angle is aiways decreasing with
increasing hydrosuatic pressure, This has been verified for a wide ranpe of
hydrostatic stresses, but at very high values of hydrostatic stress where
crusking of soil grains becomes important, test results incicate tha: the
experimental failure envelopes open up and hecorme swaight. Apain the
engireer must understand the range of proper application {depends on the sand
-- its minerals, crystals, angularity, etc. -- experimentally determined).

. The Lade (1977} model has obained reasonably good agreement with
cxperimental results in all test cases for cohesionless and consolidated clays
(Lade 1977, Lade and Musaate 1977, and Chen and Saleeb 1594),

. ‘The failure shape does not have the numer:cal singularities ot the Molr-
Coulomb criteria.
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Figure 2-25. Drucker-Prager Cap Model (a) I, - 1%

Pluny:,

(h} Deviatoric Plane. (Chen and Saleeh 1594)
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Figure 2-26, Traces of the Failure Surface in the Deviatoric, Triaxial,
and Meridian Plapes for {ade's Two-parameter Fallure Modcl,
(a} Deviatoric Plane. (b)) Triaxia. Plape. (2) Meridian. (Chen and Saleeb 1994)

[a)
2,
+ Camprassicn failure T
A
Hydrostatic axiy
8 =n*
& = go*
Extansian failure
ig, = a1, ¢

(&l

[&}

42




WHC-5D-WM-DA-20K
Revision ()

The Lade {1977) model also has a capped elastic-plastic work-hardening formulation
for cohesionless soils. Fourteen parameters a-e required to fully characterize the capped
rmodel bekavior., All of these parameters may be determined from the results of triaxial ‘ests.
The use of 4 nonassociative flow rule allows accurate representation of the observed plastic
vonumetric response of sands, but results in a larger demand on computational capacity
beeause a full nensysmewric svsterm of cyguations must be solved {Chea 19943,

2.4.4 Hanfard Site Application of Drucker-Prager Soil Plasticity

The purnose of explicitly modeling the soil s 1o model the soil-stracture interaction.
The Hanford Site tank farm soil has been characterized as very coarse sand with some silt
and pebbles (Price and Fecht 1976). T type of soil is relasively cohesionless,

Several consitutive sonl models are availahble within the ABAQUS finite-elzment code
(HKS 1989) and many others are described in the literature {Duncan et al. 1980; Scou 1985).
The =oil interacts with the tank as the tank expands and caniracts from changes in the waste
level amd heat generation willun the waste. The soil also transfers loads from the surface to
the tank and provides support by resisting radial displacerrent of the wnk haunch. The soil
constiutive model will affect the nature of the cracking predicted in the concrete tank and the
megniude of the collapse-load capacity of the tank. For example, as the tank gxpands, the
seil places the tank in hoop compression. The hoop compression car prevent hoop cracks
from developing even though radial thermal gradients of signiiicant magnitude may be
present. The soil also provides additional laterai seppaort that affects the magnituce of the
collapse toad.

The past Hanford Site tank 241-C-106 structaral analysis used the ABAQUS {finite-
element computer code, ABAQUS has several built-in material models suitzhle for modeling
soi] as 2 continyum. ABAQUS also allows user-defined constitutive relations. The Lade
plasticity meodels are not available in ABAQLIS, Thus the ABAQUS Drucker Prager
plasticity model was selected for investipation in two numerical torms: as a strain-hardened
plasticity model; and zs an elastic, perfectly plastic material model.

The strain-hardening feature applied to the Drucksr-Prager plasticity model is a
workahlz way to use existing theory and features in ABAQUS o account for the cyelic
un.pad-reload modulus behavior of Hanford Site soil and still mode! she proper monotonic
stress strain behavior. The approach is to simply define the elastic medulus to be the unload
reload modulus at a particular hydrosiatic stress from triaxial esting or as mterpolated using
the power function based on rescarch work completed by the University of Califorria at.
Berkeley (Wong and Duncan 1%74, Duncen et al. 1980, Seed and Doencan 1983, see section
2.1.1). The strain-hardening stress-strain curve is defiped for the same upicad/re;oad
rmoulus compatible contining pressure.  The stramm-hardened Drucker-Praper is now
dependent on hydrostatic strain becaoss it defining parameters are also dependent. Thus, it
15 necessary for an ABAQUS implementation of the model to define multiple sets of
hydrostatic parameters or multiple models that can be controlled durnag the analysis as
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hydrostatic stresses develop. The multiple hydrestatic stress variable models alse allow
accurate approximation af the of the curved variation of the soil fallure envelope with
aydrostatic stress.

The above derived multipie strain-hardened Drucker-Prager ABAQUS model marched
the triaxial experimental results ‘neluding the unload/reload bekavior. A numetical iteration
cffort required for the strain hardening became a problem whan combimed with a nonlinear
ABAQIIS user-defined concrete subroutine called ANACAP-UJ or ANACON®. When the
Hanford Site tank 241-C-108 taam set the Neawton-Raphson iteration limit to three as
specilied by the developers ol the concrete materiel model software, the strain-hardensd
Drucker-Prager soil model want unstable resulting in run terminatior. without completion of
the load case.

The final spil constitutive model selected for tbe ank 241-C- 106 structural analysis
was the ABAQIIS Drucker-Prager elastic, perfectly plastiz modei beczuse it was the maost
stable numerically, The perfectly plastic model does not model the correct cyelic benavior
but only approximates the behavior to a simple monotonie load.

An additional word or reminder of caution with regard to the Drucker-Prager soil
model 8 as tollows: The trace of the faiure surface on tae deviatoric plane iz circular.
Althouph the onset of plastic delormation or lailure wiil duplicate triaxial test results, the
faifure of the soil under other deviatoric load condinons may only be approximate. To date
(Jane 1995} at the Hanford Sue the Drucker-Prager soil mode] has only been used for soil
around the sides and top of the tank 247-C-10& analysas. (The soil ander 241 C. 106 was
mudeled as linegrly e.astic with no tailtre criteria.}

Calibration of ABAQUS Drucker-Praper Soil Constitutive Parameter

The ABAQUS version of the Drucker-Prager plasticity mode] contains several
paramesers, One of twese parameters, §, I8 described as the angle of inernal friction. This
angle is not equivalent to the Mohr-Coulomb friction angle. The Drucker-Frager friction
angle determines the slope of the material yielg ling in the (p-0) plane as shown in Figure 2-
27 IHKES 1085, where pois the equivalent pressure stress {mean stress) and € 1s a deviatoric
simess measure {HKS L9893, The parameter denoted by K m the ABAQUS documentation
(LIKS 1989) helps define the response of the consttutive imnodel in tension ané is defined by
the ratia of the yield stress in mriaxial tension to the yicld stress in tnaxial compression. A
third parameter is ¥, s dilation angle. The dilation angle is related to te magnitude of the
change in material volume during plastic deformation. For examrpie. a dilation angle of zero
corrgsponds (0 ingompressible plastic flow. My 13 equel to 8, tbe plast.c flow s I ally
associated, i.e., the plastic potertial and the vield “unction have the same stress dependence
(HKS 198%). Additional parameters cetermine the uniaxial yie.d stress and the elastic

ANACAP-U and ANACON are sofiware developed by ANATECI] Researach
Corporation of San Deige, California.

3
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Figure 2-27. Drucker-prager Soif Medel (2) Schematic Diagram of the p-5
Plane and (b) Schematic Diagram of the Mohr-Coulamh Relation {HKS 19883
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behavior of iz model. The general form of the ABAQUS extznded Drucker-Prager
constitutive so0il model is written as

£ -ptan(fl -4 =0 (2-14)

where
c- 3 e[ HE)
A K1 Khg
= von Mises egulivalent stress
d = :‘_—%tan:ﬁ}]cc
g. = uniaxial compresgion ftress

r = third invariant of Javiakbtorico atress
triaxial tenpsion
triaxial compression

b

= yield gtresgs ratio

fp - fricrienr angle In p-tr auace,

When ¥ = § and K = 1, the classical Druczer-Irager model is recoversd. Note that
il K = 1, then t becomes q, the von Miscs strass. The yield line in the p-t plane
(Figure 2-27) shows a striking similarity to the Mohr-Coulomb yield surface, 'The Drucker-
Prager aac Mohkr-Coulomb yield surfaces are equivalent in triaxial compression and tension if
¢, 3, K, o, and d are given as:

- _ & sin ¢
Fanp 3o- ogin d
- & ccs B
- cfssty =
g =3 —sindﬁ‘
3+ sin ¢

All constitative models contain parameters that must be calibrated trom test data, A
minimum of two triaxial compression tests ac differcnt confining pressures are required <o
define the Drucker-Prager soil parameters. Dames & Moore {1988} conducted triaxial
comprossion wses on Orow: Yault soil and provided graphs of stress versus stralo at three
different confiming pressures (see Figures 2-1, 2-2 and 2-3). The Drrcker-Prager parzmeters
were chosen soec:fically su that finite-clement simulations of these tesws closely marched the
experimental results.
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To complee the Drucker-Prager consotutive model description requires
volume-change data to determine the dilation angle and Poissan’s ratio. Such data arc not
included in the Dames & Moore report. However, the test teports do contain enough
information to define the internal angle of friction, Young's modulus, and the material yield
stress. These parameters, along with Poisson’s ratio, completely describe the classical
Drucker-Prager plasticity modei (Drucker and Prager 1952},

ABAQUS Drucker-Prager Strain-Hardened Soil Moedel

The [Dames & Moore {1Y8E) iaxial test data must be ransformed into true stress znd
logarithmic (truc) strain, as these are quantitics used by ABAQUS. The transformed data
and the transformation equations are shown tn Tahle 2-1. The data given in Table 2-1 were
used o derive the Drucker-Prager strain-hardensd soil model. The transformation of the
engineering stress to trus stress assumes a Poissen’s rabio of 0.5, Because of the lack of
volume-change data specific t the Hanford Site soil, the assumpoon of Poisson's ratio of 6.3
may Dot result in the grearest accuracy for plastic deformation strains.  Ag stated previously,
the angle of internal triction 15 related to the slope of the materiat yield ling in the {p.g)
plane. Spectfically, the angle of interoal friction is the inverse tangent of the slope of the
yield line. The best-fit line througa the three vield poirus derved from the Dames & Moore
triaxial test data has the equation

g, = 0.71 5 + 3.41, (2-16)

Thus, the internal angle of frictien is 35.4%. The best-fii line and the three yield
poitts are shown in Figure 2-23.

