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1. INTRODUCTION ‘

The ability of the refueling water storage tank (RWST) to withstand dead
veight and seismic forces is investigated in this evaluation.

The RUST is a thin, cylindrical shell with a flat circular bottom and a
fixed dome roof. The design temperature is 2000F. The RWST is
classified as an ASME Class 2 atmospheric storage tank. Anchorage.
consists of thirty (30) cast-in-place bolts equally spaced around the
tank bottom. The analysis assumes the RUST is filled with water to its
maximum capacity (331,000 gallons). Lower fill levels were investigated
-~ the maximum fill Tevel proved to be the worst case.

Analysis loads consist of the dead weight of the tank and contents, and
seismic Toads in two horizontal and the vertical directions. The seismic
Toads are defined by the site specific ground response spectrum for R. E.
Ginna as specified by the USNRC [23]1. The full spectrum is used for the
horizontal analysis. Two thirds of the full spectrum is used for the
vertical analysis.

The dynamic response analysis follows the requirements of NUREG/CR-1161
[16]. Analysis of the convective (sloshing) horizontal response is
performed using the conventional "rigid tank" assumptions as outlined by
Haroun {7]. Tank flexibility and fluid-structure interaction is
incorporated in the analysis of the impulsive (non-sloshing) horizontal
response. The impulsive analysis is performed using an extension of the
approximate method developed by Fujita and Shiraki [5]. Tank flexibility
is also incorporated in the vertical response analysis per the
development by Rigaudeau [18]. A damping level of 1/2% is used for the
convective horizontal response analysis (Reference 16, p. 29).
Consistent with the discussion in HUREG/CR-1821 [17], 7% damping is used
for the impulsive horizontal and vertical response analyses.

The acceptance criteria consider the following principle points:

1. Anchorage Stresses: These include the stresses in the bolts,
brackets, and bracket welds. Allowables are calculated per
Reference 1, Subarticle NF 3300,

2. Tank Wall Material Stress: The axial, hoop, and shear stresses
developed in the tank wall are compared to material allowables per
Reference 1, Subarticle NC 3800.




]
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3. Tank Wall Buckling: The axial, hoop, and shear stresses developed
in the tank wall are compared to experimentally derived buckling
criteria [3, 4, 6, 8-15, 19-22, 25, 26].

The results of the analysis are summarized in Tables 3 and 4. The
evaluation shows that the RWST is adequately designed to withstand dead
weight loads in combination with the postulated seismic event.
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2. DESCRIPTION OF THE RWST

The RWST is a thin, cylindrical shell welded to a flat circular bottom
and a spherical roof (Figure 1). The cylindrical shell is 26'-6" in
diameter and 81'-~0" high. The shell is 5/16" thick for the first
8'-1/8", 9/32" thick for the next 8'-1-1/8", and 1/4" thick for the .
remainder of the height. The bottom plate is 26'-10" in diameter and
1/4" thick. The spherical roof has a radius of 26'-0" and a thickness of
3/16". A1l tank material is Type 304 stainless steel.

In this evaluation, stresses are calculated at three elevations in the
tank shell (Elevations 16'-2-1/4", 8'-1-1/8", and 0'-0" in Figure 1).
These are the levels of maximum stress for the three different tank
thicknesses (1/4", 9/32", and 5/16").

The anchorage consists of thirty (30), 2-1/4" diameter, A36 Bolts,
equally spaced around the tank diameter (Figure 2). The bolts are
attached to the tank wall via the bracket shown in Figures 2 and 3. Note
that the brackets have been modified since the original installation of
the tank. A1l bracket material is assumed to be A36 steel. A1l bracket
welds are assumed to be E308 and E309 electrodes.

The tank is assumed filled to its maximum water level -- 6" below the top
of the cylindrical shell. This corresponds to a water volume of 331,000
gallons. The total weight of the RWST is 2,850 kips -- 2,773 kips of
water and 77 Kkips of steel.







3. SEISMIC CRITERIA

The site specific ground response spectrum for R. E. Ginna, as specified
by the USNRC [23], is used in this analysis. Figure 4 shows the spectrum
for a damping level of 7%. The full spectrum is used for the horizontal
response analysis. Two thirds of the full spectrum is used for the
vertical response analysis.

