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1.4 PURPCSE AND SCOPE OF WORK

An evaluation of the borated water storage tanks (BWST) and

their foundations for the Midland Nuclear Power Plant subjected to a
Seismic Margin Earthquake (SMF) and other loadings has been performed and
is described nerein. In this evaluation, site specific response spectra
(SSRS) representative of the seismicity and soil conditions at the tank
site have been used for the earthquake excitation. An envelope of the
SSRS and the broad frequency content Housner response spectrum constitute
the SME.

he Midland BWST's and their foundations have heen evaluated
based upon response spectrum seismic analysis. The tank has been
represented by a lumped mass-beam element mathematical model with
concentrated springs and dashpots for incorporating soil-structure
interaction impedance functions. From the resulting seismic loads, the

expected behavior of the tank shell, roaf, ring wall and ring beam

L ]

foundation and the underlying supporting soil has been ¢.aluated.

The purpose of this evaluation is to demonstrate that an accept-
able margin against failure or damage to the Midland BWST's when subjected
to SME ground motion exists in the as-designed confiquration. From the
tank SME response combined with response from other loadings, the marqgin
of safety relative to code allowable structural canacities has been
assessed. This value is defined as the "code margin", CM. In addition,
the factor by which the SME would have to increase (with other loadings
held constant) in order to reach code lowable structural capacities has
been evaiuated. This value is defined as the “"seismic margin", F.,c.

ME
For the evaluation of CM a SN 111owable code capacities are taken

from the govzrning codes used for t! fes ign the tanks and their

foundations (see Chapcer
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LYSIS METHOD

2e 1 GENERAL

The qgeneral analytical approach used to evaluate the BWST is
outlined in the following paragraphs and detailed descriptions of the
eismic model and treatment of soil-structure interaction and damping are
addressed in subsequent sections.

Twe tank shell weight is supported on the concrete foundation

which must also withstand the seismic-induced forces in the tank shell,

The seismic forces in the tank shell are nearly totally due to the water

tank shell weicht is negligible compared to the

wmater, Thus, the primary seismic modeling concern is to
conservatively model the seismic forces induced by this water on the tank
shell and thus, on the foundation. The seismic-induced effects of the
water on the BWST can be considered in three parts; 1) the impulsive
mode; 2) the sloshing mode nd 3) the vertical mode of fluid-structure
interaction. Each of thes: of response is best modeled with its
own individual model. ' ismic forces imposed upon the tank shell and
foundation from each of these three models are combined by the square-

root-st f -5 qui (SRSS) method.

ure interaction has been incorporated into the
analysis > of frequency-dependent impedance functions. The soil
beneath the tank was treated as an elastic half-space corrected to
layering effects of the soil beneath
properties have been evaluated from test data
and till material to establish impedance function “spring
"dashpot constant" values. Strain deqradation of the
properties (approximate nonlinear behavior of the soil

for in establishing the impedance functions. To acc

uncertainties in soil properties and in the mathematical modeling of




soil-structure interaction, the soil-structure interaction stiffnesses
are varied within the rarge from 0.6 to 1.67 times the "best estimate®
soil-structure interaction stiffresses. The seismic-induced loads a-e
bas.d on the envelope of seismic rasponses obtained for soil-structure

interaction stiffnesses which vary throughout this range of possible
stiffnessec.

Energy dissipation within the tank, fluid and soil system is
approximated in the dynamic models as viscous (velocity proportional)
damping. Damping consists of material (hysteretic) damping and radiation
damping or the radiation of energy from the structure back into the
supporting soil. In order to conservatively account for effects of soil
layering or variation of properties with depth, the soil radiation
damping used in the seismic evaluation have been taken as 75 percent of
the theoretical elastic half-space values.

2.2 SE ISMIC MODEL

2.2.1 IMPULSIVE MODE

The dynamic model of the BWST used for determining the seismic
forces on the ring foundation from the horizontal impulsive fluid mode is
illustrated schematically in Figure VI-2-1. The tank shell stiffness is
modeled by vertical beam elements between mass points distributed up the
tank shell. The beam elements represent the shear and flexural stiffness
of the tank. The ovalling stiffness of this tank is judged to be insigni-
ficant to the seismic resporse as the tank is held in round hy its base
at the bottom and by the roof at the top. The roof weight, NR- 'S
Tumped at the roof level. The shell wal: weights, NS' are lumped at
discrete points on the tank shell. Impulsive fluid effective weights,
Wy, are added to the tank shell weights at each of these node points at
and below the top surface of the fluid. For computations of tank seismic
response, a rigid link between impulsive fluid weights and shell wall
weights as is schematically shown on Figure VI-2-1 is not required. The
actual model used for evaluating horizontal impulsive seismic response is
illustrated in Figure VI-2-2. Numerical values for the weights, tank
stiffmess and geometry are presented on this figure.

VI-2-2



For a rigi? mode of horizontal tank vibration, it has been shown
by Housrer (Reference 2) that the total effective horizontal impulsive
weight of the fluid, Wy is given by:

o i tanhéo.866 0/h) (2-1)
I .

whare W = total fluid weight
D = tank diamater
h = fluid height

This total effective impulsive weight is distributed parabolically over
the fluid height as shown in Figure VI-2-1. The impulsive weight per
unit height, wi(y), over the fluid height is given by:

w,(y) = 0.866 =Oh [tanh(0.866 o/h)] H— < %—(—{—)1 (2-2)

where y = fluid density
y = is the depth of fluid measured from the fluid surface

With a flexible tank, the impuisive fluid effects should more
precisely be considered as an impulsive pressure rather than effective
impulsive weights. However, it has been shown by Veletsos (Reference 6)
that the effective impulsive weight aistribution developed by Housner for
rigid tanks can be used to conservatively predict impulsive mode base
shears and overturning moments at the bottom of flexible tanks (i.e., the
forces on the ring foundation). For tanks similar to the BWST, this
approximation leads to base shears which are between a factor of 1.1 and
1.2 times greater than would be obtained using flexible tank impuisive
pressures. The overturning moments obtained assuming a Housner effective
weight distribution are within 2 percent of those obtained using a
flexible tank impulsive pressure distribution. This slight improvement
in accuracy does not warrant the substantial added effort of treating the
tank shell as flexible when determining the impulsive fluid effects. The

VI-2-3



effective impulsive fluid weight distribution given by Equation 2-2 and
shown in Figure VI-2-1, is adequate for computing seismic-induced base
shear and overturning moment for the impulsive mode.

Note that for evaluating hoop streses in the chell wall of
flexible tanks, a more accurate reprezentation of hydrodynamic pressures
over the tank height is needed as the pressure distribution derived for a
rigid wall tank (Equation 2-2) is unconservative for the upper portion of
the tank and overly conservative near the base of the tank. For
computation of tank wall stresses, the hydrodynamic pressure, Pl' on
the tank shell resulting from the horizontal impulsive fluid mode at
depths y from the top of the fluid greater than 0.15h have been obtained
from:

~ for y/h 20.15

Py TTETR (2-3)

where V = the seismic-induced base shear as determined from the
response spectrum seismic analysis.

The pressure increases linearly from the top of the fluid (y = 0) to the
value from Equation 2-3 at y = 0.15h and greater. Equation 2-2 provides
an adequate description of the pressure distribution with respect to
height on the tank shell for a flexible tank which is in reasonable
agreement with the results presented in References 6 and 7 for flexible
tanks.

The seismic model shown in Figure VI-2-2 is suitable for
computing seismic-induced l1oads on the concrete foundation for the
horizontal impulsive mode. There are alsoc seismic-induced loads on the
tank bottom. These loads may be expressed as an additional overturning
moment applied nver the area of the tank bottom. The additional

overturning moment, Mg ran be conservatively evaluated by the following
~xpression taken from Reference 2:



Mg = 0.1045 DWSay

wheie Saj= is the spectral acceleration of the predominant
horizontal impulisive mode

For the BWST, this moment is appliad primarily to the soil inside the ring
wall foundation and not to the concrete foundation directly. However,
this moment does result in some additional forces on the foundation due

to the effect of the water directly above the concrete foundation.