The point at which the best-fit yield line intersects the g axis is the uniaxial yicld
stress value, The uriaxia. vield stress value s one of the parameters required 1 the
ABAQUS implementation of the Drucker-Prager plasticl'y model. It the present case, from
Fauation 2-9 with p set equal to zero, the vniaxial yield stress value is 3. 41 [bfiin.

The granular soil iz ar exiremely nonlinear material that exhibits plastic strain
hardening atr lower srains {doth loose and dense) and plastic softening at large sirains (if
dense). The degres of hardening and softzning d2pends on the confining pressure and
density. 'The soll stitffness (tangent modulus and unload-reload modulus) is related o the
confining pressute through a power function as given by Equations 2-1 and 2-2 (Duncan et
al. 198}, An engineering evaluation of the Dames & Moore triaxial 1est data has shown
agreement with tais trend. Tae soil models have been derived for the actual triaxial wst
results with power funchon interpolation and extrapolation of the soil data for different
vonlimng pressaes.
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Figure 2 28. Best-Fit Yicld Line for Triaxial Test for Grout
Vault Soil. (Juvk et al. 1993}
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Tablg 2-1. True Stress versus Dogarithmic (True) Strain
for Triaxial Test Data from Grout Vault Soil.
(Dames & Moore [988)

Confining
Pressure, p, 13.9 PN 35.6
s {1bf/in)
True Axial True Axial True Axial
True Axial Strain | Siress {1bfin®) | Stress (Ib/in®y { Stress ((bfiinY)
{in/in)
{}.0NKX) 23.9 27.8 35.6
Q.0101 47.4 £2.0 _133'3 N
(3.0202 34.5 115.6 173.2
[}.E}_fiEE 584 12°1.8 203.4
{.0408 6l1.3 132.% 220.6
0.0513 62.3 134.1 228.3
{10619 6.7 132.9 2329
0.0726 62.5 130.9 2340 |
3.0834 a6 126.8 2353 -
0.0543 . B0.5 123.1 231.8
0.1054 58.6 - 228.3
.11865 53.6 - 2248
01278 52,6 - 221.3

The true strain anc the true stress are determined from the triaxial test data by

Trus axlial strain = —-logi{l -€}
Truz axial stress — of{l-e) + o,

where ¢ denotes the engiregring deviator siress from the test data, and e denote the
corresponding enginzering strain from the test data, These are taken as positive
quantitics,
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The soil-mode] confining pressures are specified in ABAQUS by field variables that
can be updated at any analysis step. The field variables can be adjusted manually to account
for chenges in confining pressure tha: result from changes in stress stats. This process is an
iterative cne in which the analyst compares mean-stress contour plots from resalts of the
carrent analysis [oad step with the currert fizld-variable values, If the values do not agrec
within a specified tolerance then the field-variable values are adjusted accordingly.

ABAQLS Drucker-Prager Elastic, Perfectly Plastic Soil Model

ABAQUS analyses using the Drucker-Prager strain-hardened soil model rely heavily
on automatic load ingrementation and many ¢ye.es of iteration for convergence of the
plasticity alporithm, The requireinent to deactivate the ABAQUS automatic Incrementation
and limi* iteration to three cycles when the ANACAP-U concrete constitutive model is
invoked motivated the implementation of the simpler Drucker-Prager elastic, perfecily plastic
madel with redouced Young's modulus. The reduced Young™s modulus gecoums for the
stitfness reduction associated with plasiic deformarion. The elastic, perfectly plastic soil
mode] was easier to run and, in a verification case, gave cssentially the same results zs the
full elastic plastic model when the field variables 1o arcount for the changing mean siress
were cpdated.

The triaxial test data from Dames & Moore (1938 indicate that the elastic Young's
modulus as well as the post-yield bekavior depends an the confining pressure. The
depencence of soil material properties or the confiring pressure has been recogrized for
some tinwe (Woag and Duncan .974 ) Seed anc Duncan 1983, Scot 1985). The pressure
dependence is modeled by defining the Young's modulus and the yield strass in terms of a
predefined field variable representing the expected confining pressure at a material poin.
Because the confining pressure is not known a priori, tae static field variable approach is
mherently approximate and terative. If the actual pressures at the end of an anzlysis are
similar to those at the heginming, the results can be judged favorably. Even in the casc
where the hzginning and ending pressure ficlds are not equivalent, the analysis may be valid
as long as the pressure changes ase gencrally small o highty loca'ized where load
redistribution will tend to dimimsh their effects, The suatic freld-variable approack is
reasonable for this effort because only smali pressure changes are expected to occur
throughou the seil during the concrere creep analysis with the possible exceptions of oeal
regions below the footing of during the collapse-load analysis for surcharge loading,

‘The elastic modulus tor this soii model is taken to be the unload-reioad modulus that
varics with confining pressure. [f a triaxial soil specimen is unloaded during a test, the
stress-strain carve tollowed during the unloading is steeper than the curve followed during
primary loading, as showr. in the plots from Dames & Moore (see Figures 2.1-2 and 2.1-3).
If the soil sample i3 reloaded, the sress-stratn corve “ollowed is also steeper than the trend
for primary loadiag and 1s quite similar in slope @ the unloading curve.  The soil behavior is
inelastic, because the strains ocrurring during the initial loading are only partially
tecoverable on unloading. On re.oading there is always some hysteresis, but the Banford

50




WHC-SD-WH-DA-208
Revizion 0

Nite Grout Yault est resul:s show that reasonable accuracy can be abtained by assuming a
single unload-reload modulus that ignores nysteretic effects for static analyses. Again the
interpolation and extrapolation of the unload-reload modulus empioys a power equation
relating modulus te confining pressure.

2 inroducing the elaste, perfecty plastic model, the uniaxial yield stress must be
modified to produce the correct stress-strain bekavior. The yield stress must be increased
greatly beyond the 3.41 [bffin® level or else the perfectly plastic portion of the stress-strain
curve will lie far below the maximum experimental soess level, The increased yield stross
changes the tensile response of the material model significantly. However, the soil
dzformation from tank expansion is small, and superficial loading places the soil in
COMPression. .

2.4.5 Rerommendations for Hanfard Site Finite-Element Seil Modeling

Based on Chen (1954) the best {inite clement plasticity based coastitutive material
madel for granlar sois is the fourteen-paramster Lade tormulation. At the present tme this
mode!] 15 not available a1 Jlanford Site and 1 not 4 part of the Tianford Siwe structural analysis
programs {such as ABAQS and ANSYS).

A more commonly used model that 15 available at Hanford Site is the Drucker-Prager
maxlel. The Drucker-Prager does bave Lmitations in the failure regon but it is numericaily
mare stable than the Mohr-Coulomb model. Because the Lade model 15 not avallab.e
carrencly {luly 1995) at Hacford Site the Drucker-Prager Capped model should be used tor
Hanford Site soils mogeling.

The triaxial test data 15 at this time the one of the best existing Hanford Site sources
for soil properties at depth for finite-element model material defimtion. "[he Hantord Site
spil has been shown W have a very linear unloadsreload moduylus behavior,  The past loading
or strain history can shift the Hanford Site soil into this Jinear unload/reload modulus region
especially with compacied soil of soil that has not be disturbed but has had a large heavy
overburden removed. As long as the new loads are not greater than the previous soil lpad
and the soil is not disturbed 1t will act very linear, 'The range of the loads may need ‘o be
checked for extreme load case analyses.

The power equation relation {or confiniag pressure can b used to iaterpolate and
extrapolate triaxial test data as nezded. This method was also recommended in the Cornell
University report funded by EPRIL

Although the triaxial testing data base s important for Hacford Site soil
chargeierization, plane strain soil testing data is probably mere applicable for soil properties
around the wall and wall foundation ot very large buried taoks with axisymmetric loads.
Published public domain research data has shown thar plane strain test data versus tniaxial
data rexilts in stiff modulii hy factors or two 1o as much as four. Tn lize manner the
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compression failure strength scoms to increase by asout 50 percent and the striain at failure
decreases tn 143, The siress-sirain curves for plane strain testing ancd triaxial tesiing sre
significantly differynt.

Soil fini:e-element modeling on the outside of the tank walls should account tor
compact:on with the unload/reload modulii used for small strains. Exact determination of the
srain imit for urload/reload moculii depends on the compaction histery.

It is recommended that the existirg Hanford Site triaxial testing data base be used to
estabilsh the lower Bound soil properties, 'The upper bound Dropeiies for buried tanks
shou.d be factored up from the triaxial testirg to account for plane strain effeets (For
example modulii factored up by 2 or 3 times.).