Per the recommendation of Reference 16, 0.5% damping is used for the
analysis of the horizontal convective mode.

Damping values used in NUREG/CR-1821 [17] for the impulsive response
analysis of tanks vary between 4% and 7%. The lower value of 4% governs
when the expected lower bound mode of failure is controlled by stresses
in the tank wall (welded construction). The high damping value of 7%
governs when the expected Tower bound failure mode is controlled by yield
or tensile deformation of anchor bolts. From Tables 3 and 4 it can be
seen that the safety factor calculated for tensile failure of the anchor
bolts is 1.30, while the lowest safety factor in the steel shell is

1.56. Hence bolting and 7% damping governs the analysis.

Due to the axisymmetric geometry of the RWST, only one horizontal seismic
response analysis is required to evaluate the effect of two perpendicular
horizontal earthquakes. As is discussed in Section 4, the horizontal
response can be described by axial, hoop, and shear stresses in the tank
wall, and tensile forces on the bolt/bracket anchorages. For a single
horizontal earthquake, the maximum tank wall normal (hoop and axial)
stresses and the maximum tank wall shear stresses occur 900 apart on

the tank circumference. The distribution of these stresses around the
tank circumference is such that an SRSS, at any point around the
circumference, of co-directional stresses resulting from two
perpendicular horizontal earthquakes would result in a stress field at
that point consisting of the maximum normal stresses and maximum shear
stress found from the single earthquake analysis. Thus the effect of two
horizontal earthquakes is accounted for by performing a response analysis
for a single earthquake and then evaluating the resulting stresses under
the assumption that the maximum tank wall normal stresses and maximum
tank wall shear stresses occur at the same point.

Similarly, the distribution of anchorage forces around the tank
circumference is such that an SRSS of anchor forces, at any point, due to
perpendicular, horizontal earthquakes is equal to the maximum anchor
force calculated due to a single earthquake. Thus only a single
horizontal resultant response analysis is required.
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4 ANALYSIS PROCEDURE

4.1 Dead Load

The dead 1oad of the steel results in axial stresses in the tank shell:

o¢(x) = W(x)/2nRh(x) | | (4.1)

The dead Toad of the water results in hoop stresses in the tank shell:
0o(x) = pg(H-x)R/h(x) (4.2)
The dead load stresses are tabulated in Table 2.

4.2 Horizontal Seismic
4.2,1 Convective Response

Per Reference 7, the sloshing frequency, weight, and elevation are
calculated as follows:

_ 1 (1.8 .84H,) %
fo = ?h[ = tanh(4 qu)] = 0.34 Hz (4.3)
3
g = 0.455mpgR tanh(LBM) = 207 yips (4.4)
H = H[l-(i.—gm tanh(‘—g—gﬂ))] = 879 in. é (4.5)

To complete the convective mode analysis, the spectral acceleration at
0.34 Hz and 0.5% damping is required. The response spectrum (Figure 4)
is not defined below 1 Hz, nor is the procedure provided by the USNRC in







Reference 1 for adjusting the spectrum as a function of damping strictly
valid for damping values less than 2%. However, the spectrum and the
damping adjustment procedure were conservatively extrapolated to yield a
spectral acceleration of 0.097g.

With the above results, the moment and shear at any elevation in the tank
can be calculated. Those loads result in the stresses listed in Table 1.

The maximum slosh height, which occurs at a radius of 13'-3", is
calculated as follows [16]:

dg = 0.84(0.097g)R = 12.8 in. (4.6)

The freeboard at the point of maximum slosh height is 6". Since the

slosh height exceeds the freeboard, the mass of sloshing liquid will

impact the tank roof. However, as the slosh height exceeds the freeboard
by one 6.8" at the outer radius (13'=3") of the tank, and as the
freeboard -~ due to the tank roof's spherical shape -- increases rapidly
with decreasing radius (the freeboard at a radius of 12'-3" is 12.8"), no
significant pressure on the tank roof is expected to develop. In the
worst case, rupture of the joint between the tank's roof and cylindrical
shell:would resuit in a small amount of leakage (less than 0.7% of the
total volume) from the top of the tank, but the tank's structural
integrity is maintained. ’

4,2.2 Impulsive Response

Rigorous analysis of the impulsive response requires consideration of the
interaction of the fluid mass and the flexible tank walls. Haroun [7]
developed a boundary element/finite element model of the fluid/structure
system. Haroun presents tabulated results for the response of the
fundamental impulsive mode. These results are limited to tanks of
uniform thickness and a height to radius ratio (H/R) less than 3.4. The
RWST, with an H/R of 6.1 and a nonconstant thickness, falls outside the
range of Haroun's tabulated results. Haroun's results are, however, used
to verify the approximate analysis method developed below.