2.2.2 SLOSHING MODE

The horizontai fluid sloshing mode is a long period
(low=frequency) mode of vibration. Because of its low frequency, this
mode of vibration does not interact with the effects of tank flexibility
or soil=-structure interaction. A dvnamic model is not required in order
to evaluate the forces imposed on the tank shell and ring foundation by
this mode. The natural frequency of vibration, Wo s of this mode, the
fluid effective sloshing weight, wz, and height of application, xz,
above the tank base are given by relations from References 2 and 7 as
presented below.

W

_ _3.67g mh(s.m) (2-5)

noro

Y WD  3.67h .
Hz 0.230 - tanh (-—Tr—-) (2-6)

h cosﬁﬁ-zéglh—>-h

;._gﬁsinh(a.sn)

X2 = ha

where g = gravity acceleration (32.17 ft/second?).




The base and overturning moment at the tank shell base due to this
sloshing mode are given by:

V, = W,Sa, (2-8)

My = WyX,Sa, (2-9)
where Sa, = the spectral acceleration at frequency w,.

To evaluate tank shell stresses, the hydrodynamic pressure, P,,

on the tank shell resulting from the horizontal sloshing fluid mode at
depth y from the top of the fluid has been evaluated by:

0.533 WSa, cosh(3.68 )
cosh(3.68 h/D)

2 ° (2-10)

To evaluate the potential effects of sloshing on the tank roof,
the fluid slosh height, d, has been estimated from:

d = 0.42 DSa2 (2-11)

2.2.3 VERTICAL MODE

In the vertical mode, the water in the tank is supported
directly on the soil and the tank itself is very stiff. Therefore, both
the tank and the fluid can be modeled as rigid in this mode. The only
source of flexibility comes about because of soil-structure interaction

effects. A dynamic model is not required for such a simple problem. The
natural frequency of vibration is given by:

Kvg
wy = W (2-12)
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where W is the sum of the tank snell weight, Wg, and the total fluid

weight, W, and K, is the vertical soil-structure interaction impedance
function stiffness. This is a rigid structure mode of vibration for

which the fraction of critical damping, Ay» 1s given by:

0.75 C,
v * g (2-13)

2V KvHv/g

where Cv is the vertical dashpot coefficient from the soil-structure
interaction impedance function for the foundation, g is gravity

acceleration (32.17 feet/secondz). and A¢ is the appropriate soil
material damping (5 percent of critical as discussed in Section 2.4.1).

The 0.75 factor is included to account for soil layering effects as
discussed in Section 2.)

The ring wall foundation primarily supports the vertical seismié
forces from the shell. The vertical fluid forces are supported directly
on the soil. However, it should be noted that the tributary weight of
water locaced directly above the ring wall, Wr, does result in
additional vertical seismic loads on the foundation. Thus, the vertical
seismic forces on the ring foundation are given by:

Fu = Sa,(Wg+iy) (2-14)

where Sav represents the design seismic vertical spectral acceleration

at damping level, A , and cyclic natural frequency, fys where f =
w,/2n,

VI-2.7



2.3 SOIL -STRUCTURE INTERACTION

2.3 Soil Properties

The soil profile beneath the BWST has been estimated based upon
several sources. The fill properties extend from elevation 610 to 634,
The originai glacial till extends down from elevation 610 to elevation
410. A very ense, gra.ular soil ertends from elevation 410 to bedrock
at elevation 30. The fill properties were based upon estimates made by
Dr. Woods (Ret.wence 8) and Wz .con Geophysical (Reference 1). The
original till properties were based upon estimates from Weston Geophysical
(Reference 1) and Dames & Moore (Reference 10). Based upon these refer-
ences, the soil profile presented in Figure VI-2-3 was developed. This
figure shows the most probable range for density, y, Poisson's ratin, v,

- shear wave velocity, V., and free-field small strain shear modulus,

Gy, for each layer beneath the BWST down to elevation 463. Properties
beneath elevation 520 could not possibly influence the soil-structure
interaction properties for the BWST. Thus, this profile was not extended
below elevation 463. Figure VI-2-3 shows that shear wave velocity and
free-field small strain shear modulus increase with depth. Although
Figure VI-2-3 divides the soil profile into several layers, the actual
increase in stiffness is considered to be gradual rather than in abrupt
layers down to elevation 553 where an abrupt layer change is likely to
axist. The soil profile between elevation 628 (bottom of ring foundation)
and elevation 571 primarily influences the soil-structure interaction
properties for the BWST. Based upon a weighted averaging of the soil
properties between elevation 571 and 628, it was estimated that the
average free-field small strain shear modulus value has the following
median and logarithmic standard deviation values:

Gy 2.4 x 107 ksf
(2-15)
8q== 0.19
which corresponds to a plus and minus one standard deviation range of

G, = 2.0 to 2.9 x 10% ksf

Vi-2-8



Several corrections must be applied to the average free-field
small strain shear modulus before it can be used tro estimate soil-
structure interaction effects. First, the tank and fluid weight apply a
surcharge t> the upper layers of soil in the immediate vicinity of the
tank and this surcharge effectively increases the small strain shear
moduli for these upper layers. Secondly, for the SFL, the s=ismic
strains associated with these soft upper layesrs are not small and the
effective shear moduli of these upper layers must be reduced below the
small strain shear moduli to account for ti 2 high seismic strain levels.

Based upon the Hardin and Drnevich approach (Reference 10), the

tank surcharge effect on the small strain shear modulus can be estimated
from

ﬁns’- Gn [ 9579, (2-16)

where qn is the small strain shear modulus corrected for surcharge, o
is the mean effective stress with surcharge and 7, is the free-field

mean effective stress. The following estimates of Gng /Gy have been
made:

Elevation 625: Gh./q“ =1.3 to 1.6
s (2-17)
Elevation 595: /G, = 1.0 to 1.2
Gmsfm

Estimates of intermediate elevations can be obtained by interpolation.

Figure VI-2-4 (from Reference 10) presents the relationship
between the effective shear modulus at higher seismic shear strains,
G,, and tie small strain shear modulus, Gms' The following ranges of

seismic .ihear strains, £, have been estimated for the seismic margin
eart '‘qu:ke level:

VI-2-9



Elevation 625: £ = 0,08 to 0.04%

(2-18!
Elevation 595: £ = 0.04 to 0.02%

Based upon these estimates, the corresponding range of G,/Q“ from
Figure V1-2-4 are: .

Elevation 625: Ge/qns = 0.25 to 0.45
(2-19)
Elevation 595: Ge/q“ = 0.30 to 0.60
s

Combining the results of Equation 2-17 and 2-19, it is estimated
that throughout the profile from Elevation 628 to ' 71, the ratio of

effective shear modulus to free-field small strain shear modulus has the
following median and logarithmic standard deviation values:

v
(64/Gy) = 0.48
(2-20)
which corresponds to a plus and minus one standard deviation range of:

(64/Gy) = 0.30 to V.75

Combining Equations 2-15 and 2-20, the effective shear modulus
has the following median and logarithmic standard deviation vaiues:

X 3
G, = 1.15 x 10° ksf

(2-21)
8 = 0.50

Thus, the ccrresponding plus and minus one standard deviation range is:

G, = 0.69 to 1.9 x 103 ksf

VI-2-10



In determining soil-structure interaction parameters, the following three
valuves for effective shear modulus were used:

Low Intermediate High
6, (ksf) = 0.69x10°  1.15x103 1.90x103 (2-22)

As will be subsequently shown, the low value of effective shear modulus

(0.69 x 103 ksf) leads to the largest BWST seismic responses for the
s2ismic margin earthquake.

The following effective values for Poisson's ratio, and soil
density were used in evaluating soil-structure interaction properties;

Poisson's Ratio: v = 0.45 (2-23)
Density: y = 115 pcf

The Tower bound density of 115 pcf was used in order to conservatively
underestimate radiation damping effects of the soil.

2.3.2 Soil-Structure Interaction Impedance Functions

Soil-structure interaction impedances have been modeled by the
usage of the lumped parameter stiffness approach. Thus, the resisting
forces which are developed when the structure moves relative to the
surrounding soil mass are incorporated into the analytical model by means

of impedance functions represented as equivalent springs and dashpots
connecting the structure to the ground.

The resisting forces developed when the structure moves relative
to the underlying soil, which are applied at the soil-structure interface,
are illustrated in Figure VI-2-5a. In Figure VI-2-5b, the equivalent
soil springs by which the resisting forces at the soil-structure interface
are included in the structural model are illustrated. Note that there
are norizontal and vertical translationzl springs and a rotational

Vi-2-11



spring to include forces at the interface of the soil and the bottom of
the foundation. The forces and moments at the soil-structure interface
are develioped during seismic response of the structure.