2.5 RECOMMENDATIONS FOR SOIL FAILURE EVALUATION

The Hanford Site sandy soil does not have a fuilure proboem when it is properly
compacted. Soil failure is not a concern for operational loads or code case factared loads.
Checks ror soil fallure would be based on existing Hanford Site riaxial soil westing, The
Berkeley hyperbolic made. (Wong and Duncan 1974, Duncan 2t al. 1980 has been wsed at
the Hanford Site to intarpolate and extrapolate limited triaxial test data to provede soil
strength data at various depths and confining pressures. The hyperbolic medel was also
recommended Ior simiiar use for foundation design tn a Corneli Urniversity report {ended by
the Electric Power Rescarch [nstiute (Kulhawy and Mayne 1990}, :

Although the triaxial testing data base is importanr for Hanford Sie soil
charzeterization, plane strair soll testing data is probably more applicable for soil properties
around the wall and wall fpundarion of very large buried tanss with axisymmetric loads.
Published public domain research data has shown that plane stram test data versus triaxial
data results in stitf meduln by factors of 2 (0 as much as 4. I3 like manner the compression
failure s:renpth scems to increasc by about 50 percent and the strain at failyre decreases
to 1/3. The stress-strain curves for plane strain testing and triaxial testing are sipnificantly
diticrent.

tt ts recommended that the existing Haoford Site triaxial westing datz base he used o
establish the lower bound soil failure (strength)y properties. The upper bound failure
{strength) properties for buned anks should be factored up 30 percent (with modulus
factored up also) trom the triaxial testing to account for plane strain affects,
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3.0 SEISMIC SOII. MODELING

3.1 DYNAMIC SOIL MODELING PROPERTIES

The effect ol dynamic earth pressure is considered in the desipn ol Safety Class 1 and
Safety Class 2 below-grade structures. Safety Class 3 and 4 structures are rot required to be
cvaluated for dynamic soii loads.

The subsurface conditions shall te determined by means of borings. ‘est pits, triaxial
shear tests, or other approved ficld and laboratory methods that adequately disclosc soil and
groundwater conditions. Data and other information obtained from prior subsurface
ivestigations at ngarby sites are used, supplemented by additional wvestigations at the
specilic location as deemed n=cessary by the design professional. Subsurface invesrigations
are made (or critical facilities. A bibliopraphy and brief summary of peorechnical studies
performed at Hanford Site have been documented by Giller (19923).

Values defining the dynamic propertics of the native soils and backfill materials are
required in the dynamic analysis of tank structures and their foundations. Parameters
iequired for thess analyses include soil depth related properties of Peisson's ratio, shear
wave velocity and shear mogduli and strain-cependent relationships tor shear moduli reduetion
and damping., These properties were developed for the MWTE project based upun
stte-specific studies that included both field testing and laboratory measurements znd
correlatipns with testing done at nearby facilities including the vimification plant &nd the
grout vau't in the 200 East area,

3.1.1 Shear Wave Velocity

Shear wave velocity 15 commonly used in ground response analyses and soil structure
interaction studies. Shear wave velocities for the i st soils at the MWTE sites were
largely based upon field measurements {rom @ Jarge-strain geophysical crossaole test,
Lim:ted results from freld pressuremeter tests were also used to collaborate the results of the
crosshole velocity measurements. Velocity data were augmented with velocity measurements
from the nearby vitrification plant and grout vault sites.

The shear wave velocity data show excellent agresment arong the testing procedures
used at the site {crosshole and pressuremeter) and the test results from the vitrification plam
and the grout vault. This correlation of the velocities that were derived using different
measurement techriques provides a high confidence level in the crosshole rest resuls at the
MWTE 200 West site.  The only exceptions are the ‘owar velocities determined for the
WNP-1 and WNP 4 sites. The lower velocitics at the WNFP 1 and WNP-4 sites may be
attribered o ditfering subsurface conditions that exist for locations closer to the Columbia
rver.
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The velocity data a:so suggest that the vertical stratigraphy a: the MWTE 200 West
site is relatively uniform hecause of the small scatter {—/- 200 fi/sec} in the data at adjacent
test depths,  Additionally, the shear wave velogity suggest continuity n the horizontal
stratigraphy a: Hanford Site because similar velocities were obtained in the 200 East sites
including the MWTF site, the vitrification plant, and the grout vaults. However, the shear
wave velocites at the 200 West arca are about 200 ft/sec higher than the 200 East area.
This small difference 15 consistent with the enderlying soil conditions that are more dense at
the 200 Wesl area.

Shown oo Figure 3-1 is the recommended shear wave veloclty, compression wave
velocity, and computed Poisson's ratio distribution profile tor the MWTF sites. This
recommended distribrution is largely based on the results of the cresshole geophysical test
data.

The sail dersity and shear wave ve.octty data for both the 20 East and 200 West
Areas are shown 1n Table 3-1 anc Tahle 3-2 respectively.

3.1.2 Compression Wave Velocity

Measurements of compression wave velocities obtained a: the MWTF 200 West site
and at nearby sites are also presented in Figure 3-1. Compression wave velogities cerived at
the 200 West site were determinged trom the large-sizin geophysical crosshole tests.

Figure 3-1 also incudes velocities determined “or the MWTE 2(K) Hast site, the vitnficarion
plant, the grout vault, WNP-1 and WNP-4.

The compression wave velocities determined for the MWTE 200 West sile compare
favorably with the results for the 200 East site which includes both crosshole and dewnaole
measurements. This ggreement in the velocinies that were derived using different testing
procedures provides a high level of confidence in the results,

The compression wave velocities for the MWTE sites are approximately 800 fi/sec
greatar than at WNP-| and WNP-4 which may again be attributed to differing genlogic
conditions for locations closer 1o the Columba river.

The compression wave velocities fur both the MWTE 200 East and West sites are
approximately half the values reported for the vitrification plant and the grout vault. The
compression wave velocities at the vimrification plant and the prout vaul! are suspect because
of thelr unusually high values and the resulting unusually bigh valucs of Poisson's ratic that
are not consistent with published values., The h:pher compression wave velocities and
Peisson’s ratio at the grout vault and vitrification plant may be attributed to the use of
water-filled casings in the field measurements.  Specifically, 1t may be that the measured
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Dynamic Soil Properties Yelocities and Poisson's Ratiu.

Figure 3-1,

{(Shannon & Wilson, Inc. 1994)
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Table 3 1. Summary of Dynamic Soil Properties.

200 East Area
Table 2, Stannon & Wilson 190%4a

Material Deptk Below Moisr Density .
Grade (ft) {Ibf/f™ (ftivec)
1 —
© Stratum 2 (Gravel)
" EL727 to T0n ER G 11z 1200
 Stratum 3 (Sard)
PELTD o 663 it 4 113 1500
" ElL663 o 613 6d o 114 113 [750)
EL6&613 1oy 477 114 to 135 113 2000
; 135 to 250 113 2000
EL47T to 250 250w 477 i3 2300
o Bedrock 477 140 4000
i Bpckfill 0to 60 130 10KH)
Table 3-2. Summary of Dynamic Soil Properties.,
200 West Area
Table 8-2, Shannen & Wiison 1904b
Material Dupth Below Muis: Density Y,
Grade { ft) {Int/ 1) - (ft/sec)
Siratum 2
{Gand, Grave!}
El.6&5 1o 670 Do 15 i13 1300
Stratum: 3 {Sand)
EL.&670 10 640 15 458 113 160K]
E1L640 o 590 43 to 95 113 LB
EL 5390 10 550 85 to 135 113 2000
E1LL350 to 440 135 10 245 113 2251]
EL 440 to 135 245 tp 550 113 2500
Bedrock A30] 140 000
Backfil 0w &l 130 1000
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compression wave velocit:es were from the water inside the casings as opposed te the
compression wave velociry in the ynsaturated soi! outside of the casing. This i1s substantiated
in that the recorded velocities at poth lozations below a depth ot 20 feet were tvpically on the
urder of 5,000 w 6,000 ft/sec and is very close to the conmpression wave velocity of water.
Therefore, the reported compression wave velocities and the calculated Poisson's ratio are
zritficia. and do not refiect the in situ dry seil conditions. However, since soil structure
interaction analyses arg typically irsensitive to these parameters, the interaction shdies
conducted using these values may nat have been significantly affected by the use of these
PropCrtizs.

The recommended compression wave velocity disiribution was largely based on the
results from the large-strain crosshole geophysical testing.

3.1.3 Dynamic Poisson’s Ratio

Poisson’s ratio is defined by a retationship between shear wave velocity and
compression wave velocity, Shear and compress:on wave velocittes determined from the
larpe-strain crosshole test:ng at the MWTF site wete used to compute the Poisson's ratio at
each & ft test d=pth interval. Un the average, these measurements support a constans
Poisson's ratio of 0.27. This average value for the Poisson’s ratio is suby.aatiated by daa
presented in Fang {1991) which indicates that a neariy dry sand, stmilar to Hanford Site
soils, would have a Poisson's ratio of 0.25. The Poisson’s ratio of 0.27 also aprees with (he
0.30 Poisson's ratio that was calculated from the soil veiocity measuremnents at WNP-1 and
WHNI-4, Therefore, & constant Poisson's vatio of §.27 to characterize rhe soifs is
recomme nded.

Different values of Poisson’s ratio have not been assigned for static and dynamic
conditions.  Existing research (Shanpon and Wiison and Aghabian Associates, 1972:
Fang 1991) shows Poisson™s ratio wy be independent of strain and loading condinons (i.e.,
static or dynamic) for soil strains in the range cxpected at Hanford Site during an earthgueake.
Poissont’s rario may change at strain levels approaching the failure limit of the spil. While
soil strain may result in a change to the Poisson’s ratio, soul sirains expected under
earthquake loading will be much less than those of the failure Limit and theretore, a single
constant value of Poissan’s ratio of .27 is applicable for modeling the site soils.

3.1.4 Strain Dependent Shear Modulus Curve

The strain-dependent shear mesduli reduction data derived for the in sita soils are
presented in Figure 3-2. This plot contains data from all of the large strain crosshole
geophysical tests conducted at the MWTF site {depth range of 10 to 140 t1). All of the sue
data 1s plotted on a single corve. Mo sigrificant differznces could be detected i the
computed resuits for intermediate depth ranges of U to 50 i, 50 to 100 fi, and 100 o
.40 1,
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The fipure also contains shear modul reduction curves derived by Seed aad Idriss
{(1970) for sands and relationships recently published by the Electric Power Research Institute
{EPRI, 1993) fur generic soils. The Hanlord Sile data 1ypically lie between the Seed and
Idriss sand curve arnd the EPRI generic soi. curve, Therefore, the data from the crosshole
testing of the in situ soils are in reasonable agreement with published data.

