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ABSTRACT

The Sequoyah and McGuire ice condenser containment vessels were
designed to withstand pressures in the range of 12 to 15 psi. Since
pressures of the order of 28 psi were recorded during the Three Mile
Island incident, a need exists to more accurately define the strength
of these vessels. A best estimate and uncertainty assessment of the
strength of the containments was performed by applying the second mo-
ment reliability method. Material and geometric properties were sup-
plied by the plant owners. A uniform static internal pressure was as-
sumed. Gross deformation was taken as the failure criterion. Both ap-
proximate and finite element analyses were performed on the axisymmet-
ric containment structure and the penetrations. The predicted strength
for the Sequoyah vessel is 60 psi with a standard deviation of 8 psi.
For McGuire, the mean and standard deviation are 84 psi and 12 psi, re-
spectively. In an Addendum, results by others are summarized and com-
pared and a preliminary dynamic analysis is presented.
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thicknesses vary circumferentially, the minimum thickness is shown.
Material properties will be discussed in Sec. 3. There are a total of
193 and 258 penetrations in the Sequoyah and McGuire vessels, respec-
tively. Details of these penetrations are not included in this report,
but were shown on drawings provided by the plant owners.



IT. UNCERTAINTY ANALYSIS

2.1 Probabilist Safety Analysis

Failure of a nuclear power plant containment vessel is considered
to occur when radioactivity is released. The probability of such a
failure, F, must be acceptably low. If the events, Ens which may
Cause the failure event are independent, the probability of containment
failure, Pg, can be written approximately (for small probabilities of
failure) as [1,2]"

Pg = o PIF/EL) P(E,) (2-1)

where P(E)) 1is the probability of occurrence of event n and P(F/E,)
is the conditional probability of failure given event E,-  Typically,
E, represents severe events with a small probability of occurrence,
such as a major earthquake, a direct tornado hit or a loss of coolant
accident. It is impractical to design for certain events with a very
Tow probability of occurrence. For these events (core meltdown, geo-
logic fault directly under facility), P(F/E,) is one.

For the current task, the study is limited to the failure proba-
bility for one event - the explosion situation identified in the T™I
incident:

prMl = F(F/ETMI) P(ETMI) (2-2)

The study is not concerned with the determination of the probability of
occurrence of this event, P(ETMI), €.9., human error, equipment
malfunction. It is not the purpose of this work to judge the adequacy
of the containment designs against the TMI type incident. The work
intends only to present information useful in that judgment. The final

*Numbers in brackets refer to entries in the List of References.

[Vertical bars in the right margin indicate changes (expanded remarks
and/or corrections) made in this report in response to reviewers'
comments to initial draft of November 1980.]




judgment can be made only by bringing this and other factors to bear,
e.g., the probability of the event itself and the probability of fail-
ure that society is willing to accept. It is, however, aimed at deter-
mining the conditional probability of failure P(F/ET"I), that is,
the probability of failure given the TMI explosion incident. This con-
ditional probability wil! herein be referred to as

P = P(F/ETMI) (2-3)

The reader will note that the actual probability of failure for the TMI
incident is given by Eq. 2-2, i.e., Pfyy; = Pf P(Etmr)-
The failure criteria for a structure can be written as

G(X‘) <0 (z-4)

where G is the failure function, which may include several failure
modes and x; are structural parameters such as material properties,
geometry, loads and modeling error. The parameters are considered as
uncorrelated random variables. Failure does not occur if G(x;) is
greater than zero. The probability of failure pg can be written as

0
pe= PG < 0) = [ f(G)dG (2-5)

in which f(G) is the probability density function of G. Various other
forms of this general relationship are given in the literature [3,4,5],

e.g.,
P = Plx, in D) = [ flx)d x, = [ dF(xy) (2-6)
J D
where f(x;) 1is the joint probability density function of xj,

F(x;) is the joint probability distribution function and D is the
failure domain where G(x;) is less than zero.



In some cases, the x; parameters can be separated into two
groups:  x,, resistance parameters, and x,, load parameters. The
failure function can then be written as [1,2,3,4,5,6,7,8,9, many
others ]

6(x4) = R(xp) - Qlxq) < 0 (2-7)

where R(x.) is the resistance function and O(xq) is the load func-
tion. In this form, the probability of failure can be written as

Pe = P(R-0<0) = j[D f(R) £ (Q) dR dQ (2-8)

where f.(R) and fq(Q) are the probability density functions for R
and Q, and D is the failure region where R-Q<0 or R<G. Alternatively,

@ 0 @
Pe= | f,(Q) [ f.(R) dR dQ = {. fq(QF(Q) do (2-9)

S —.