Fujita [5] presents an approximate method for incorporating the
fluid/structure interaction in a beam analysis of the tank. For a pure
bending beam, the equation of 'motion is written:

g e
ity
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‘ (4.7)

The force per unit Tength due to the fluid pressure, which is found by
solving Laplace's equation for the fluid, can be written:

-

\

H ' .
p(x,t) = pgnR (EL;L% &) COS(A-X)S (x,t)cos(;x)dx)  (4:8)
“'{.Z I 1 owx A .

Fujita suggests solving Equation (4.6) by assuming the normal modes of
the fluid/structure system to be the same as those of the tank analyzed
as a beam with the fluid modeled as dead mass (i.e., the fluid pressure
is equal to the fluid mass times the tank wall acceleration). This
assumption allows the modal frequencies, modal participation factors, and
the modal force per unit length due to fluid pressure of the
fluid/structure system to be written as follows:

SH (m(x)+nR?p )35:(X)dx %

o; = |5 ¢ (4.92)
Um0 + Lo, oo |
0

’ |
S (m(x) + 5 p; (4I; (x)dx
= (4.9b)

I: = —m
i H L 2(x)d
&(MMTgpﬁm%Jxx

‘ H
p;(x) = pgnR Z_ (—I—%%-i R)COS(A1-X)S Ei(x)cos(xix)dx.) (4.9¢c)
0







The response of the system can then be calculated using standard response
spectrum techniques.

For the analysis of the RWST, Fujita's approach is extended by using the
{ dead mass mode shapes as generalized coordinates in a new modal
: analysis. This approach results in the following equation of motion:

[M] i(';) + [\}};:\] g(t‘) = -F z(t) : (4.10a)

where:

" H
M =S m(x) $1(X)$j(X)dx

0

o H
meZ(flI(‘I{ '$ (x)cos( }‘kX)de '35 (&) cos(kk«‘;)dg)
= 0 (4.10b)

H
F. &m(x)$ (x)dx + mRZ (ﬁi.kﬁ R)S cos(}\jF,)dESO $;(x)cos(h;x)dx)
; o

(4.10c)

Note that the generalized coordinates are coupled only through the
off-diagonal of the mass matrix. As the fluid in the tank has no
stiffness, the stiffness matrix remains diagonal. Equation (4.10) is
solved using standard modal analysis/response spectrum analysis methods.
The displacement of the tank wall and the pressure distribution on the
tank wall are then found by transforming back through the empty tank

generalized coordinates:

N
w(x,t) = 2i£$i(x)wi(t) (4.11a)
1:







N
p(x,t) =3 1pi(x)‘iq-(t) (4.11b)
1=

The above beam analysis method assumes that the dead mass normal modes of
the tank form an adequate basis for the normal modes of the fluid/tank
system. To establish the validity of that assumption, -the fundamental
mode's frequency, participation factor, base moment, and base shear
calculated using this beam analysis method are compared, in Figure 5, to
Haroun's results. Haroun's results, which are based on a shell f1n1te
element discretization of the tank wall and a boundary element
discretization of the fluid, can be considered "exact."

Figure 5 shows that the beam analysis deviates significantly from the
shell analysis for low values of H/R. As H/R increases, the difference
between the two  analyses decreases. For H/R = 3.4, the maximum value
considered by Haroun, the modal properties differ by less than 5%. From
these results it is concluded that for the RWST -- which has an H/R ratio
of 6.1 -- the beam model and the shell model would yield essentially
identical results.

The beam analysis method was applied to the RWST using the model shown in
Figure 6. The tank shell is discretized using ten beam elements. Both
bending and shear deformation are considered. A rotationa] spring at the
base is used to model .the anchor bolts' flexibility. 'The spring value is
based on the assumption that the anchor bolts are free to elongate over a
length of 48" (see Figure 2).