Shear moduli reduction data derived from the results of dynamic laboratory tests are
alse prescnted in Figure 3-2. The data was derived from the results of resonart column and
cye.ic triaxial tests performed on reconstituted matenals obtained from site explorations. It
wus necessary 1o test reconsiiuted samples of the site soils because n ways nuol possible to
obtain yndisturbed samples of the sand for laberatory tesung., Toe samples were
reconstituted 1o dry dersities of 1.0 and 116 1b/¢. Because the reconstituted samples carnot
account for the stight cementation characteristics of the in sita native soils, some differences
are expected between the results of the dynamic laboratory tests and the actuzl behavier of
the site soils. The normalized modull were not significantly different al confining pressurzs
ranging from (L5 o 1.5 (imes the overburden stress at the bortom ot the tank foundacion.
These findinps are similar to the data derived from the crosshole tes:s.

Taere is good correlation between tae results of the crosshole tests of tie in situ
native soils and the laboratory tests of the backfill soils. The relationship defining the regalts
of the crosshoie testing may be used w0 modei the dynamic behavior of the in situ site soils.

3.1.5 strain Dependent Damping Curve

Data characterizing the dynamic damping properties are presented in Figure 3-2. The
data was obtained exclusively from the results of the resonant column and eyclic triaxial
testing hecause damping values are not measured in the large-strain geophysical crosshole
tests, The damping refationship is for both the site in si soils z2nd the backfill material.
This relationship was largely based on the results of the laboratery resonant column test data
that provided more vonsistent and reproducible results.  Although the recemmended damping
curve falls below the Seed and Idriss {1970) and EPRI (1393) curves, the recommended
damping relation s reasonab.e ang consistent with published valuss.

3.2 TANK SOIL-STRUCTURE INTERACTION

Seismic loads and reactions may be amplified due to the effect of soil-to-structure
interaction {581I).

S51 analyses generally involve sigaificant uncertainties in soil and structural stiffness.
1o accounr for these uneertainties, it 1$ 4 common practice 1o perform parametric §51
studies, See, for example, Section 3.4 of Bandyopadhyay, 1993 an¢ Section 3.3.1.7 of
ASCE, 1936, Three-dimensional analyses are nceessary.  Since three-dimensional dynamic
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Figure 3.1. Dynamic Soil Properties Shear Moduli and Damping.
{3hannon & Wilson, Inc. 1994
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SS1 analyses can be relatively expensive o Tun and cumbersome to process. simplified static
miodels should be developed to perform the parametric studies. The dynamic analvses can
then be lunied o a few critical combinations of parameters.

In order to obtain the seismic responsg of (he concrete structere to provide scismic
inputs for the seismic analysis of the primary tank and the associated components, it is
necessary to pertorm seismic 581 analysis of the tank-soil system. Objectives of the 881
analyses effort are to perform simplified evaluations of the tank-so0il system in order 10
identify critizal combinations of tank and soil stiff1ess parameters for further, more detzilad
evaluation. Studiss to evaluate ‘he effects on the seismic response of parameters such as
steel |imer stiffness, fluid mass content, corcrete cracked-section stiffness, and soil stiffness
variation, should be performed. Bandyopadhyay (1993} recommends & simplified
ane dimensional lumped parameter spring/damper model evaluation of buried waste tanks in
lieu ot the more riporous threg-dimensiona. finie-element (FE} evaluatior. Mo justification
of this simplified evauation technique for tanks of small height to radius ratios is provided.
Applicability of the simptitied spring/damper modsi was addressed for the MWTE project.

Parametric models consisting of lumped-parameter spring/damper st:ck models were
evaluated. inadequacy of the lumped-parameter model approach was denwomstrated by
comparing results with a relativety rigorous threz-dimensional dypamic model. Based upon
the resualis from these comparisons, significant reservations developed in the ability of the
stick models 1o adequately predict the three dimensional resporse of the buried tanks.

A three-dimensional model of the tanx and surrcunding soil was devcloped. The
model was loaded by wsing static lateral acceleration of the snil column,  The magnitude of
the static lateral acceleration loading was selected such that the pruk soil strains obtaired
from the free field dynamic analysis of the smi column were approximated. This approach
vielded results that were more consistent with the three-dimensional dynamic response.

3.2.1 SHAKE

In order to provice seismic ioputs for the seisimic acalvsis ot the concrete structurs,
the primary tank, and the associated compenents, it is recessary to perform seismic free {ield
soil analyses. The primary ohjective of the free field soil analysis is to perform free field
so1l evaluations 1o obuain the ferated seismic siram compalible dynamic soil propertiss
{camping and shear modulus) and acceleration time-histories to be used as input o fixed base
557 evaluations, and soil layer siains o be used curing the simplified model parametric
evaluations.

In order te perform soil {ree field analyses. industry accepted, qualizy assurance
qualitied, and efficient compuier znalysis codes are required. The following 15 a hrief
descriptior of SHAKE, the compuler code selected for the soil free {leld analysis and the
rationale bekind the selectinn,
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The program SHAKE is & FORTRAN® computer code developed o calculate the
earthquake respunse in a horizontal layered semi-infirite soil‘rock svstem subjected o
transicnt, verrically propagating shear waves through the base-rock motion. Developed by
Schnabel, Lysmer, ard Seed at the University of California, Berkeley, the program is based
on the continuous solation to the wave-equation adapted for use with ransient motions
through the fast fourier ransform algorithm.

The program SHAKE 15 seiected for use becacse it has been i use by the engmesring
profession since 1972 and s one of the most popular and widely used programs in the field
o7 $8]. The program is well recognized in the indusiry, and it provies all the necessary
analysis options required for S81 cvaluations, Verification of the SHAKE propram has been
nerformed. The propram has sixteen (16) run options.  However, anly a tew of the oprions
will normaily be used.

In genetal, two of the main usages of the SHAKE program arc:

{Generate itcrared surain-dependent soil propertes for mput intw S8T analysis
programs such as SASSI

Compute new control motons at the top of specified soil laver produced from
a cortrel ground mertion. The new cortrnl motion is then used for nput to
S3T analyses.

The formulation of the SHAKE program is based on cerntain assumptions that
translates into limitations in the modeling. The following are a few of the major limitations:

The sail system must extend infinitely in the horizontal direction,

Lach layer in the soil system must be completely defined by ity value of shear
modulus {or shear wave velocity), critical damping ratio, density, and
thick:ess,

The responses in the svstem are caused by the upward propapation of shear
waves from the underlving rock formation,

SOLL PROFILE

The SHAKE evaluation shall be run {or site specitic soil data.  Structural properties
of clay and rock are penerally not csed in the SHAKE evaluations ar Hanford Site because
Hanferd Site is a deep granular soil site. The site-specific soils reports shalt provide

*FORTRAN is a repistered wadename of Internationsl Busiess Machines (IBM),

Corporation.
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non-tinear relationships o be used for all soil depths. The soil daw should a'so include
site-specific shear wave velocittes anc dynamic Poisson's Ratie.

Bandyopadhyay (1993) recommends thzt bounding values of the soil shear moduli be
used. Three soi protiles represerting the best estumate. Jower bound and upper bound of the
final site-specific soil investigation must be used in the cvaluation. The lower-bound soll
shear madali I8 equal to the best-estimate moduli divided by a constant {actor. The upper
bound s0il shear moduli is equal to the best-estimate moduli multiplied by the constant
fzctor. In the absence of site specific data quantifying the variability of the soil shear
mrodulus, the constanr tactor shall of 2.0 shall be used. When sie specific soil data is
obtained showing actual soil variability, a lower value may be used but shall not he less
than 1.5. 'The moduli are adjusied before running the SHAKE propram.

S01] layer thicknesses should be selected 1o mateh soil [avers used in the SASSI
gvaluation. Sot! taver thicknesses shall b derived ir. accorcance with ASCE (1986} for
proper transmission of high frequency content o7 selsmic motion and in accordance witk
Bandyopadhyay (1993) which recommends that sotl layer thicknesses negd not transmit
frequencies greater than 25 hertz.

Total depth of soit cofumn i3 derived i accorcance with ASCE (1986) as the lesser of
bedrock depth. depth of soif having a shear modulus of 10 times that at the forndation, or a
depth beiow the focndation of no greater than three umes the foundation widih,

A frequency cutoff of 20 here should be used.  As discussed in the SHAKE 1572
manual, page 17, frequencies above 10 to 15 kertz carry relatively little energy.  For the
MWTE project, the lower bound soil condition was evaluated wsing cuteft frequencies of
25 hertz and 20 hertz. The diffzrence in maximum soil strains was less than 2 percent. The
difference ir maximum ground acceleration was less than 5 percent in the wop 140 teet znd
less than 12 percent at depths greater than 140 fect. The difference in response speetral
values at the base of the tank were ‘ess than 3 percent.

The nput mation specitied in SDO 4.1 15 a surface motion. The control soint for the
wpot motwn shall be selecied as a rock outcropping at e wp of the uppérmnust Compeet
soll layer. Bandyopadhyay (1993 states that soil sites where & soft (shear wave velocity less
than 730 feet per second) s averlays a shffer soil, the motion control pamnt saall be
speciiied at the free surface of an outcropping of the stiffer material.