In addition to the soil springs shown in Figure VI-2-5b, corres-
ponding soil dashpots are included to incorporate the damping of the soil
in the soil-structuie model. Soil damping is composed of two types of
adamping: one introduced by the loss of energy through propagation of
elastic waves from tr~ immediate vicinity of the foundation (i.e.,
fee iback of energy from the structure to the surrounding soil), and the
ot~2r being material or internal damping associated with energy losses
within the soil due to hysteretic or viscous effects. Material damping
for the soil underlying the Midland 3WST is assumed to be 5 percent of
critical damping (see Section 2.4.1). The calculation of dashpot
constants to represent energy feedback is described below. Energy
feedback is often called geometrical or radiati~ damping.

Values for soil springs and dashpots have been calculaied based
on formulas from References 4 and 5. These formulas are approximate
analytical sciutions for th2 condition of a rigid structure resting on an
elastic half-space. £ 11 spring (KH, K, and Kw) and dashpot (Cy, C, and
Cw) constants for horizontal and vertical translational motion and for
rocking motion are determined from the following relations:

Horizontal Translation

8G_R

g » g 2 (2-24)
H  “H(a,) T
SGeR2 (2.25)
Cy = dyla,) T /69 -2
3.75 C
A = ——— X (2-26)
ZV’KHMI
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Rocking

BG o 2«27
w'sw‘“o)m_’_ Lo
86 R“
g " dw(ao)'grr-y- v/6g9 (2-28)
0.75 C
kil SRR Ag (2-29)
PN
Vertical Translation
4GeR
Ky = sy(a,) . (2-30)
4GeR2
Cy = dy(3y) —5— v/Gg9 (2-31)
0.75 C
lva ___Y_ + A (2-32)
2/K Mg, .

where = the tank radius

R

Mtw = the total mass of tank and water

MI = the mass of tank and impulsive water

I, = the mass moment of inertia of the tank about its base
AH.AW and Av = radiation damping plus soil material damping in the

horizontal, rocking and vertical directions expressed as
fractions of critical damping

SH(ao), dy(ag)s s (3g), dy(ao), sy(ag), dy(ag) = coefficients
which are dependent on the dimension1ess frequency parameter
3y as shown in Figure yI-2-6.
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= 2«fR \/v/Geg

f = the frequency of the seismic response for the
soil-structure mode.

g = gravity acceleration

For horizontal and vertical translation, seismic-induced forces
are transmitted to the underlying soil over the entire tank and ring wall
area. Thus, *he tank radius used in Equations 2-24, 2-25, 2-30 and 2-31
for ~orizonta)l and vertica! translation is 28.75 feet to the outside of
the ring wall. However, in rocking, seismic-induced forces are trans-
mitted to the underlying soil primarily through the ring wall foundation.
Thus for the rocking stiffness and damping, the spring and dashpot
constants were evaluated by utilizing Equations 2-27 and 2-28 with the
outer foundation radius of 28.75 feet and then subtracting from the
resulting values the stiffness and damping corresponding to these
equations for the inner foundation radius of 24 feet.

The frequency-dependent coefficients (sH, dy, etc.) were
determined from Figure VI-2-6 using a coupled horizontal translational
and rocking natural frequency of 4.6 hz and a vertical mode natural
frequency of 5.6 hz which will be subsequently shown to be the best
estimate fundamental horizontal impulsive and vertical mode natural
f equencies. The resultant frequency-dependent coefficients are:

Frequency-Dependent | Frequency-Denendent
Coefficient Coefficient
for Stiffness for Damning
Horizontal Translatinon 0.96 0.59
(R = 28,75 ft.)
R=28.75 ft. 0.72 0.19
Rocking R =24 ft. 0.77 0.16
Vertical Translation 0.69 0.86 k
(R = 28.75 ft.)

Vi-2-14




To account for minor layering effects, the radiation damping

portion of the values (1, Ays and A) given by Equations 2-25, 2-29
and 2-32 are taken as 75% of the theoretical elastic half-space values.

Soil material damping of 5% of critical is added to the radiation damping.

The best estimate (Ge = 1.15 x 103 ksf) s»il st . ’fness and

radiation damping values are as follows:

Horizontal
Translation

Rocking

Vertical
Translation

Stiffness.

KH’ Kw, or K,
Radiatinn Damping
CH' Cw, or Cv
Radiation Damping
plus soil material
damping

XH,XW, or XV

1.629x10° kip/ft

5125 5;%25

0.56

3.598x107 fﬁggéﬂ

7.536x10° k-sec-ft

0.39

1.650x10° kip/ft

10470 X -

0.88

To account for uncertainty in the effective soil modulus, the
soil shear modulus was varied over the range of about 0.6 to 1.67 times

the best estimate value as discussed previously.

Variation in soil shear

modulus Tinearly affects the soil stiifness and does not change the
radiation damping expressed as fractian of critical damping.
frequency dependent effects are assumed to be covered by varying shear

Note that

modulus and frequency dependent parameters ars not recomputed for lower
and upper bound soil cases.
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2.4 DAMP ING

2.4.1 Material Damping

Fluid Sloshing 0.5 percent of critical damping
Tank Shell and Impulsive Fluid 4.0 percent of critical damping
Soil Material 5.0 percent of critical damping

The tank shell and impulsive fluid value is consistent with damping values
specified for the SSE in USNRC Reg. Guide 1.61 (Reference 3). Reference
19 demonstrates that 5 percent damping is conservative for either sand or
clay soil conditions at shear strains of 0.0l percent or greater. In
Reference 20, 0.5 percent of critical damping is recommended for the

hcrizontal sloshing mode unless a higher value can be substantiated by
experimental results.

2.4.2 Equivalent Modal Damping

The damping approach used for the evaluation of the Midland BWST
is to compute equivalent modal damping by assuming that the element
damping is proportional to the element stiffness for each element. Thus,
for the mth mode, the equivalent modal damping value Ay is given by:

T o

(8} (K IC0},
) i

{o}y [KS ]{z}m

A =

’ (2-33)

where {s}, is the mth mode eigenvector, [Ks] is the overall structural
stiffness matrix, and [XKS] is a modified structural stiffness matrix
formed by multiplying each element stiffness matrix [K,] by the element

damping value Ae prior to adding the modified element stiffness matrix
into the structural stiffness matrix.
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For horizontal impulsive modes, which are a combination of
structural response and soil-structure interaction, modal damping values
are not permitted to exceed 20% of critical. This upper limit was estab-
lished to provide conservative composite modal damping values. This
limit was validated by comparing (best estimate snil conditions) the hase
shear and overturning moment from modal time history analyses in which a
20% damping cutoff is used with those from direct integration time
history analyses in which concentrated dashpots with properties given in
the preceding section are used to represent soil radiation damping. The
modal analysis with a composite modal damping cutoff of 20% led to hase
shears and overturning moments equal to 1.14 and 1.06 times those ohtained
from time history anlaysis with concentrated soil dashpots. Thus, the
use of a 20 percent cutoff for modal damping produces reasnnahle and
conservative tank seismic response from analyses of the horizontal
impulsive tank-fluid mode.