Three modes were calculated below 33 Hz. The frequencies, spectral
accelerations for 7% damping, and resulting stresses in the tank wall are
listed in Table 1.

In the response analysis calculation, the first two modes were analyzed
individually. The tank mass and fluid pressure not participating in the
first two modes was then uniformly distributed over the tank height and
statically analyzed using the spectral acceleration corresponding to the
third mode frequency. This "rigid-range" response and the responses from
the two flexible modes and the convective mode were then combined using
the SRSS method.
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4.3 Vertical Seismic Response

As pointed out by Rigaudeau [18], ‘the vertical frequency of a cylindrical
tank can be calculated using the following:

1 ' ’
f, = am (%ﬁ)z = (4.12)

£

This corresponds to a mode of vibration in which the increase in pressure
due to the vertical’ inertial forces on the fluid cause the tank walls to
expand axisymmetrically. This is commonly referred to as the fundamental
"breathing" mode of the tank. The overall mode shape is nearly identical
to the deformation shape caused by the fluid hydrostatic pressure. Thus,
the resultant hoop stresses can be calculated by scaling the dead Toad

hoop stresses by the vertical spectral acceleration at the calculated

frequency.

In the case of the RWST, Equation 4.12 indicates a frequency of between
4.0 Hz and 4.5 Hz (Note that Equation 4.12 assumes uniform tank wall
thickness). The peak of the Ginna spectrum occurs at 5 Hz, thus the peak
is used for this analysis. Using two-thirds of the horizontal spectrum
and 7% damping yields a spectral acceleration of 0.265g. The resulting
stresses, obtained by scaling the dead load stresses, are shown in Table

2.

4.4 Anchorage Loads 5

The RWST's anchorage is required to resist the overturning moment induced
by horizontal seismic forces. The total overturning moment is calculated
by an SRSS of the base moments of the convective mode and the three

impulsive modes:

= 5.'.. 4.3
MaasE 2.91 x 10° kip * in (4.13)

The load on the anchorage due to the overturning.moment is calculated by
considering a cross-section of the tank shell just above the base (Figure
7). This cross section consists of a circle with the tank thickness ‘
(0.3125 in.) on the compression side and the smeared bolt thickness
(0.0976 in.) on the tension side. Force equilibrium determines the

-10-
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position of the neutral axis, as shown in Figure 7. Moment equilibrium
establishes the relation between the base moment and the maximum bolt

force (Fp):

M ‘
FB = 8.81 ~§%§§ = 101 kips (4.14)

The bolt stress is calculated by dividing Fg by the tensile area of the
bolt. Standard analytical techniques are used to calculate the maximum
bending and shear stresses developed in the vertical bracket plates and
the maximum shear stress at the critical weld point (Point A in Figure
3). The anchorage stresses are listed in Table 2. Note that the bracket
is detailed so that only tensile forces are developed in the bolts. Thus
the welds between the horizontal and vertical bracket plates and at the
bottom of the vertical bracket plates (Points B and C in Figure 3) are
not significantly stressed.

As is generally assumed in flat bottom vertical tank analysis, the base
shear is considered to be resisted by friction between the tank bottom

and the concrete base.

-11-







5 ACCEPTANCE CRITERIA

The acceptance criteria are based on the appropriate allowable stresses
for the points listed in Tables 3 and 4. These allowable stresses are
shown in Tables 3 and 4, their source is documented below:

5.1 Tank Wall Material

From Reference 1, Table I-7.2, for Type 304 stainless steel at 2000F:

S = 17.8 ksi (5.1a)

For Level D service 1imits, Reference 1, Table NC-3821.5-1, yields:

o, < 25 = 35.6 ksi (5.1b)

5.2 Anchorage Materials
5.2.1 Anchor Bolts

From Reference 1, Table I-13.1, the tensile strength of A36 steel is:

§
1

Su = 58 ksi (5.2a)

For Level D service limits, Reference 1, paragraph F-1370, yields:

F..=0.7 Su = 40.6 Kksi (5.2b),

tb

5.2.2 Bracket Material

For A-36 steel at Level D service limits, Reference 1, paragraph XVII -
2200 and F-1370 yield:

-12-
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1.88(0.6 Sy) = 40.6 ksi (5.3a)

-n
It

1.88(0.40 Sy) = 27.1 ksi (5.3b)

5.2.3 Weld Material

With A-36 steel as the controlling base material and Level D service
1imits, Reference 1, Table NF-3292.1-1 and paragraph F-1370 yield:

Fw = 1.88(18 ksi) = 33.8 ks1 (5.4)

5.3 Tank Wall Buckling

The stress state of concern in the tank wall consists of an axial
compressive stress due to the moment induced by lateral seismic forces, a
shear stress also induced by lateral seismic forces, and a tensile
circumferential stress due to hydrostat1c pressure, - Evaluation of
buckling for this stress state is based on tests of circular cy11nders in

similar states of stress.

Buckling of cylindrical shells has been the subject of extensive
experimental and analytical research (3, 13, 15]. From an analysis and
design perspective, the principal conclusion of that research is that
theoretical buckling equations over-predict experimental results. Thus
researchers have recommended knockdown factors to be applied to the
theory in order to bring it into line with experimental data.

The-discrepancy between theory and experimentation is attributed to
imperfections in the shell geometry introduced during construction of the
shell. The degree to which these imperfections -~ which can be assumed
to be randomly distributed through the shell -- reduce the theoretical
buckling stress is a function of the uniformity of stress in the -
cylinder. Experimental data for three load conditions predominate in the
literature: uniform axial compression, pure bending, and torsion. In
the case of uniform axial compression the shell is uniformly stressed,
thus buckling is controlled by the maximum imperfection in the shell. In

-13-




i

DAIHPONERTATS CAmML COh XIS

the case of pure bending, as the stress distribution is not uniform, it
is less probable that the maximum shell imperfection coincides with the
maximum compressive stress; thus the actual buckling load has been shown
to be (11, 19, 22, 24] closer to the theoretical load for pure bending
than for uniform axial compression. The torsional buckling stress is
relatively insensitive to imperfections in the shell [3, 26].

Circumferential stresses induced by internal pressurization has also been
shown to have a significant effect on the buckling of cylindrical shells
4, 6, 8-10, 22, 24-26]. In the case of buckling due, to axial
compression or bending, the internal pressurization reduces the level of
imperfections in the tank shell, thus reducing the knockdown factor. In
the case of buckling due to torsion, the circumferential stresses induced
by, internal pressurization interact with the shear stresses to alter the
stress state in the shell. As a result, internal pressurization can
increase the torsional buckling stress well above the theoretical

unpressurized torsional buckling stress.

The research most relevant to the particular state of stress in the RWST
is that of Harris [8] and Weingarten [26] for buckling of circular
cylinders under combined axial load, torsion, and internal pressure,
These stress states investigated in this research differ from that in the
RWST in that the researched stress state is uniform throughout the
cylinder, while the stress state in the RWUST is localized. As the
uniformity of the researched stress state heightens the influence of the
Tocal imperfections in the shell, the researched stress state can be
considered more critical than that of the RWST.

Weingarten presents the theoretfical deriviation of the following
interaction equation:

c
L E)2=1
e T 5.5
O Te (5.5a)
where:
- Py
1o = (1+ pe) Te (5.5b)

-14-
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Weingarten presents confirmatory test data for the cases of internal
pressure, torsion, and either no axial load or tensile axial load.

Harris presents confirmatory test data for the case of internal pressure,
torsion, and compressive axial load. Weingarten and Harris stipulate
that the critical axial stress (¢ ) and the critical torsional stress
(tc ) should be based on empirically derived data. The critical stresses
used in the RWST evaluation are discussed below.

The critical axial stress is based on the NASA design criteria [13] for
cylindrical shells in pure bending:

_Eh
o, = R(.605Y + AY) (5.6)

The curves from this document defining the knockdown factor for the
unpressurized case (y ), and the increase due to internal pressurization
(Ay ), are shown in Figure 8. Note that the curves for bending rather
than axial compression are used. While the theoretical critical stress
is the same for both pure bending and axial compression [24], as
discussed above, the effect of imperfections is less severe for pure
bending than for axial compression. . .