SEISMIC INPUT

The acceleratior time-history used for die evaluation shall he detived <o match the
site-specitic response spectra of SO 4.1, Synthetic earthouake time histories have been
developed that edequately match, with appropriate scale factors. the design response soectra
ot 8DC 4.0, These time histories may be used Jor 351 evaluation. These time histories are
presented for sndard ase sile wide. The time histories are documented in Weiner [1993)
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wiich describes the develoomen. and review of the time hiswries and describes where the
digitized files of the nme kistories may be accessed. Digitized files of the small-magnide
near-field time history and the small-magnitude near-field response spectra are also available
n the same .ocation. The analyst is not restricted, however, to the use of these time
historigs. Any iitme history that is adequately documented o match the destgn response
spectra may be used.

The response spectra accslerations and the thne-history accelerations may be scaled w
obtain response spectra and lime histories at zero period accelerations other than the .20 g,

Time histories found in Weiner (1995) shall be scaled in accordance with the

following table for application at various damping levals 'o ensure enveloping of the design
respOlse specira.

Table 3-3. Time Histories Scaling.

Damping % _gtoh.hn geov.ht |
2 1.13 [.08
5 1.05 1.01
i 7 | 1. 1.
10 1.01 .03
12 1.02 | 1.07 |

3.2.2 SASKI

Delailed three-ditnensional finite-element anzlyses are necessary for reliable results.
The S5I response of the concrete swrugiure dae tn vertical and horizontal selsmic excitaton
shall be evaluated. The scismic results from the vertical analysis shall be combined with
those ITom the horizontal znalysis w obzIc the ota) seismic $51 Tesponse. These seismic
results can then be combinad with other applicable loads o form the final desipn loads for
the design/evaluation of the concrete tank structure.  (Other seismie resutts suzk as
duceleration ume-histories and amplhified response speetra may be obtzined for analysis of
other structures, componsnts ur equipTents,

The SHAKE results of the iterated strain compatible so!! properties from thosc of the

horizontal analysis are applicable for both the horizontal and vartical SASSI analvses. This
15 based on the asscmption that scismic cffects on soil propertiss are similar for both vertical
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and horizontal orientations and is primarily controlled by the horizontal carthguake
excitation.

In arder to perform sophisticased FE or 881 ara:yses, industry aceepted, quality
assurarce {QA) qualified, and efficient computer analysis codes are requited. The following
is a brici deseristion of the computer code SASSI selected for S51 analysis and the rationale
behind the selection:

S5ASST

The SASSI {a Systemr for Analysis of Soil Structure Interaction) program is a special
purpose computer code that can be used 10 solve & wide range of dynamic SS{ problems in
two or three dimensions, [t contains nine inter-re:ated modu'es. The program treats $SI
problems with the flexible-volume substructuring method. In this approach, the problem is
suhdivided into a series of s.mple problems, Each problem is sobved separately and the
resilts are combined mn the fical step of the analysis © provide the complete solution, based
on the principle uf superposition.

SASST is extensively used in the ficld of 88T anatysis. [t has been used in the analysis
of structures for many comrercial nueicar facilities. The program was developed at the
L nversity of California at Berkeicy, by d research team consisting of four (4) docroral
students under the direction of Prof. John Lysmer whao s a highly recopnized expert in the
field of 351, The SASS] program 1s selected for use hased on s accepted use in rthe nuclear
industry and its special capability in the 3D analysis of 58I problems with FE modeling of
the struciure,

MODEL DESCRIPTION

Three-dimersional dynamic seilstructure interaction (S871) seismic analyses have only
become practical in the last decade. Only two selsmic analyses of buried tanks have heen
pertformied on the Haonford Site employing $81 techniques. A review of the tank scismic
work and consulting watk a DOE tank seismic experts panel has reintoreed the canviction
that derailed 85I is a prudent way to cvaluate single or multiple burisg structures.

SASS] 3D QUARTER-TANK SBELL MODEL

The SASSI quarter-iank shell model uses four node quadriiateral shell elements having
bending and membrane capabilities to model the conerete tank walls, dome. and base slab,
The secondary liner and the supportuing coccrete pad were not modewesd. The primary metal
tank was modzled using »eam glements kaving 2 moment conncction at the basz of the tank
angd a roller connection at the top ot the tank,
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Eight rode solid elements were used o model the backtill soil elements. The size of
the soil elements in the base and dome areas was selected to satisfy the guidance ia ASCE
{1986), paragraph 3.3.3.4 o have ar .cast eight aorizontal elements over the foundation
width. Soil layer thickness were specified so that frequencies of 23 hertz were transmitted
through 501l having a lower bound stifiness. Soil element size above and below the tank was
approximately 10 fee: by 10 feet horizental. Soil clement size besice the tank was
approximarely 11 feer circumferential by 3 feet radial. Soil laver thicknesses are
approximalely 5.4 feet above the 1ank, 8.2 fee! beside the tank, and 10 feet below the tank,

The shell elements used ‘o represent the concrete tank have aspect ratios of
approximately 1.

The soil clement nedes arc attached to the structural element nodes at every structural
. element node.

The quarter-tank sheil mode’ uses the global x and ¥ axis for the plan and *he gtobal =
axis for elevation. The origm is located at the centerling of the axi-symmetric tank at the
bottom af the tank. Oune-cuarter of the tank was medeled using one plane of symmetry and
one plane of antisymumetry in the horizontal svaluation model and two planes of symmetry 1o
the vertical evaluation mode., Seismic motion was specified in the +/- x dirzction for the
horizontal cvatuation and in the —/- z direct;on for the vertical evaluation.

Negrees-o-freedom (DOF] were assigned to each node according to the type of
element conaected to it and according to the boundary conditions associated with tae planes
of symmetry and antisymme'ry. Nodes used 1o define the shell elements depicting he
reinforced corcrete wnk have six DOF, three wanslational (ux, vy, and uz) and three
rotational (rotx, roty, and rotz). Nodes having y=0 lie on a plane of symmetry in both
bonzontal and vertical evaluation moedels. Nedes having x=(} lic on a plare of symmetry in
the vertical evaluation maode. and on a plang of antisymmetry in the horizontal cvatuation
model.

Shell element nodes on a symmetry plane have the out-of-plane translation and the
rolationts about the in-plane axes set to zero. Shell slement nodes on an antisymmerry plane
have rotations about the out-of-plane axis and the in-plane translations set to zero. Shell
element nodss having x=vy=0 lie on the centerling axis of the w@nk and have JOF
constrained according to the sum of the symmetry/antisymmetry conditions. The remainder
of the shell element nodes not tying on a plane of symmetry or antisymmety have all six
DOF frez to displace, no DOF se 1o zero.

MNodes used w define boih shell elements and solid clements have the DOF set o the
rules for the shell elements. Nodes used ta define only solid clements have possihle only
three structural DXOF, the three ranslationz] DXOF. For all these nodes, the three rotationai
X are set to zero (rotx=roty—rotz—{). The translational DOF follow the rules for the
shell elements.

65



WHC-SD-Whi-DA-208
Revision 0

Tahle 3-4. Element Nodes.

ahell Elemen: Modes Gitid Blerfisnt Modes
x—I(] ¥ =0 x=0 x ) x=0 y—10 x-0 xx£(
vl 5} ¥—Ii 1 oy
Hor:z. Sy LYPE HEYIIL 2y L rone a5y Y10 L Inie
Mogal
Lranslatinn uy =k uy=L ;o ouy—b TIEROE ur =0 Ly =t} y =0 N
o= rz—=I i ouz—=0} uz - (b ur—[}
roAticn rots--0 | rox—6 | rotx—0 noe ram =1} refx—I0 ot —{  colx
NOF nwer =gt ° roz=u0 Tty —1 oy =0 ] roly=1U raty=0
sz =0 qotz=0 | oroez—0 | -G
Yerdcal sy type BYT 5% i NLHE Ky YT L. nane
el )
Caslalion us O ay =1 ux=(} nene un—-0 - ouv-i] ax —4 rars
Dol Ly —u uy=0
rotaticn raty=0 | rox—=0 | rotx=0 | none =0 ook =0 ] Tox=0 ot —N
ple)y rofz==1 | rotz - | rory 0O oy —i) oty = | oroty 01 romy =0
rote—1) g -l rae—I(l rots —il e =0

TESTING OF SYMMETRY CONDITIONS

The development of the most cosl-e{fective Huried-tank seismic aa yses requires the
Lse of symmetric and aptsymmelric boundary conditons. For cxample, a single @aak under
a borizontal seismic acceleration can be modeled as a quarter-model with both symmetric and
antisymowuic boundary conditions.  n like manner two tanks subpecied <o horizontal seismic
accelerations can be modeled with a single half-tank employing symmeric and anusymmetric
Eoundary congitions.

The developed half-model tank (necessary lor tank to-tank interaction studies) was run
with a horizontal s2i1smic acceleration and a single symmetric soundary condition. ‘The half-
model single-tank results were compared with the results fromn the same hurizontl seismic
gxcitation cmploying a quarter—ank modsl with two symmetry conditions (symmemic and
anttsymmetric), Toe results (as wdicated by forees and moments in the wnk shell clements)
from the two single-tank models were identical. The SASSI antisymmetric boundary
conditions and the use of these boundary conditions were verified to be corrsct.

The SASSI program defings the site 501l a8 an inficite conttnuum with interaction

nodes cstablished throughour the stucture of inmerest. The stryctural nodes and clements
coanect o the soll interaction nodes. The SASS] vser manual allows the definition bom of
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The SASSI program defings the site soil as an infinite continuum with interaction
nodes established throughout the structure of iaterest.  The structural nodes and elements
connec: o the soil interaction oodzs. The SASST user manual allows the definition botk ot
svinmetry planes and of boundary conditions on all nodes. Tt was not clear whether the
symmetry planes could be established ourside the structural nodes and elements.

Twior simple test cases were run to test the estahlishment of antisymrmetric planes
heyond the structural FE mesh, A buried half-tank was modeled with interface s0i] and
irteraction nodes out to the antisymmetric plane (center line between the two buried tanks).
‘The mode! had the proper boundary conditions tor antisymmetry defined for all nodes on the
plane. A sccond half-iank was modeied having interface soil and imeraciion nodes around
the tank hut not out to the antisymmetric boundary at the two ank center line position, The
antisviunelry nodes are outside the structural model.