The horizontal fluid-sloshing mode was 0.5% damped. The vertical
response mode consisted entirely of soil response with a rigid structure.
The full vertical soil-structure interaction damping was assiqned to this
mode with no upper bound 1imit on modal damping because no questions exist
on the accuracy of composite modal damping for this pure soil mode of
response.
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FIGURE VI-2-3. ASSUMED SOIL PROFILE BENEATH MIDLAND BWST

VI-2-20



CURVE EXTRAPOLATED

..*T
| 2
TN
0.8 —— 3 .~
| \ N.a
{ \ NSQ@ B\ ) GREENWOOD PSAR
el 3 \ (0-70 FEET)
' 0 N : P
- A
g ] ° %
E | N - L o (SEED & 'DRISS
© I ¢ ‘ o °
- . (SEED 8 IDRISS) \ b
0a : !
| I [ 3% \\ p
MIDLAND D N
) DYNAMIC
' TRIAXIAY 8 ~ \
0.2 b T
ap ‘\‘\ . 1
e -, N
| .
| TR
-
o -
.4 2 S ¢80 .3 2 4 68 .2 2 4 68 .1 2 4 -
10 10 10 10 |

SHEAR STRAIN, %

EXPLANATION:

© LOW PLASTICITY SILTS AND CLAYS (ARANGO et al)
A HIGH PLASTICITY SILTS AND CLAYS (ARANGO et al)
D RECOMMENDED BAND

FIGURE VI-2-4, STRAIN DEGRADATION RELATIONSHIPS
(From Reference 10)

Vi-2-21



Structure Model Foundation

— — — — H

2T E X

g

a. Soil Resistance Forces

Soil-Structure

K, -~ horiz 1
Model orizontal translation spring

H

- vertical

K Ky=rocking spring
trans]a%ion spring_e

b. Equivalent Soil Springs

FIGURE VI-2-5. EQUIVALENT SOIL SPRING MODEL




SWAYING STIFFNESS COEFFICIENTS

].0-‘.‘ ——————— C—

A - A e 6/21
< g REPE ume W

ROCKING STIFFNESS COEFFICIENTS

VERTICAL STIFFNESS COEFFICIENTS

]-Ov

wn

A A s A

1
e A .6 8 V0 30/2‘7

1™
o
A A L /ﬂn
G Esm yewse s . 8
dy
1.
. i "t L 3 1 2
: \ G Dy T i x mie B

" 1 4 L 1 3/2"
o JUERN ey UM e Wi

--=- Approximatic 1 of Frequency-Dependent Stiffness Coefficients
(apolicable to v = 0.45)

FIGURE VI-2-6. STIFFNESS COEFFICIENTS FOR A SURFACE FOOTING CVER AN ELASTIC HALF-SPACE
(REFERENCE 5)

Vi-2-23



3. SEISMIC BEHAVIOR OF THE MIDLAND BWST

33 MODAL RESPUNSES

The natural frequency, modal! damping and corresponding spectra’
acceleration for the sloshing, impulsive and vertical response modes are
sumarized in Table VI-3-1. The horizontal sloshing mode is at a very
low frequency such that the spectral acceleration is governed by the
Housner response spectrum rather than the site specific spectrum. For
horizontal impulsive response, there are two modes a* frequencies below
33 hz with the first mode including participation of nearly all of the
system mass and accounting for nearly all of the impulsive seismic
response. The mode shapes for the impulsive response modes with the best
estimate soil properties are illustrated in Figure VI-3-1. As mentioned
in Chapter 2, the predominant response mode is at a frequency of 4.5 hz
for the best estimate soil properties and includes coupled soil
translation and rocking as well as structure response. From Table
VI-3-1, it may be seen that the lower bound soil case leads to the
largest spectral accelerations and thus, would produce the greatest
seismic response. The evaluation of the tank seismic margin as discussed
in the following chapter, is therefore based on seismic-induced loads as
determined from analyses with lower bound soil properties. The tank
itself is rigid in the vertical direction (i.e., vibration frequency
greater than 33 hz). The lower frequencies shown in Table VI-3-1 are
totally due to soil response in the vertical direction. The frequencies
shown are in the amplified reqion of ‘he response spectrum. However, at
the very large damping appropriate for the vertical dirsction, there
would be no amplification of the ground motion which, in the vertical
direction, is 2/3 of the zero period horizontal ground acceler.tion of

0.15g.

3.2 BASE SHEAR, OVCRTURNING MOMENT, AND VERTICAL SEISMIC LOADS
AT TANK BASE

Seismic-induced base shear, overturning moment and vertical load
at the top of the ring foundation are summarized ir Table VI-3-2.




Individual response modes have been comhined by the square-root-suin-of-
squares (SRSS) method. As indicated by the spectral accelerations
presented in Table VI-3-1, it is confirmed that the lower bound soil
properties lead to the largest seismic-induced 1oads on the tank and ‘*s
“oundation. The maximum base shear is 539 kips, or about 20 percent of
the tank and impulsive fluid weight. The maximum overturning moment at
the base of the tank is 8154 foot-kips. The maximum vertical load on the
foundation is 74 kips which is 10 percent of the weight of the tank (110
kips) plus the weight of a two foot wide ring of w ter, 32 feet high,
directly above the ring wall footing (627 kips). These seismic induced
loads have been used as the basis for the evaluation of the safety margin
for the Midland BWST.

Other seismic response quantities of interest are the slosh
height is determined from Equation 2-11 and th2 moment due to hydrodynamic
pressures acting on the tank bottom as determined from Equation 2-4. The
fluid slosh height has been computed to be approximately 1.0 feet. The
dome roof of the BWST permits this level of sloshing without significant
reduction of the free surface of the fluid. It is concluded that fluid

sloshing during seismic response will not produce any damage to the tank
l"Gaf .

The seismic-induced moment acting on the tank bottom computed in
accorcance with Equation 2-4 for the lower bound soil nroperties is 4930
foot-kips. A portion of the bottom pressure acts directly on the
underlying soil and a portion of the bottom pressure is transmitted
through the ring foundation and then into the soil. The amount of the
bottom pressure moment acting on the two foot wide strip of tank bottom
around the circumference of the tank directly above the foundation is
1350 foot kips. When evaluating the overturning moment on the ring wall,
this 1350 foot-kips should be added to the overturning moment of 8154
foot-kips reported in Table VI-3-2 for the base at the tank shell. Thus,
the total overturning moment on the ring wall is 9404 foot-kips. The
remaining bottom pressure moment of 3580 foot-kips acts directly on the
soil in the central region of the tank.



3.3 FLUID PRESSURES ON TANK SHELL

The hydrostatic and hydrodynamic pressures from the vertical
earthquake component on the tank shell are triangular distributions given
by:

Pstatic = Y (3-1)

Prertical =vysa, (3-2)

where Y = the fluid density

y = depth of fluid measured from the top of the fluid
Sav = the vertical spectral acceleration

The hydrodynamic pressures in the impulsive, Pl’ and sloshing, P,

modes over the height of the tank may be determined from Equations 2-3
(V.= 534k) and 2-10 (Sa2 = .046q), respectively. The resulting pressure
distributions are illustrated in Figure VI-3-2. The hydrodynamic
pressures are combined SRSS and then added absolutely to the hydrostatic
pressure to obtain the total pressure on the tank shell. One may note
that the seismic margin earthquake hydrodynamic pressures are small
compared to the hydrostatic pressure.
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4. CODE MARGIN FOR SEISMIC MARGIN EARTHQIAKE

4.1 GENERAL

The mar~ins against the applicable code criteria are reported
for the seismic margin earthquake in this chapter. These margins are

determined for the concrete foundation, the tank, and its anchorage to
the ring wall.

To determine the code margin, the seismic margin earthquake (SME)

is substituted for the Safe Shutdown Earthquake (SSE) in the applicable
code equations.

4.2 FOUNDATION CODE MARGIN

4,2.1 Basic Code and Seismic Marqin
For the concrete foundation, the applicable code for the seismic
margin review is taken to be ACI-349-76 as supplemented by US NRC

Regulatory Guide 1.142. For the SME, the governing load combination
equation is:

U=DL+T+F+L +H+ SME (4-1)
where DL = dead load
T = differential settlement

hydrostatic pressure from grnund water
live load

lateral earth pressure

Seismic Margin Earthquake

SME

However, Bechtel Corporation has already design-checked the concrete
foundation for the O0BE and a foundation SSE level of 1.5 times the FSAR
SSE level to this same design code (Reference 12). This design check of
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the foundation was performed by applying inertial loads at the foundation

level obtained from a tank seismic analysis to a finite elment model of

the concrete foundation including the ring wall, footing, ring beam, the dowels
between the ring beam and ring wall, and the valve pit. The most critical

1oad combination equation for tnis design check was:

U=1.4DL + 1.4T7 + 1.,4F + 1.7L +# 1.7H + 1.9 OBE (4-2)

For this load combination, Table 2 of Addendum No. 1 of Reference 12 shows

a minimum code margin (code capacity divided by applied load) of 1.02. As
a result, the minimum code margin for Equation 4-1 is:

CM = 1.4(1.02) = 1.43

The OBQ overturning moment applied to the ring wall was 11,061
ft-kips minus 3359 ft-kips or 7702 ft-kips (Table 4 of Reference 12),
Section 3.2 defines an SME overturning moment of 9504 ft-kips. Comparing

Equations 4-1 and 4-2 indicates a conservative minimum seismic marqgin for
Equation 4-1 of:

Fsme = (%%%%) (1.9)(1.02) = 1.57

Note that the seismic margin Fgue is the factor by which the SME could
be increased with other loads held constant before response at the code
capacity in accordance with Equation 4-1 is reached. Thus, since the
concrete foundation has already been desian-checked for Equation 4-2 with
a conservative OBE overturning moment, it is unnecessary to check this
foundation for the SME. Simply by comparing the SME overturning moment
to 1.9 times the conservative OBE overturning moment, one shows a minimum
seismic margin of 1.57. The actual seismic margin for the foundation is
much larger than 1.57 as the code margin of 1.02 for Equation "-2 is
primarily due to differential settlement. A very large seismic marain
will be demonstrated by calculations of the concrete foundation seismic
behavior as described later in this chapter.
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4.2.2 Additional Foundation Capacity Checks
Even though extrapclation of the design-check load combinations
indicate a minimum seismic marqin for the SME combined with dead load,
settlement, hydrostatic pressure, live load, and lateral earth pressures
of at least 1.57, some additional seismic margin checks have been
performed on the concrete foundation and sunporting soil. These checks

have been on:

a) Soil bearing capacity under the footing
b) Tank sliding

c) Uplirt
d) Concrete foundation capacity checks without differential
settlement

These checks were performed to provide independent verification of the
seismic capability of the foundation to withstand the SME. These checks
considered dead 1oad and SME only. Note that in addition to the above
items, bending and torsion of the ring beam during seismic response have
been considered. However, for these behavior modes, it is iudged that
foundation loads will be transmitted directly into the surrounding soil
and the seismic margin will be very large without capacity calculations.

4,2.2.1 Soil Bearing Capacity

Compressive forces due to the weight of the tank, contained fluid
and foundation and due to seismic-induced loadings can potentially lead
to a bearing failure of the underlying soil. Based upon conservatively
considering the weight of the tank shell and roof, the weight of the
water directly above the foundation, the weight of the concrete foundation
(ring wall and new ring beam), the weight of soil above footing as well
as tne seismic-induced load on the tank bottom plate, seismic-induced
load due to vertical earthquake motion, and the seismic-induced load on
the tank shell due to the rverturning moment, the soil bearing pressure

distribution (at the most critical section) shown in Figure VI-4-1 was
obtained. The average bearing pressure is 2.26 ksf on the footing
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cross-section with a maximum value of 3.96 ksf. The average bearing
pressure of 3.26 ksf is comprised of 2.12 ksf due to static loading and
1.14 ksf due to the SME.

For soil beneath the ring wall subjected to combined static
and earthquake loadings, the net bearing capacity is reported to be
8.05 ksf in Reference 17. Note that the value given above, is net
bearing capacity defined as the pressure that can be supported at the
base of the footing in excess of the pressure at the same level due to
the surrounding surcharge. Considering a footing deoth of six feet and a
soil density of 115 pcf, “he bearing factor of safety for the SME would
be:

o 8.05 ksf
FS.* T -6 0T kery - 13

For design, FSAR Subsection 2.5.4.10.1 (Reference 9) spoecifies a
minimum factor of safety of 2.0 for operating loads plus SSE. Thus, the
“code" maragin is:

Me 3 = L5

The factor Fge by which the SME ground motion would have to be multi-
plied to reach code allowable stress is:

(8.05/2.0)-2.12 + 6(0.115) _
Foue = T 14 2.28
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4.2.2.2 Tank Sliding

The seismic-induced base shear from Table VI-3-2 is 539 kins.
This horizontal force will be transferred into the underlying soil by
friction. The weight of the tank and contents is approximately 4,350
kips. Considering vertical earthquake effects, the effective weight
could be reduced to about 4,180 kips at the time of maximum base shear.

Therefore, the required friction coefficiert to rasist sliding is
539/4,180 = 0.13.

The tank Lottom is not flat or particularly smooth. The tank
bottom consists of 1/4 inch plates joined together by welds at lap joints.
In addition, the tank bottom is designed to be higher in the center than
at the tank walls to fac.iitate dra‘nage. As a result, the friction coef-
ficient is governed by the cohesion and angle of internal friction of the
soil. The soil directly beneath the tank bottom is a granular fill
material for which a rohesion value of zero and an angle of internal
friction, ¢ , of 30 degrees are conservative. These properties correspond
to a friction factor of about 0.36 (conservatively estimated as tan 2/3¢ )
which would provide a factor of safety against tank sliding of 2.8.

Based upon a recuirsd factor of safety against sliding of 1.1
(appropriate for SME level), the "code" margin is:

M = %4% < 2.5

The factor, Foye, is also 2.5 since seismic is the only
1oading causing sliding.

4.2.2.3 Foundation Uplift Capacity

The weight of the steel tank, the concrete foundation, and the
fluid and soil above this foundation are all available to resist uplift
due to seismic-induced overturning moment. Considering the weight of the
original ring wall and footing, the new ring beam, the tank shell and
roof, and the water and soil diractly above, the resuiting static pressure
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on the soil beneath the 4-foot-wide footine is 2.12 ksf computed as shown
in Figure VI-4-2. Considering vertical earthguake ard negative hydro-
dynamic pressures which reduce the hydrostatic pressures on the tank
bottom plate above the footing, this pressure can be reduced to 1.87 ksf
during the SME as shown in Figure VI-4-2, For this calculation, it is
assumed that 40% of the peak negative vertical earthquake effects act
concurrently with the maximum overturning moment. This assumption is
consistent with the SRSS of earthqurke components.

The overturning moment that would overcome the minimum compres-
sive pressure of 1.87 ksf such that uplift of the ring foundation is
initiated is 15,885 ft-kips as compu*ed in Figure VI-4-2. Compared to
the SME seismic-induced overturning moment of 8,154 ft-kips (Table
VI-3-2), the foundation uplift factor of safaty is:

F.S. o lg;%'g% = 1.95

Foundation upli”t does not constitute a fzilure mode for the tank.

Thus, a minimum factor of safety of 1.0 should be acceptable for the
SME. In this case, the code margin is:

CM=1.95

The factor Foug Dy which the SME earthquake would have to be multiplied
to lead to an uplift factor of safety of 1.0 is:

i 15885 ( £22 )
. : = 1.75
SME  oiea + 15885(2.11717277

The seismic margin factor, Foue, is less than the code margin, CM,
because the vertical earthquake component increases as the horizontal

ground motion increases. Thus, the vertical earthquake component reduces
the capacity to withstand horizontal overturning moments without uplift.
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4.2.7.4 Concrete Foundation Capacity Checks without

NDifferential Settlement

The basic code and seismic margin for the concrete foundation has
been presented in Section 4.2.1. This foundation design check is
extremely conservative as it is predominantly affected by differential
settlement and not by seiemic loadings. It is unlikely that the conserva-
tive 40-year predicted differential settiements occur at the same time as
the SME. Furthermore, settlement stresses are displacement controlled
(i.e., self-limiting), and are not expected to contribute to failure
during an earthquake. Therefore, the following analysis which neglects
stresses due to differential settlement is considered to give more
realistic values for the failure capacity of the concrete foundation.

The reinforced concrete tank foundation consists of the original
ring wall and footing and the new ring beam as illustrated in Figure
VI-1-3. The foundation was checked for the two seismic loading conditions
illustrated in Figure VI-4-3: 1) bending of the footing; and 2) hoop
tension of the ring beam due to outward pressure of the entrapped s2il
within the foundation ring resulting from vertical loads on this soil.