The unpressurized critical shear stress is based on the NASA design
criteria for cylindrical shells in pure torsion:

5 1,25

) ’ (5.7)

v o o.7ayeE®)
TC--YL R

NASA suggests a knockdown factor (v ) of 0.67. This knockdown factor is
however based on tests of cylinders in pure torsion. Lundquist [12]
performed tests on cylinders loaded in transverse shear. These tests

~15-







showed an increase in the critical shear stress of a factor of at least

1.25 over the critical shear stress for a pure torsional load. Thus, as

the RWST is loaded in transverse shear, a knockdown factor of 0.84 is

used in Equation (5.7). The effect of internal pressurization on the

critical shear stress (Equation (5.5b)) has been confirmed by a number of |
other researchers [4, 8, 10].

Some research has been done on the buckling of cylindrical shells
internally pressurized by a water head and subjected to a horizontal base
excitation. Scale model tests by Shih and Babcock [20, 21] indicate that
due to the combined effect of the water pressure and the localized nature
of the maximum stress, the actual buckling stress is much closer to the
theoretical value than is normally assumed in tank design. Full scale
tank tests by Niwa and Clough [14] showed similar results. Specifically,
shaking table tests of a stainless steel tank 9.5' in diameter, 20" in
height, and 0.078" thick, yielded a critical axial stress of 14.8 ksi.
Igescriteria presented in this report yields a critical stress of

.3 ksi.

The results of the buckling evaluation of the RWST are summarized in
Table 4, Safety factors for bending alone, shear alone, and combined
bending and shear are presented for each of the three elevations of
interest. MNote that for the worst case of combined bending and shear to
exist, the maximum response of the RWST to both horizontal earthquakes
must occur simultaneously -- a very conservative assumption. Thus, a
factor of safety between those shown in Table 4 for bending alone and
combined bending and shear is a more appropriate indicator of the
available margin against buckling.

!
The factors of safety presented in Table 4 are the margin with respect to
the critical buckling stress. The critical buckling stress is not
associated with general instability or overall collapse, but rather the
onset of localized shell buckling, typically at the shell base. It is
well established, most recently by full-scale testing by Niwa and Clough
[14], that vertical ground supported tanks of the aspect ratio of the
RWST exhibit real and significant post-buckling strength.

As discussed in Reference 27, the standard design factor of safety
presented in Appendix F of the ASME Code for buckling of shell-type
nuclear components at the Service Level D design condition is 1.33. For ‘
the design of component supports at the same Service Level D design .
condition, the factor of safety presented in Appendix F is increased to
1.5. Comparing this safety factor of 1.5 to the values shown in Table 4,
it can be seen that for Service Level D conditions, the tank meets the
more conservative component support requirements of Appendix F.
|
1
1
l
1
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6. SUMMARY

The results of this evaluation are summarized in Table 3 and Table 4.

Table 3 presents the safety factors against the exceedance of material
allowable stresses calculated per Reference 1. All material stress
requirements are met.

Table 4 presents the safety factors against buckling of the tank wall
calculated as specified in Section 5.3. Per the discussion in
Section 5.3, these safety factors indicate sufficient margin against
buckiing of the tank wall during a seismic event.

-
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7. SYMBOLS

maximum slosh height

Young's modulus of the tank material

bending stiffness of the tank cross-section

frequency of the fundamental convective mode

frequency of the fundamental vertical mode

inertial force vector of the fluid/structure system (beam
ana1ys1s method)

maximum tensile bo]t force developed due to the overturning
moment

allowable tensile stress in the bolt bracket

allowable tensile stress in the bolt

allowable shear stress in the bolt bracket

allowable weld stress

acceleration of gravity

shear stiffness of the tank cross-section

tank wall thickness

total height of water in the tank

effective height of the fundamental convective mode
modified Bessel function of the first order

first deriative of In

height of the tank cylinder

tank wall mass per unit length

mass matrix of the fluid/structure system (beam analysis
method)

maximum overturning moment

number of dead mass modes used as generalized coordinates in
the beam analysis method

force per unit Tength on the tank wall due to the impulsive
fluid pressure }

ith mode's force per un1t length on the tank wall due to
the impulsive fluid pressure (Fujita's approach)

internal pressure in the tank due to the water's dead weight
external pressure at which the tank wall buckles