The forces and moments in the buried iz=ok shell for both models were the same.
SASSI antisymmetric planes can be established outside the siructural model.

PRIMARY TANK STICK MODEL

The methodology for modeling the primary metal tank and the flind mass in the
finite-element models of the concrate tank is discussed herein.

The concrete tank is expuacitly modeled including the stiffness of the metal liner where
appropriate. The primary tank is modeled as a stick connected 1o the conerete tank at the
hase and at the haunch. The primary tank stick has the stitfness of the average of the wall
thickness over the lower two-thirds of the (igquid beight (Bandyopadhyay, 1993,

Scetion 4.3.2.2).

In the SASST 3D quarier-tank shell model, the base of the prumary tank stick is
connected to the concrete tank perimeter using stiff beams. These stiff beams are connected
to the primary tark stick in translation and in bending about the horizootal axis. The beams
are released such that they transmit no torsion or bending about the vertical axis. The beams
are pinned 1o the concrete base slab approximately where the primary tank contacts the base
slab. The top of the primary tank stick is connceted to the concrete perimeter using stitf
spars. The stifl spars are connected to the concrete dome approximately where the primary
tank coniacts the dome. In the avrizontal evaluation, the fuid mass is connected 1o the
pritnary tank stick using a spring.  Only the impulsive mass as determined by
Bandyupadhyay (1993) 13 included in the horizontal evalcation.

For the vertical analysis, the effect of the fluid mass was modeled with lumped
masses connected and distribured to the nodes of the concrete rank base slah, As a
corservative approach, one hundred per cent of the waste fluid mass was lumped to the base
slab for the vertical evalvation.
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The primary tank including the connecting beams and spers were medeled and tested
to verify that the impuisive fluid mass was responding horizontaly at the appropriaie
frequency and that the support reactons are properly distriputed. The mass of the impulsive
fluid {m,), the frequency of the impulsive fluid (t), and the effective height of the impulsive
tluid (h,") shall be calculated in accordance with Bandyopadhyay (1993} Chapter 4. 1n
accordance with Bandyopadhyay {1993}, the support reactions are to be distributed 40
percent to the dome and 60 percent to the base. The stiffness of the fleld mass spring and
Ui conpecting beams and spars shall be varied untl the proper impulsive fluid mass
frequency and support reactions were achieved. The primary tank model can then
incorporated into the SASST models.

ANALYSES INPUT
SOLL PROFILE

Soil property inputs of shear wave velocity at seismic strain, density, and poisson’s
ratio shall be taken from the site-specilic SHAKE anailysis. The SHAKE resuls of the
iterared strain compatible soil propersies shall be used as input for both the horizontal and
verrical SASSI aralyses. This is based on the assamption that seismic cffects on soil
properties are similar for both vertical and horizontal oricntations and 1s primarily cortrolled
by the horizontal earthquake excitation. Seismic evaluations shall be based on site-specific
5011 shear modulus reduction and damping curves.

SEISMIC INPUT

The acgeleration time-histories ysed for the borizgnial and verical seistmic 551
evaluation shall be the same as used in the SHAKE evaluation.

SEISMIC SSI EVALUATION

For the 581 analysis of the concrete tank, the most significant parameters that affcct
the overall results are | dynzmic so:l property {i.e. [.ower Bound properties (LB); Best
Estimate properties (BE), and Upper Bound properties (UB)) and the level of waste flukd
content m the tzng {empty or full). For *he 551 analysis, six (6} cases were analyzed and
wlentifed as follows;

Seismic resclts from the horizental and the vertizel certhquake directions tor each
lead case shall be combined using the square-root of-the-sum of-the squares (srss) method.

INSTRUCTURE RESPONSE SPECTRA

Loveloped borizontal and vertical response saectra is developed lor points on the tank
hasz and the fack dome for subsequent evaluation of tank mountad equipment.
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Resporse spectrum results from the horizomal and the vertical earthquake directions
need be combined only for the horizontal response at the haunch. Only the tank baunch has
any appreciabie horizontal response W the vertical garthgquake. This can be explained by
considering that the haunch is the tension. ring at the base of the dome arch. As the dome
flexes vertically, the haunch tlexes horizontally. Response spectrum results from the
horizontal and verticzl earthquake dircctions at all ather tank locations need not be combined.
Typically, the vertical response due to the horizontal earthquake and the horizontal response
from the vertical earthquake (except at the haunch) are not significant,

TRANSFER FUNCTIONS

The SASSI evaluation is performed at user selected frequencies fror which SASSI
interpolates results for intermediate frequencies. 1o performing the SASSE SSI analysis, an
initial set of frequency points {approximately 15} shall be specified for the analysis. Based
oa the transfer functions for the initial set of frequency points, additional frequency points
shall then be selected to produce smooth transfer {unctiong whose peaks are well defined by
calculated frequencies.

3.2.3 ANSYS Equivalent Static

581 analyses generally involve significan uncertainties in such parameters as soil and
structural stiffness. To account for these uncertainties, it is a conumon practice (o perform
parametric 8581 studies.  See, for example, Section 3.4 of Bandyapadhyay, 1993 and Section
3.3.1.7 of ASCFE, 1986. Since three-dimensional 851 analyses can be relatively cxpensive 1o
run and cumbersome to process, simplified models should be developed to perform the
parametric studies. The detailed :hres-dimensionzl analyses can then be limited o a faw
crittcal combinations of parameters.

The basis [ur using a swauc cvaluation of the bunied tank-scrl system to approximate
the dvnamic seismic response of the buriec tank is that the inertial effects of the bured tank
are not significant when compared to the reaction of the :ank to the defermation of the sil
column during the earthcuake. By simulating the maximum deformation of the soil eolumr
in the range of the deplh of the buried tank, the maximum strain and siress of the byried tank
can be approximated.

Szigmic strains of the soil column shall be obtained from the SHAKE evaluation for
the three sets of soil properties: best astimate, lower bound, and upper bound. The soi.
strains for the top 130 feet of soil occurring at the time of maximum soil strajn at the base of
the buried tang skall be compared 1oy soil s'Tains computed by ANSYS by applying a lateral
accezleration o the soil-tank system and checking the soil strain in the sotl elements on the
peremeter of the soil column to verify that the SHAKE soil strains were duplicated in the
depth of the buried teng. The maximum ground acceleration for the soil laver az the base of
the buried tang may be used as an imitial static lateral acceleration of the soil-tank system.
Lateral ground acceieration can then be adjusted untl sodl strains from the SHAXL and the
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ANSYS cvaluations agree for the elevations of interest over the depth of the tank., The static
soil strains at depths below the tank need not match the dynamic soil strains and will not
affect the maximum strain and stress of the buried tank,

ANSYS

in order to perform sophisticated FE or 55! analyses, industry accepted. qualiry
assurance ((QA) qualified, and efficient computer analysis codes arc required. The foliowing
is a brizf cescripton of the compter code ANSYS selected for simplihed S51 analysis and
the rationale behind the selection,

ANSYS is a penera. purpose finite-element analysis computer cede that has been used
ir. the nuclzar industry for decades. The program has an extensive element library with aver
) element types and many analysis options. It also has extensive praphic, preprocessing and
pustprocessing capabilities. '

It is a wel] documented and proven FE program, With the availability of an extensive
element library, it provides flexibility in erms of mode.ing. The program comes with a well
dovumented ieorcteal manual and verificatior manual. [t is QA approved by TCF Kaiser
Hanford Company (ICF/KH} and has a good error reporting system maintained by Swansorn
Analys:s System, Inc.

MODEIL DESCRIPTIONS

This section pravides general descriptions of the various computer models vsed for
the seismic parametri; study.

ANSYS 3D HALF-TANK MODEL

The ANSYS 3D half-tank model 15 similar to the SASSI quarter-tank shzll model
describaec above, but with half (i.e. 180 deprees) of a single ank modeled. The shell
elements representing the reinforced concrete tank, the solid elemenis representtng the soi.
that 13 immediately below, beside, and above the tank, and the beam elemens representing
the primary steel tank zre identical in geometry and properties to the SASST modal.
Additional soil beside and below the tank is modeled in the ANSYS model usicg eight node
solid elements, As this mode]l would be used for static evaluations, the size of the added soil
clements were allowed to cxceed the ASCE-4-86 guidelines for dynamic evaluatiors, The
ANSYS mode! is a 180-degrze tank model ircluding about two tank-radu of adjacen: soil on
the botiom of the tank ard three tank-radi of s01] on the sides. Above the tank, the soi
cxtends to the surface, Symmetry boundary conditions were applicd.  The soil was fixed at
the bottom of the soil column. The ANSYS model uses the global x and z axis for the plan
and the global y axis for elevation. Seismic motion was specified in the +/- x direction.
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TESTING OF SYMMETRY CONDITIONS

The developed half-model tank (necessary for seil-sructure-structure-interaction
studies) was run with a horizontal seismic acceleration and a single symmetric boundary
cordition. The half-model single-tanx results were compared with the results from the same
horizontal seisinic excitazion employing & quarter-tank model with two symmetry conditions
(symmetric and antisymmetric). The resulis (as indicated by forces and moments in the rank
shell elements) from the two single-tank models were identical. The SASSI artisymmerric
boundary conditions and the use of these boundary conditions were verified to be correct.

SOIL MROFILE

Soil property inputs of shear wave velocity at seismic strain, density, and poisson’s
ratio shafl be taken from the site-specific SHAKE analysis.

3.2.4 Tank-to-Tank Intergction

Bandyopadhyay (1993) recommends that for multiple tank instailations, tank-to tank
interaction effects are not significart unless the spacing berween the tanks 1s less than
one-half tanx radius, and that tank-to-tank interactian cifects should be evaluated for spacings
closer than ane-half mank radis.