It is generally recognized, even in the most recent literature
[2,3,4,5], that the evaluation of the structural safety by the direct
evaluation of the above integrals is impractical. First, the required
probability distribution functions are seldom, if ever, known, and se-
condly, the evaluation of the multiple integrals is practically not
feasible. In this regard, several investigators have attempted to de-
velop approximate methods to evaluate the failure probability. Since
the current task is not research oriented, a summary of these methods
will not be made here. Refs. 3, 4 and 5 present a good review of the
state of the art. The simplest generally-accepted approach is called
the second moment method.

2.2 Second Moment Method - One Failure Mode

The second moment method for probability statements has been advo-
cated for some time [1,2,3,4,5,7,8,9,10,11,12]. The method, as out-
lined below, follows the developments in these references, principally




Ref. 4. The second moment method has several advantages, the biggest
of which is its simplicity. \Uncertainty is expressed in terms of the
first and second moment of the random variables, x;. Hence, exact
information about the probability density function is not needed - only
the first and second moments. The method uses a linearized form of the
failure criterion which allows separation of the load and resistance
functions as illustrated in Eq. 2-7.

2.2.1 Invariant Second Moment Method

For the second moment method, the failure function is again writ-
ten as in Eq. 2-4. The uncertainty of the variables x; is expressed
by their mean W (first moment of probability density distribution)
and their standard deviation o; (square root of second moment). The
mean and standard deviation of G are obtained by linearizing G with the
first two terms of a Taylor series

g = G(Xi) (2-10)
el el (2-11)
0. = o -

6~ i |3 X; i

Most early approaches performed the linearization at the mean of x;,
i.e., x; equal u;; however, several investigators have shown that a
better approximation is obtained if the linearization is performed at
the design (or Rackwitz) point on the failure surface,

G(xj) = 0 (2-12)

In this way, the Taylor series expansion of G(x;) takes place in the
upper tail of the load distribution and the lower tail of the resis-
tance distribution [3,4,10,13], which is the design point or most like-
1y region of failure. Linearization of the failure surface at the de-
sign point has the additional advantage that the method now becomes
invariant under a change in formulation of the failure criteria, e.g.,
changing a load variable to a resistance variable.
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A1l three formulations (Eqs. 2-13, 2-15 and 2-17) are equivalent.

A simple example will illustrate the significance of the design
point minimization of the failure function. Suppose the failure func-
tion is taken as the nonlinear function

Gix) =1 -—5=0 (2-19)
X

If linearization is performed at the mean

3G
Gu =G X=E 7 (x=u) (2-20)
X=u
21 -1 42 (x-u) (2-21)
2 3
M U

where u is the mean of x. The mean and standard deviation of Gu are
given, using Eqs. 2-10 and 2-11, as

o) nh (2-22)

. — (2-23)

where o is the standard deviation of x. The safety index, with lineri-
zation about the mean, is

2
. owlp -1) B
Bu . D (2-24)

On the other hand, if linearization is performed about the design
point x4 on G(x4) equal zero or

xg = *1 (2-25)



the linearized G has the form

Gy =G ¢ 22 (xs1) (2-26)
d x

=0 2 (x-1) (2-27)
The mean and standard deviation of Gd becomes

=2 (pu-1) (2-28)

&
a

"
L]

2-29)
% =20 (
d

and the safety index is

By = 1.2 8 (2-30)

o W+ 1) ¥

The reader will note that B4 s almost always less than B, since
G(u) is almost always greater than zero, i.e., u is almost always

greater than one. Also, the value of B, would change if G were form-
ulated as

G(x) = x2-1=0 (2-31)

whereas g4 would not. Thus, as stated previously, g4 is invariant
under a coordinate transformation.

If the failure function G is linearized about the design point,
careful interpretation of qu and 9 is necessary.
With reference to Eqs. 2-28 and 2-29 above, qu and %
are not actually the mean and standard deviation of the f(G) but are
first order approximations of the mean and standard deviation of f(G).
They can also be considered to be the mean and standard deviation of a
normal distribution ¢(G) which is a first approximation to f(G) in the
vicinity of the design point.[4]
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Returning to the formulation of Eq. 2-15, the minimization problem
lends itself to a graphical interpretation. If the basic variables are
transformed to variables, y;, with zero mean and unit standard devia-
tion

o o

¥ * % (2-32)
the second moment method can be stated as

minimize 2 = I y{ (2-23)

constraint Gly;) = 0 (2-34)

The equation for g is seen to represent a hypersphere and the minimiza-
tion process determines the minimum distance between the origin of y;
and the failure surface G(y;) equals zero. This is illustrated in
Fig. 2-1 for a two-parameter failure surface. The f(G) and its approx-
imating normal function ¢(G) are also indicated.