tank radius

allowable stress per Reference 1, Table I-7.0

tensile strength per Reference 1, Table I-2.0

yield strength per Reference 1, Table I-13.0

time

lateral displacement of the tank wall relative to the tank base
tank elevation (x=o at the tank base)

absolute displacement of the tank base

-18-
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1th mode's participation factor (Fujita's approach)

th dead mass mode shape
1th generalized coordinate response (beam analysis method)
(i +1/2)y/H
Poisson's ratio
mass density of water i
axial stress due to bending at which the tank wall buckles
(including the effect of internal pressure)
maximum membrane stress in the tank wall
circumferential membrane stress in the tank wall
axial membrane stress in the tank wall
shear stress in the tank wall
shear stress at which the tank wall buckles.(including the
effect of internal pressure)
shear stress at which the tank wall buckles (excluding the
effect of internal pressure)

th fluid/structure frequency (Fujita's approach)

jth dead mass frequency
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Frequency (Hz)
Spectral Acceleration (g)

El. 16'-2-1/4"
Maximum Bending Stress (ksi)
Maximum Shear Stress (ksi)

E1. 8'-1/8"

Maximum Bending Stress (ksi)
Maximum Shear Stress (ksi)
El1. 0'-0" e

Maximum Bending Stress (ksi)
Maximum Shear Stress (ksi)

IMPULSIVE MODES

CONVECTIVE
HODE MODE 1 MODE 2 MODE 3*
0.34 2.00 8.55 19.2
.097 .260 .276 .200
0.7 10.1 0.4 0.7
0.2 3.6 0.9 0.4
0.7 10.9 " 0.2 0.9
0.1 3.3 1.0 0.4
0.7 11.7 0.7 1.1
0.1 3.0 1.0 0.4

=

*Rigid range effects are included

TABLE 1

SUMMARY OF THE HORIZONTAL MODAL RESPONSES
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HORIZONTAL VERTICAL
DEAD LOAD SEISMIC SEISMIC TOTAL
TANK WALL
E1. 16'-2-1/4"
Hoop Stress . 17.7 0.6 4.7 22.4
Axial Stress 0.3 - 10.1 0.1 10.4
Shear Stress - 3.7 - 3.7
E1. 8'-8-1/8" ‘
Hoop Stress 17.7 0.6 4.7 22.4
Axial Stress - 0.3 11.0 0.1 11.3
Shear Stress _ - 3.4 - 3.4

s E1. 0'-0"

0 Hoop Stress 17.7 0.5 4.7 22.4
Axial Stress 0.2 ) 11.7 0.1 11.9
Shear Stress - 3.2 - 3.2

ANCHORAGE
Bolt Stress - 31.2 - 31.2

Bracket
Tensile Stress - 14.0 - 14.0
Shear Stress - 8.4 - 8.4
Weld Stress -- 22.7 -- 22.7

TABLE 2  STRESS SUMMARY (ALL UNITS ARE KSI)

A PP
A 2 2 e WL, P
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TANK WALL

E1. 16'-2-1/4"
E1. 8'-1/8"
E1. 0'-0"

ANCHORAGE
Bolt Stress

Bracket
Tensile Stress
Shear Stress

lleld Stress

33.8

MAXTMUM ALLOWABLE FACTOR OF
STRESS (KSI) STRESS (KSI) SAFETY
22.8 35.6 1.56
22.7 35.6 1.57
22.7 35.6 1.57

’

31.2 40.6 1.30
14.0 40.6 2.90
— 8.4 27.1 3.23
22.7 1.49

TABLE 3

FACTORS OF SAFETY AGAINST MATERIAL OVERSTRESS







-VS_

TANK WALL

E1. 16'-2-1/4"
Bending
Shear
Combined

£1. 8'-1-1/8"
Bending
Shear
Combined

E1. 0'-0"
Bending

Shear
Combined

MAXIMUM ALLOWABLE FACTOR OF
STRESS (KSI) STRESS (KST) SAFETY
10.4 19.2 1.85
3.7 18.4 4.97
- - 1.72
11.3 .21.0 1.86
-~ 3.4 19.6 5.76
-- -- 1.76
11.9 23.4 1.97
3.2 20.8 6.50
- -- 1.88

TABLE 4

FACTORS OF SAFETY AGAINST BUCKLING