Two studies of seismic tank-to-tank interaction were completed at Hanford., One
study evaluated seismic tank-to-tank interaction for an existing reinforced conerete tank
design used during construction of the Hanford Site in the 1940%s. These exisling tanks are
scparated by approximately two-thirds tank radivs, ‘The otaer study evaluated seismic
interaction and radius of separatiun for newly designed double shelled buried waste tanks,
The new tanks are scheduled o be installed at 2 spacing of one tank radiugs. A detailed
three-dimensional finte-element 551 study to determine the tank-to-ank interaction effects for
the muitiple tank installaiions was performed for tank separations of one tank radins, one-half
tank radus, and une-quarter tank radius. The S3T seistnie analysis for single and two-tank
interaction were completed with the computer program SASSL

The two tank to-tank interaction evaluations conclude that ‘nteraction cffects for tanks
separated by ong-half tank radius or more have no significant increases in stress levels in the
corcrete tanks. Maximum in-planc shear stresses at the basc of the wall are relatively
uncharged for the one-tank-radias-separation and reduced hy 4 percent for the one-half- and
one-quarter-tank radius separaton.  Tunk-w-tank imeraction decreases the peak vertical
membrane stress in the walls by | percent at one-tank-radias separation and increases the
peak vertical membrane stress in the walls by 2 percent at one-half-tank-radius separation and
30 percent at one-quarter-tank -radius separation. Many other peak stress components have
larger nercentage increases or decreases as a result of tank-ro-tank interaction. but because of
the low stress magnitudes the changes are considered insignificant. The largest shear stress
increase is 30 btfin, The larpest membrane stress increase is 32 bf'in®. Thus. the etfects
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of tank-to-tank interaction are generally minor. The computation of wok-io-tank b:aeraction
considered the effect of anly one adjacent rank and assumed the fwo tanks o be identical (no
difference in contents, in situ loads, or materials),

DESCRIFTION OF THE DOUBLE-SHELL TANK MODEL

The 3D model used a vertical plane of svmmetry parallel to the excitation direction
and a vertical plane of antisymmetry perpendicu.ar to the cxcitation direction.  The
remnforced concrate hase, wall, and dome of the tank are modeled with thin-she}] elements.
The primary steel wek 18 moedeled with vertical beam elements at the centerline of the tank,
The vertical beam. clements have the section properties of the primary steel tank. The near-
field soil, that is considered par: of the structural model, is modeled with solid clements.
The near-field soil mash extends 36 in. radially outward from the tank wall and o the
ground surface above the dome apex. No soil 15 medeied beneath the tank hase. Eight-node
brick ¢lements as well as degenerate cight-node clements (wedges) are used in modeliag the
near-field soil. All hrick elements use fourth-order integrazion. Nodes are shared by the
tank and oear-Neld soil at the tank-soil interface.

Soit is modeled as a viscoelastic material using site-specific datn, Soil density as a2
function of depth, shear modulus as a tfunction of depth and effective strain, percentare of
critical camping as a function of effective strain, and a horizonizl conrol motion at *he
ground surface are provided as input (o the computer program SHAKE., The variation of
density and shear modulus with depth and the varmation ot shear modules and ¢amping with
etfective strain are taken trom EPRI. A svnthetic aceeleration tirne history hased on the
5 percent-damped, 0.35-z anchored site specific response spectrim is used as the horizontal
control metion 1n SHAKE.

Poisson’'s ratio of the soil, taker as a constant equal to 0.27, is based on wave speeds
reported in Skannon ard Wison (1594b). Because Poisson’s ratio is assumed o be a

constant, compression wave speed 1s directly proportiona: to shear wave speed.

The damping ratios of the soil calculated by SHAKE ard used in SASS[ are rypically
within a range of 0.01 to 0.06 (1 pereent to 6 percent of critical damping) and thus are well
within the maximum damping value of 13 percent allowed by Bandvopadhyay (1993). Free-
field soit and near-tield soil (fill) are assumed to Layve the same fuldainerts] material
properties.  Further, the effective strain profile in the near-fizld soil used in developing
sirain-compatible shear moduli and dampiog ratios is approximated as being equal o the
effectrve strain profile in the free-field soil.

The reinforced concrete tank is modeled with shell clements of elastic, sotropiz
material, The thickness of shell element and Young's modulus of the elastic material are
prescrized to approximate the uncracked, undegraded concrete pruperties. The weight
dersity of 130 Ibt/ft’ was used 1o approximate the density of reinforced corcrete.
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Resulls from the study of single tank configurations indicate that cmpry tanks have
greater 881 effects than do full tanks (full tanks more closely éuplicate the mass of the
excavared soil). For this reason, only the empty tank configaration was evaluated for TTL.

TESTING OF SASSI SYMMETRY CONDITIONS

The development ef the most cost-effective buried-tank seismic analyses requires the
use ol symrnemic anc antisymmetric boundary conditions. For exarmaple, a single tank under
a horizontal seismic acceleration can be modeled as a quarter-model with both symmetric and
antisymmetric boundary condivions. In like marner two taaks subjectsd to horizonal seismic
acceleravons can be modeled with a single half—ank employing symmetric and amtisymmaetric
boundary conditions,

The developed half-model tank (necessary for tank-to-tank interaction studies) was ran
with a horizontal seismic acceleration and a single symmetric boundary condition. The hali-
model-generated single-tank resolts were compared with the results from the same horizoatal
seismic excitalion employing & quarter-lank model with two symmetry vondiuons (symmetric
and antisymmetric). When boundary conditions consistent with standard enginsering practice
were used, the results (as indicated by forces and moments in tha tank shell elemenis) from
the two single tank models werce identicai. The SASSI antisymmetric boundary conditions
and the use of these boundary conditions were ventfied to be correct.

TESTING OF THE TANK-TO-TANK ANTISYMMETRIC PILANE

The SASSI program detines the site soil as an infimite continuum with interaction
nodes estahlished around the siructure of interest. The structura, nodes and elements conneet
to the site interaction nodes. The SASSI user manual allows the definition both of symmetry
planes and of boundary conditions on all nodes. 1t was rot clear whethar the symmetry
plangs could be established outside ihe structural nodes and clements.

Two simple test cases were completed to test the establishment of antisymunetric
planes beyond the smuctural finite-element mesh. Results from a buried half-tans shell with
ititerface soil and irterzciion nodes modeled out w the antisymmetric plane (center line
berween the two buried tanks) were compared to results from 2 second half-tark todel
havirg interface sml and interacivn nodes modeled around the tank but not out to the
antisymmetric boundary at the two tank center line position.

The forces and moments in the buried wnk shell for both medels were the same.
SASST antisvmmetric planes can be established outside the structural model.
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4.0 THERMAL SOIL MODELING

The average and dry values of sandy soil thermal conductivity and specific heat are
showi in Table 4-1 (PFTHERMAL 1991). Bouse (1973} measured the thermal conductivity
of several samples of backfill soil from SX tank farm. His values ranged from 0.23 Bu/h-ft-
*I' for looscly poured dry soil at 79 °F to (.51 Btu/b-fi-°F for vibrated soil at 215 “F. A
more rezlistic thermal conductivity for dry, sandy soil is approximately 0.30 Btu/h-f:-°F
{Julyk et a.. 1993,

5.0 S0IL DENSITY

Typica! site soil densities are 100 10 112 1Y down to 34 feet depth with 2n average
of approximately 110 1h/it* on to 120 ft with approximately 125 (b4t at greater depths.
P.zase refer the overview of Hantord Site soil datz reports by (iller (1992)
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APPENDIX A

SPRING CALCULATIONS
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Harizantal Springs

Fror Timoshenka's, Strength of Mater‘als, 1956, the elast’c solution to
a thick cylindar yields the following egquation for radial stress,

g, = — 5 [ i1evi-—2 [1-v']
) 1 —us = re
B r=sa | 7. - 0
G r= Ry g, = Py
Solving for C) and L,
¢, =0
C2=p:|[l;v:lﬂaz
Thus
e
U,——P:'R:
. BE

The defleclion of the so'l at the tank wall for a given wall pressure,
Fn. was determ'ned by intergrating the strain aver the distance along the
radius,

5 - [P edr

et

m
[
3 | W
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Use the power relation of Section 2.1.1 for Lhe unicad reload modutus (E

E

ur:| -
-

. . L
= Kurpj"-';'ﬁ_c}ﬂ

‘&

= P.JR;- PERU. =
§ - 7 2t gy o Holoo 2
fp, BT F ok
5 - p{;ﬂ

The eguivalent horizontal seil spring is as follows:

|E|‘ = E = p-‘: = 'E
g & By R K.
K
_ L.
.'f”r]':'a ': '_'ll'_' | r
E‘r_"l = W -

A-4




WHC-SD-Wh-DA-20K
Revigsion (3

Double shell tank foundaton soil-spring calculabians
E.C Weinar 3M4/95

Scope;

Soil spring stiffness relabing to foundation setiemeant = estimated with the Schmermann methed.
Tha hasic case is adsymmetric far a unifarm lead over the fult diameter of the foundation. Effacts of
the more concentrated wall load are astimated by separating outar rings of the foundaton and
traating them with plane strain crtaria.