As mentioned previously, bending and torsion of the ring beam during
seismic excitation were aiso considered but it was judged that for these
behavior modes the seismic loads would be transmitted directly into the
surrounding soil such that the seismic response of the ring heam in
bending and torsion would be very small. The concrete foundation,
including both the original ring wall and footing and the ring beam added
during foundation remedial work, are made of concrete with minimum

unconfined compression strength, f'_ of 4000 psi and reinforcing bars
with minimum yield strength of 60,000 psi.
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The loading shown in Figure VI-4-3a imposes a bending moment
onto the 1.25-foot-leng footing extension of 2.42 ft-kips/ft. The ACI
349-76 ultimate moment capacity of this footing extension is 28.3
ft-kips/ft. Thus, the code margin of this footing extension is:

=223 =117

The soil entrapped within the ring foundation is subjected to
vertical loads due to the water weight as well as due to the maximum
hydrodynamic pressure from vertical seismic and overturning moment bottom
pressures acting on the tank bottom. This loading, acting on the
entrapped soil, results in the ring beam being in hoop tension due to
Tateral pressure resulting from this vertical surcharge (Figure VI-4-3b).
(Only the teusile steel within the new ring beam was considered effective
in withstanding this loading). It has been conservatively assumed that
the lateral pressure resulting from the vertical load is one-half of the
vertical loading. In evaluating the foundation for this loading, the
constraint from the soil outside the ring beam has been conservatively
ignored. By this extremely conservative approach, there is a factor of
safety of 11.3 against yielding of the foundation circumferential

reinforcement. Thus,

cM = 11.3

4.3 ANCHOR BOLT CODE MARGIN
Anchor bolt capacity is governed by the lesser of:

Bolt pullout from the concrete
Tensile c2pacity of the bolt
Tensile capacity of ring wall to footing connection

LW N =
- . .

Anchor bolts are spaced at abou’ equal 49 inch intervals arnund the tank
circumference. The 1.5 inch dianeter A36 anchor bolts extend into the
concrete ring wall foundation 24 inches as is shown in Figure VI-1-3,

€ach bolt has a 2.5 inch thick, 6 inch square anchor head plate at its
end about 22 inches below the top of the ring wall.
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The pullout capacity of the bolt and embedment plate ha§ been
evaluated in accordance with ACI-349 provisions. By this approach, the
capacity is evaluated based on a uniform tensile stress of 4 4/ F' _
acting on an effective stress area which is defined by the projected area
of a stress cone radiating toward the surface of the vooting from the
bearing edges of the anchor head (see Figure VI-4-4). The effective area
is limited by overlapping stress cones, by the intersections of cones
with concre*e surfaces, by the bearing area of the anchor head and by the ;
embedment depth of the anchor h2:d. The inclination angle for calculating
projected areas is taken to be 45 degrees. For this evaluation, the
factor has been taken to be 0.€% which corresponds to the case in which
the embedded anchor head does not extend beyond the far face reinforce-
ment of the footing. It should be noted that the ring beam to be added
around the outside of the original ring wall foundation will provide
confinement to the original ring wall to prevent failure due to lateral
'bursting forces at an anchor head which is the concern of Paragraph
B.5.1.1 of the code. However, this ring beam does not increase the
effective stress area as the original rng wall and ring beam are not tied
together until a depth of 18 inches which is almost equal to the anchor
bolt embedment lenqgth (see figure 1-3).

The allowable load for the bolt itself is based on AISC Manual
of Steel Construction, Part 2 criteria. Section 1.5.2.1 of the AISC Code
states that for tension on the nominal holt area, the allowable stress is
1/3 of the ultimate tensile stress. Further, Part 2 of the AISC Code
allows an increase factor of 1.7 for ultimate capacity. Thus, for 1-1/2
inch diameter A36 bolts with an ultimate tensile strength of 58 ksi, the
allowable ultimate load capacity is 57.4 kips.

The construction joint between the original ring wall and under-
lying footing is crossed by #7 bar reinforcing steel spaced at 12 inches
on each face. Thus, a total of 4.9 square inches of 60 ksi yield strength
reinforcing steel crosses this joint for each anchor bolt. The ultimate
tensile capacity of this construction joint is 294 kips per anchor bolt.
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Thus, the anchor bolt capacity is governed by the tensile
capacity ¢f the bolts and is 57.4 kips.

The maximum uplift force on the bolts is computed from the
seismic-induced overturning moment of 8154 ft-kips. Since the tank shell
is in compression due to dead weight, a portion of this moment relizves
the compressive stresses and the remaining moment goes into the bolt
forces. In Figure VI-4-5, it is illustrated that the maximum bolt force
is 13.2 kips. This force is made up of 15.7 kips SME overturning moment
tensile force minus 2.5 kips of dead load compression which must be over-
come before anchor bolt tensions develop.

Reference 15 reports a maximum anchor bolt tension of 6.0 kips
due to ccmbined settlement and dead load. Thus, the total anchor bolt
tension due to dead load, settlement, and the SME is:

T, = 15.7 kips + 6.0 kips = 21.7 kips

This anchor bolt load is compared to the code allowable capacity in Table
VI‘4‘10

The minimum anchor bolt code margin is:

. 57.4 kips _
CM = 2TT7‘FT§§ 2.65

The factor, Feue, by which the SME ground motion would have to be multi-
pliad to reach code allowable stress is:

57.4-6.0 _ 5 9

Fsve =

4.4 TANK CODE MARGIN

4.4.1 Governing Codes and Standards

The BWSTs are desiyned and code stamped to the ASME code,
Section III, Nuclear Power Plant Components, Subsection NC, Class 2

-

Components, Paragraph NC3300, Design of Vessels. The 1974 code, with no

Vi-4-10




addenda, are applicable and Code Case 1607-1 is applicable for upset,
emergency and faulted condition stress allowables. The API 650 code

(Reference 13) is also specified for design. In cases of conflict, the
ASME Code governs.

The basic design is conducted using API-650 criteria since NC3300
of the ASME code does not specificaily address flat-bottom storage tank
designs. NC3800 does provide criteria for flat-bottom storage tanks and
is essentially identical to API-650. The ASME conde stress acceptance

criteria from Code Case 1607-1 is used for evaluation of the OBE and SSF
events.

Under the governing criteria, the follow’ng stress inten-ities
are allowed.

Loading Primaryv Local Membrane plus
Condition Primary Membrane Primary Bending
Design and Normal S 1.55
Upset 1.15 1.658
Emergency 1.55 1.8S
Faulted 2.0S 2.4S5
Testing . 1.255* 1.875**

* Not to exceed 0.9 S
** Not to exceed 1.35 §y

The allowable stress intensity, S, is 15.7 ksi for 304 L stain-
less steel. Secondary stresses do not require evaluation for Class 2
components designed by rule (NC3300 criteria). Minimum specified yield
strength, Sy, is 25 ksi.

For the code margin check, SME response is added to that from
dead load, fluid hydrostatic pressure, and settlement with the resultant
stresses compared to faulted condition allowables. These allowahles are



31.4 ksi for primary membrane and 37.7 ksi for primary local! membrane
plus primary bending. Whenever dead weight reduces the effect of seismic
1oads, only 30 percent of the dead weight stress is included.

Settlement stresses added to stresses resulting from the SME are
obtained from the Addenda to Reference 15.

4.4.2 Tank Shell Hoop Stress

Hoop tensile stresses in the tank shell occur due to internal
pressure on the tank wall from the contained fluid. Internal pressures
are due to the static head of fluid plus hydrodynamic pressures resulting
from seismic response in the sloshing, impulsive and vertical modes. Hoop
stresses are evaluated for both the 3/8-inch-thick shell and for the
1/4-inch thick shell. The Code (Reference 13) requires hoop stress to be
evaluated at an elevation which is one foot above the bottom of the shell
course under consideration. For hydrostatic and hydrodynamic pressures,
the hoop stress is given by ¢ = pR/t where p is pressure, R is tank radius
and t is tank wall thickness. The hydrostatic and SME pressures were pre-
sented in Figure VI-3-2. Based upon these pressures, the SME seismic and
hydrostatic hoop stresses are presented in Table VI-4-1., These stresses
are compared to a primary membrane stress of 31,400 psi.

The minimum hoop stress code margin is:

. 31400 psi _
CM m‘srgs‘{‘z-”

The factor, Foue, by which the SME ground motion would have to be multi-
plied to reach code allowabhle stress is (see Tahle YI-4-1 for individual
response values):

31400 - 12430
Fsue = 3753 = 8.40




4.4.3 Longitudinal Buckling of Tank Shell

The maximum SME overturning moments at the base of the tank and
eight feet above the base of the tank (i.e., at the bottom of the 1/4-
inch section) are 8154 and 4358 ft-kips, respectively. Assuming a linear
variation of stress over the tank diameter, the corresponding SME longi-
tudinal compression stresses in the 3/8-inch and 1/4-inch shell sactions
are 853 and 684 psi, respectively. Respective dead 1oad compression
stresses are 15 and 18 psi which are negliqible when combinad SRSS with
the horizontal overturning moment stresses. Reference 15 reports the
summation of dead load and maximum sattlement compressive stresses to be
1066 and 1164 psi for the 3/8-inch and 1/4-inch shell sections, respect-
ively. These stresses are tabulated in Table VI-4-1.

For the large diame*ter, thin-wall storage tank, buckling will
occur in the elastic range. The ASME Code buckling criterion for axially
loaded cylinders nominally contains a safety factor of 3 for sustained
design loads. The ASME Code specifies in Article NC-3000 that the maxi-
mum allowable compressive stress to be used in the design of cylindrical
shells shall be the lesser of:

a) The allowable S value given in Tables I-7.0 of the Code

b) The value of B determined from the applicable chart in
Appendix VII of the Code.

For the case under consideration, the latter critarion governs.

The value of B for elastic buckling in Appendix VII can be

obtained with a higher degree of accuracy by using the design formula
shown below, taken from the 1977 ASME Code.

g - 0.0625 Et (4-3)
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wnere

E = modulus of elasticity
t = shell thickness
R = inside radius of shell

This formula applies to the linear portion of the buckling curves in
Appendix VII and is applicable for the BWST analysis. The buckling allow-
ables, B, for the design and normal loading conditions are therefore:

B = 1417 psi (for 1/4* shell)
B = 2126 psi (for 3/8" shell)

Based on Code Case 1607-1, the Faulted Condition allowables can be
increased by a factor of 2.0 for primary membrane stresses. Thus, the
buckling allowables for faulted conditions, o = 28, are:

Oep = 2834 psi (1/4" shell)
Tep = 4252 psi (3/8" shell)

These allowable capacities are compared with the SME, dead load and
settlement applied stresses in Table VI-4-1.

The buckling code margin is controlied by the 1/4 inch shell
section for which the buckling allowable is 2834 psi and the combined

seismic, dead load and settlement stress is 1848 psi (see Table VI-4-1),
Thus, the minimum code margin for buckling is:

2834
CM=T7848 =1.53
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The factor, Foye, by which the SME ground motion would have to be multi-
plied to reach code allowable stress is:

2834-1164
Fse = — o8 = 2.4

where 1164 psi is the tank shell compression stress due to settlement and

dead load and 684 psi is the SME tank shell compressive stress (see Table
Vi4-1l).

4.4.4 Loca! Membrane Stress in Shell at the Bolt Chairs

Bolt chairs attach to the tank shell at approximately one foot
above the tank bottom as shown in Figure VI-4-6. Anchor bolt tension
acting on these bolt chairs produce local membrane hoop stresses in the
tank shell due to the eccentric lever arm of the anchor bolt relative to
the tank shell centerline. Section 5.3 of Reference 15 computes local
membrane hocp stresses of 13,200 psi due to a 31.31 kip anchor bolt

tension based upon the methods of Reference 16. Thus, local membrane hoop
stresses, %’ are given by:

. 13200 psi_ . . si
“m * 3Tk s 742 kip T (44)

where Ta is the anchor bolt tension. These local membrane hoop stresses
which are a function of the anchor bolt tension add to the nverall hoop

tensile stresses reported in Table VI-4-1 for the 3/8-inch shell at this
same location.

The total local membrane hooo tension due to the SME is:

3. = 1676 psi + 422 psi/kip(15.7 kips) = 8301 psi
“MSME

Due to dead load, hydrostatic pressure, and settlament, this stress is:

3. = 11177 psi + 422 psi/kip(6.0 kips) = 13709 psi
Mow+s
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These stresses are combined in Table VI-4-1 and compared to the primary
local membrane plus primary bending allowable stress of 37,700 psi.

The local membrare stress code margin is:

. 37700 psi .
M= Z5oTopet = 1]

and the factor, FSNE- is:

37700 -13709 _

FSBE = B30T 2.89

4.5 BOLT CHAIR BENDING

The top plate of the bolt chair is subjected to bending due to
anchor bolt tension. Original bolt chair bending design-analysis was
conducted by the conservative design method contained in Reference 14.
The method assumes that a beam of width, f, equal to the edge distance
from the hole to the plate outside edge carries one-third of the total
bolt 1oad. Figure VI-4-7 shows the analytical model. In this figure, it
is shown that the beam span is g, the top plate thickness is ¢ and the
loading occurs over a width equal to the bolt diameter, d. For a total
907t load, P, the maximum top plate stress,c , is given uy:

o = —— (0.375g-0.22d) (4-5)
fcz

The computed stress was to be held to the faulted condition primary
bending allowable stress of 37,700 psi (Section 4.4.1). Based upon this
approach, the total faulted condition bolt capacity would be:

(Conservative Design Method): p(‘AP = 23.6 kips

The above represents a very conservative capacity es imite based upon a
conservative procedure used in design.
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The capacity can be more accurately evaluated using the ASME
Code, Section III, Nuclear Power Plant Components, Subsection NF,
Component Supports, Paragraph NF 3200, Design of Class 1 Component
Supports, 1980. It is acceptable to use Class 1 design criteria to
evaluate the supports on a Class 2 tank because Class 1 criteria are more
stringent than Class 2. Paragraph NF 3220, Design of Plate and Shell-Type
Supports by Analysis, allows the Level C Service Lirits (comparable with
the 1974 Emergency Loading Condition) to be establisned for primary
membrane plus bending by the limit analysis method. The maximum allowable
value of the combined stresses by this method is 0.8 CL where C, des-
ignates the collapse load calculated on the basis of the jower bound
theorem of limit analysis using the yield strength value for Type 304 L
stainless steel of 25 ksi. In our judgment, component supports should not
be allowed to exceed 0.8 G for Level D Service Limits (Faulted Loading

Condition). Therefore, this Level C limit will also be applied to
Level D.

The collapse load is determined by a yield-line analysis of the
bolt chair top plate. The applicable yield-line (collapse mechanism) is
shown in Figure VI-4-8. The bolt load bears on the two least deformed
points of the top plate in its yield mechanism under the bolt nut. These
points are shown in Figure VI-4-7 at a distance Reff from the bolt center. Lines

@, ©, © and (@) repesent yield hinges. The olastic mament canacitv
of hinge @ is governed hy two (2) times the nlastic moment caoacitv of
the tank wall which is less than the nlastic mament capacity of the too
plate. The plastic moment capacitv of hinae @ is aoverned hy the
vertical gusset plate plastic mament capacity, Thus,

(25 ksi)(2)(0.375 in)2 _ P
M@ = 3 = 1.76 in-kips/in

) (25 ksi)(0.5 in)2 _ T :
4@ = 3 = 1.56 in-kips/in

25 ksi)(0.625 in)?

D' - ( - = 2.44 in-kips/in
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The collapse load capacity is given hv:

i 2
CL W {M@(Q/Z) cota (4-6)

+ M<:)(b) + M<:>(zsinu + f)+M<:)(z coSacota)}

where

(g/2) -Ry cos 8

@ts = = -R, sin 8

a -RH sin 8
» eSs ~  ~cean

The angle 8 is varied until the minimum value of CL is obtained from

Equation 4-6. The capacity C, is insensitive to the angle 8 between 0
and 55 degrees but is a minimum at an anqle 8 of about 25 degrees.