Default unis: ft, Kip

t.21.23 came thickaess, it
=81 5oil height above crown, ft
1. 123 s0il density, kef

Poo-. 143 concrete density

Weight calculations,;

a:-4Q b =15 Inside dome ellipse major/minar axes
VE:-G.S-g-n-uz-b ‘-.lfs-'S.EiZ'?-ltl'1 half spheraid yolume

2 5
Ve =rdlS fho et by v =13i7-10 cyiinder above springline
W 15222750 v =1272- 1[}4 estimate concrete portion
1 . d
Vo 2ord0 TS 15315 Vu=1248-10 wall

1 — I o ! 3
W af -..*Fc""5;'15"vd'-._'f-:"-'s,'*'vwﬂru

4
Wop=1.225-10 wt above foundation. thiu wall, extended nuter wall cylinder
Q.- 06241703517 G =3.731 Waste q, spor=1.7, h=1517

ther constants and functions:

D =50 Depth af faoundatian
frgtt) ™ ASA-l unioad-reload modul
EW{H] :?zﬁzzlzl _i_l -l LMigad-reioad m UIus
'|_2.12|'

Settlernant estmates are based on Heltz 1931, Calculations simplify the ntegration of tha influence
curve by a zentroidal estimate ulilizing the mild £ vs depth telation and infinite depth.

A-%




Axisymmetric case

B -&O

ag =.001

U,,p{ﬁl =yt +B)
q,,c'=u,,p{m

".q. ..I
e 1" =]1- le—.nll
LA

'
I -5, 1. I

n | ;
z c._,?{E,

__']‘+13P_

- i L
I =7 sa'..I .

E By =D+07B

E =E {11 4(B)!

= k=276.695
CIB

Qowf "Gt 2"]',: qaxf=4'321

Qaxe ;Z'T: qm=ﬂ_29

Flane stramnm case, Bog'

B -6

Qg :D'Ts qm=7_375

R, -40 s 1.5+3'§5 R, -43.125

Azdad 323 A=880.628

wtot Qg A waf

Ap T2m'dd.7
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Full diamater of Feundation

Dq is nagatve, use small

o\l B) =18.5

€7 | <5,.5,€4

lgp =0.501

t) C.=058

B

E =6_4?3'103

Axsymmetric LB=1, inlegrate influenca
curva noimalized to B=1 and constant E.

Locate influenca curva centroid depth

Subrade modulus, kef
Ky =K Save g and k. full tank

Save g, empty tank

- 4
Wmt= 1.874-10

A-b
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Wty
=A -0 q=13.04 4 =g-1q, Ag=8.263
B
um[Bj =1 (35 +B) uvaH)=E.125
1 g
&Y “‘|n¢{H} SF
2l I
Lopsilep) =—— 21+ —2-3
LEES PN gy 1=1.302
|'IE[ [
€y =1-035 '.f,l Ty =d[Cy<.5.5.C “:. C.=0554
L LY
IIPS(E} -5F+ 1,58 Locate influence curve centroid depth
E =F m.:HFS{Fi]:. F=4243-10°
E
k :C = k=980 818 Subgrade modulus, ket
r
X agsr K
Empty tank;
Wint
= . q=11.90% 9 =q-9 4 Aq=4.534
| 8
[ 5.1 [.,=0.275
¥ 3 Tap(B) ¥
2.1 I
SR 5P 3
Lepsilop) = l*‘i'j
I :rsps_l'Im_; [=1.240
||lqmlll
Cle=1-051--= C =i p<5,.5,C ) C,=05

' ag

e (B) =59+ 1.5B

P R & o
E =E,,/H (87
.- E
qpsﬁ =9 kps&: k

Locata Schmertmann centroid depth

b =4.743-10°

k=1.132.10" Subgrade moduius, kcf

E2]
ava A7
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Plans strain case, B=12'
B =12
Qyg = D1g Qug~ 7375
3.25
R, =40+ 15+ R,=43.125
2
Ac-2aR 325 A =880 628
Wiat = A+ Wr W1UI=1'ET4']'G4
ag =2w14475.5'p
| 2.
Y 1
gy - 0624 1.73517 Clw=3.?3l Waste q, spgr=1.7, h=35.17
¥ ot
T -y y=10.146 8 =9-9q,4 a -2.771
Ag
::.m{ﬁ'] =yg4(5%+ B) cr,.,P(E]=3_BTS
iq
I=.54+ 1.1~ 1. =0556
P | ap :
3 TptP)
2+I I
T - 5S¢ o2
Lepsilap) —"2'— 1+—-2----_1
I IFPS:LIFPI I=] 2]2
|II L. »] ~ .
Cye = ‘DSIIII; [ :Lﬁ;(‘: 11<.5.5.€ €, =05
I-IPREB}Z:59+ 1.58
E <E [ po(®)) - 4.646-10°
E
k= k=838 97 Subgrade modulus, kci
C l I3
kKosior =k

A8
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Empty tank:
Wial
- 1=6.416 A Tq-q g Aq = ={1 959
AB
| ag
I =5+ 1. I.,=0.501
sp g ¢ =P
NIl
[ yeltley ey
s, s 2 )
. ! il =
U-Topsilsp: 1=1.102
flqmlll . 3
Cp=1-05 "] o 1f[:C 119-5..5.C ) =05
Vg
H, R):=59+ 158
— i W ) = 3
= :Eur:\H ps[EJJ E =4 54G-10
k= E k=702.533 Subprace modulus, kcf
C | IB
Qpstz -8 kpsl'lt‘r':k

A9
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Pressurndeflection calzulalions. Purposze 5 19 estimate soil springs. First case is an
amisymmetne uniform waste pressura oye* the Ul fourdation diamentar. Then, tha foundation is
assumeg broken at B from the outer adge, and and *he excess of tha wall and soil ledge pressure
{figured fram lcads over B) above the wasle pressare is reated as a plana stain incremant and
sunarposed with the axisymmatrc solution. The B=212' case resambles tha 2' thick foundabon
scrton without rotaticn. The B=6' case is used lg estimato how higher pressures from foundation
rotation might banave.

59 ps1ze "9a512 - Qaxe 54 ps12e ” 6126 Excess wall load over waste extended to
pianae sirain region
S0 pst2f “ps12” Daxf 69 pgy2 = 2.393
Eqpsﬁc Qg - A axe Eqpsé:=11.539
¥ pusf - A psg — & axd Ba pygp =7 BBE
i=1.3
af.
TR sty -— Settlement under waste pressure, full tank
K aef
p . dq psizf - .
af, —qf - &q as12f sy =sf) - PR Adding planae strain setilermert, B=12"
ps. 27
. b patf
gf, =gf, ~ig sf, .~sf, - ——— Adding plang sirain setilemer(, B=6'
3 1 pshf 3 1
K pssf
p
46y _
18 79 e S, 0= Settlement with empty tank
K anf
5 ps12e
L) ;"F’l"'sqps'_zt E’:‘2':5""“]"51—
kpsii:
L P
o - i
% —qclqﬁqpﬂ sy _Sc|'+k___
nshe
sfi qf, 8¢, ge.
0.015 4021 | 0.601 029
1018 6 a6 0.0] 5415 |
;0.023_; 11909 FIGET 11,909
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Preasyre-setffernent reeabions, no load factors:

an ]
b %
o n o
T o+ =
-
n - [+ ]
o
¢ L 0
0 oo .04
of. -

Repeat pressure-daflaction ealculations with lpad factors

Fq .. =14 - 1.4
Haosl2e L. Arsl2 1 axe Eqpslhzsj?ﬁ
N - A _ 7.
L TR L I N P 5q pgrop = 2.146
B =14 - 1.4
" psbe 9 ps5 axe 3 oo =16.267
=14 - L7
B ot 140 556 Q axf 89 pgr= 9.837
i=1.3
- af
9f, =1 T g p sfl =—— Settlamaent under waste pressure, full tank
K axf
3 ) B ps1ar . .
qu = qfl + quﬁm- s’r‘z -sf1 — Adding plane strain settlament, B=12°
k1:ns]2f
o L ¥ pesr , _
qty =qf. + ps6t sty =sf) v — Adding plane sirain sattiemeant, B=5'
kpsﬁf
a8,
ce, 140 gen €, =— Setllement with ampty tank
K ot
4 pa)2
S -9+ Epal2e sty 2amy o T
kpslh
5 pste
qﬂs-:qu r&qpm Et]:_xli_ F
K hefic

All
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5fi q- 5 g
N £.335 000! 0. 406
0.C28: B 932 014 1
35 16.673 0018 16.673
0633 116-67] 001

Sressurs-settlement relatiaons - with load factars

20 -T =0
! o o3
qfi
-] |
10 —
e, o @
n [+
0 ] N
| n.gz 0.04

of o
1 1

Conclusians:

Soil springs far the DST *oundation are based an the tull wasymmetnc seltlement condition
without inad factars, namrely,

K auf .
kg ~276.696 ket =160.125 po
1.728

This carresponds o the first diamond an the plats of g ve 5. The plots suggest that tha full-tank
gondition with B=12" plane strain incremental leadng {wall and soil ledga loads over B) s
reasanably represanted with this moaulus. Tha situation is progressively worse for B=8' Inading
and the tank empty. The full-tank casas (diamonds) might b represented by a nanlinear sprng,
but the tank-empty cases (squares! would still be misrapresented. This is a limitation of soil
sprng modeling. A complete representation of scil behavior requires modeling the soil around
the faundaton or providing @ substruciure representation for the soil. In ather case, the
waveffontis increased substanbally. Loading of the outer foundation is expectad to be basically
spread out over 12" and most severe for the empty tank case. Using the plane strain full
condition subgrade moduius is a [Hla conservative as opposed ta the empty case.
Cansequenthy, the cuter feandation will hava

k
“psiaf TO3BST ke P2 365,774

pci
1.728

A-i2
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Thig valus i tapared down o the adsymmatric full-condition value whers the foundatian
thickness is tapered from 2’ fo 1", For convenience of modificatian, the soil spring stiffnesses are
modelad with g tampearatura dependent Young's moduolus. Tamperatures can be entered with
the BE command,

Refsrenca:

Hoiz, R.D., 1991, "Stress Dislribution and Settiamant of Shallow Soundations™, Chapter 5 in Fang,
"Fourdation Engineering Habk", Wan Nestrand.
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ANALYTICAL CALCULATIONS
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ANALYTICAL CALCULATIONS
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