[gnoring any benefit from the bolt nut in spreading the load, Reff is
conservatively underescimated to be 0.834 inches or less than the hole

radius. With this value of Reff and a 8 angle of 25 degrees, the
collapse load capacity is:

G = 40.6 kips

The code capacity, Popo, hased upon the collapse load is 0.8(40.6 kips)
or 32.5 kips. Thus:

(Collapse Load Approach): DCAP = 32.5 kips
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The anchor bolt lbads were presented in Section 4.3 and are
summarized in Table VI-4-1. Comparing capacity to load leads to a minimum
code margin for the bolt chair of:

M = 32.% Hp: =1.50

and a multiplication factor on the SME of:

£ 32.5 -6.0
5.7

SME = = 1.69

The 3/8-inch fillet weld between the bolt chair gusset plates
and the tank shell was also checked and found to be not governing the bolt
chair capacity. '
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STRESS COMBINATION

TABLE VI-4-1

S - SME + DW + SETTLEMENT

seismic Response from SME | DW + settlement Total Allowable
Parameter (Faulted Condition) Response Response Response
Tensile Hoop Stress in 3/8" Shell 1676 psi 11,177 psi 12,853 psi 31,400 psi
Tensile Hoop Stress in 1/4" Shell 2253 psi 12,480 psi 14,733 psi 31,400 psi
Compression Stress in 3/8" Shell 853 psi 1,066 psi 1,919 psi 4,252 psi
Compression >tress in 174" Shell 684 psi 1,164 psi 1,648 psi 2,834 psi
Local Membrane Stress 1in Shell 8301 psi 13,709 psi 22,010 psi 37,700 psi
at Bolt Chair
Bolt Chair Top Plate Bending Load 15.7 kips 6 kips 21.7 kips 32.5 kips
15.7 kips 6 kips 21.7 kips 57.4 kips

Anchor Bolt Load

——

SME = Seismic Margin Earthquake
DW Deadweight + Hydrostatic Pre

ssure Loads
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Tank Shell (Weight = 110.3 kips)

New Ring Beam

(Weight = 235.4 | Fluid Annulus abcve Footing (Weight = 527.3 kips)
kips) 1

N

i
LH | B Entrapped Soil (Weight = 100.1 kips)
/

2 oum Original Ring Wall and Footing (Weight = 312.4 kips)

TOTAL WEIGHT = 1386 kips

@ S0il Pressure Due to Dead Load

. 1386 = 2.12 ksf

n{282-242)

1

mL:n:-—r- Reduction in Soil Pressure Due to Vertical

Earthquake = 2.12 (0.10g x 0.4) = 0.08 ksf

2 1 J=— Reduction in Soil Pressure Due to Bottom
Pressure Moment (see Sections 2.2.1 and 3.2)

| = —%— 4930(25) . 4 17 ksf
!
|

=(26)%/4

Total Soil Pressure

"

2.12 - 0.08 - 0.17 = 1.87 ksf
Uplift Moment

(1.87)(4)n(26)2 = 15885 k-ft

Factor of Safety 15885

Against Uplift of = o i 1.95
the Foundation 8l

FIGURE V1-4-2, FOUNDATION UPLIFT
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New Ring Beam a8

BWST

2.55 ksf|_|

—

and 3.2)

a)

Vertical Load Due to
Bottom Pressure Moment
(see Sections 2.2.1 '2

|
M

T

3.96 ksf

Soil Bearing on Footing

@

T s |z . KR
J‘ . Ring Wall
. ;;L,/'
o 7, |1.25
b= (5 % ’/,Soi] and Fluid Surcharge
l £ » - Loads, 0.70 ksf
, Lidd
. R .J 4 f . L
e J : h ,o-ﬁ"."/ t. wide footing

: !
| IrSoil Bearing Pressure

—l
3.52 ksf

Vertical Load Due to
Fluid Weight

EUE RSN EETE K
= =

/

Lateral Soil Pressure frcm
Vertical Loads Causing
Hoop Tension on the Ring Beam

b)

FIGURE VI-4-3.
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Hoop Tension on the Foundation

RING WALL LOADING CONDITIONS
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SECTION A-A

Concrete Strength

Pullout Capacity

A
1-1/2" 4 A.8B. L.
ASTM A-36 (Typ.)
| z_| ey
= '
{ I - ]
~ ,1\\ . \\ . ?
Stress\)-” it P » 51 )
Cone e
6" x 6" x 1-1/4"
7’» i
' |
ELEVATION A

S -\J,_Stress Cone |

A

n

' , -
p 77 =y
> o e
| t \ 7/ 1}
\s_t
Effective Stress
Area = 827 in*
PLAN
Lo f'c

Concrete Strength = Effective Stress Area

4x(0.65) v 4000 x 827

1000

136 kips

FIGURE VI-4-4.  BWST ANCHOR BOLT PULLOUT CAPACITY

Vi-

4-24



Maximum Bolt Force, o, teg

t
where t tensile stress in the tank shell
Tank Shell, . * due to seismic-induced over-
Weight = 110.3k‘pS turning moment, M

SRS v 3 - shell thickness = 3/8 inch
= 8154 foot-kips = portion of tank circumference

"Dl [:lwl_iiil‘] '“Ij] tributary to each anchor bolt

= n(52)/40 = 4.08'
S Vons oy “om

tensile stress due to M
tensile stress due to vertical
j/,‘:I:]::{:] earthquake
[:]:;L: ‘ opL = compressive stress due to dead load*
%

66.4 5.1

A 3 4 5’“ i She" 5'I 4 l ‘ V I ‘ -
’ 'l ; i - .*. - i !

Section modulus of 3/8 inch
f3
Shell = 66.4
* NOTE: Use 30 percent of the
tank weight in accord-
anc2 with ACI 349-80
since dead load is
beneficial to bolt force
W, ° 0.9(110.3)=99.3 kips

.

B~ 103.3(.375/12)(4.08) = 13.2 kips

FIGURE VI-4-5. CALCULATION OF MAXIMUM ANCHOR BOLT FORCE
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5. SUMMARY OF SME CODE MARGINS

The SME Code Margin (CM) and the multiplication factor (F
by which the SME would have %to be multiplied to raise stresses to
allowable levels are summarized in Table VI-5-1 for various elements.

The lcwest CM and Foue reported in Table VI-5-1 are for the concrete

foundation as discussed in Section 4.2.1. The :S"E value of 1.57 for

the foundation was evaluated in an extremely conservative manner by
scaling the margin from the gove-nring foundation design check load
combination which i.acluded 1.9 times the O0BE by the ratio of 1.9 times
the OBE overturning moment and the SME overturning moment. This process
ic extremely conservative because the foundation J2¢.gn check margin was
predominantly affected by differential settlement and not by 1.9 0BE. It
is demonstrated in Section 4.2.2.4, that the seismic margin factor,
‘f;E, of about 11 is mere accurate for the concrete foundation.

However, the CM and FSWE values in Table VI-5-1 are significantly over
1.0 and are based upon the detailed foundation design check analyses of
the finite element representation of the ring wall, footing, ring beam

and valve pit.

Other than for the conc : undat i the lowest code margin
reportad in Table VI-5-1 i ) as i at /i olt chair uplift

T

capacity. In this case, the ! : v b ultinlie a factor

of 1.69 to reach code capacity. Considaring ti th £ is a 0.15q

earthquae, the earthquake that would required to reach code allowable

- > !

- 4 ccoac 1 +h Ru mi1lAd ) \
streggec n a ] have

i lure capacity




The Code Margins (CM) and SME multiplication factors (F
reported in Table VI-5-1 are based upon the combination of
the SME and conservative end-of-life settlement stresses.
The full end-of-life settlement stresses are unlikely to
exist during the SME. Furthermore, settlement stresses are
displacement controlled stresses and are not expected to
contribute to a failure during an earthquake. Even son,
these stresses have been added to SME induced stresses.

The code capacities have built-in factors of safety. Thus,
the actual failure capacities are substantiaily greater
than the code capacities.

The siress and/or load parameters with the lowest code
margins or FgmMg do not directly contribute to failure of
the tank. When the uplift capacity of the bolt chairs, or
the uplift capacity of the foundation are exceeded, the
tank will 1lift slightly. This 1lifting is not detrimental.
In fact, many tanks are designed with no hold-down bolts
because of the lack of consequences of uplift. A1l that
uplift of one side of the tank does is to increase the
compressive stresses on the opposite side.

The stress condition which most directly leads to tank
failure is compressive buckling of the shell or which

FosMe equals 2.44. In addition, considering .hat the

shell compression is due to an overturning moment rather
than uniform axial compression, the code capacity for
compressive buckling contains a built-in factor of safety
of 1.68 even under faulted condition allowables when
compared with the buckling formula for bending based upon
extensive static test data given in Reference 11. Even
nore relevant test data was recently published (Reference
18) for seismic shake table tests of cvlindrical storage
tanks. Buckling behavior during these tests would indicate
that the code capacity for buckling with faultad condition
allowables has a factor of safety of 2

Considering these factors, the failure capacity earthquake for the

and its foundation is more than twice the 0.25q9 level at which

capacity is reached.

foundation easily pass the seismic margin

.;AAv*’q’] l1AKe




TABLE VI-5-1]

SME CODE MARGINS

(SME + DW + SETTLEMENT)

Stress or Load Parameter

Concrete Foundation

Soil Bearing Capacity

Tank Sliding Capacity

Uplift Capacity of Foundation

Anchor Bolt Upiift Capacity

Bolt Chair Uplift Capacity

18”

1/4"
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