For the special case of a linear failure surface, the derivatives
of G are constant. Thus, the distinction between the mean point and
design point linearization of the failure function becomes unnecessary.
For example, suppose the failure function G is linear in R and Q

G=R-Q (2-35)

where R and Q are normally distributed. Eqs. 2-10, 2-11 and 2-13 give
[6l7 9809]

g = u (2-36)
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2 2 14 1.6 2

in(v +1) =V - ZV + 3¥ =Y (2-40)
2 172 2
(v + 1) =] - %M + gv“ =1
so that
uy = i (i)
(2-41)
03 =V,

are approximate values of the mean and standard deviation of the trans-
formed variables.

For the simple case of G in £q. 2-35, if R and Q are assumed to be
Tognormally distributed, the transformation

r = 2nR
(2-42)
q=2onQ

will transform the parameters to the normally distributed r and q.
Thus, the failure criterion becomes

G(r,q) = e" -ed =0 (2-43)
where again, G is taken to be normally distributed in the vicinity of

the design point. Application of the Lagrange multiplier method to Eq.
2-15 with G from Eq. 2-43 gives

L. | (2-44)
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which is, of course, the same as £Eq. 2-48. The fact that the formula-
tions of G in Eqs. 2-35 and 2-49 give identical results (Eq. 2-45) in-
dicates that the safety index of Eq. 2-15 is invariant under at least
this particular coordinate transformation (Eq. 2-42). In general, it
is approximately true.

Coordinate transformations for other non-normal distributions are
given in Ref. 4. Only lognormal distribution assumptions will be used
in this work because of the ease with which they wre handled. However,
they obviously represent distribution functions of a specific analyti-
cal form and, as such, their application is limited.

2.3 Multiple Failure Modes

If a structure can fail by more than one failure mode, estimates
of the probability of failure of the structural system can be obtained.
In this case, the safe region of the structure is defin2d by the inter-
section of the safe regions of the individual failure criteria

Gm(xi) =0 (2-51)

where m denotes the failure mode number. This is illustrated in Fig.
2-2 for three failure modes. For each individual failure mode, the
minimum g can be obtained by the minimization method in Eq. 2-15. Let
Ry, be the minimum g for each failure mode m. 1f, as before, each
Gn is assumed to be normally distributed in the vicinity of the de-
sign point, the failure probability for each faiiure mode is

Pem = P(Gp<0) = o(- ) (2-14)






II1. PARAMETER STATISTICS

The formulation in Sec. 2, second-moment reliability theory, re-
quires the first and second moment of the structural parameters (%
in £Eq. 2-4) to approximate the first and second moment of the failure
function. 1In this chapter, these parameter statistics (mean and stan-
dard deviation) will be discussed for the Sequoyah and McGuire nuclear
power plant containments.

3.1 Material Parameters

3.1.1 Yield and Ultimate Stress

The material for both containment vessels is A516 Grade 60 steel
with a specified minimum yield of 32 ksi and a specified ultimate of
between 60 and 80 ksi. The mean values of the yield and ultimate
strength were furnished by TVA (for Sequoyah) and Duke Power (for
McGuire) and are listed in Table 3-1. The standard deviation for these
properties was supplied by Duke and assumed to apply to Sequoyah. A;-
suming that the properties of this steel are similar to those for typi-
cal structural steels, e.g., A-36 and A-441, the mean and standard de-
viation for the other pertinent structural parameters in Table 3-1 [19,
pg 1467, and 20, pg 1440] can be used. The distribution type (normal
or log-normal) is also indicated. The anchor bolts are SA320-L43 with
a minimum specified yield strength of 105 ksi. The mean and standard
deviation as given in Table 3-1 are assumed to be similar to A-490
bolts [20, pg 1433].

3.1.2 Approximate Fracture Stress

An additional material property which will be of interest in pre-
dicting containment leakage (see Sec. 4) is the fracture stress for the
steel. In Sec. 4, it will be shown that the probability of brittle
fracture is much smaller than the probability of gross containmert
deformation. To demonstrate this, an approximate (conservative) value
of fracture stress is required. The authors acknowledge that the
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following discussion is rather tentative but adequate to serve the pur-
poses of Sec. 4.

Among other items, the fracture stress is dependent upon the frac-
ture toughnes:c of the steel «hich is frequently characterized by 1
critical stress intensity factor, K;c. The determination of Kj¢
for a typical ductile steel over a wide temperature range is practical-
ly impossible by direct methods. A typical variation of Kig theo-
retically requires that no plasticity exists at the crack tip [21
(Chap. 3)]. This condition is sufficiently satisfied if plane strair
conditions exist at the crack tip, or test specimens are sufficiently
thick to prevent significant through thickness straining. ASTM Speci-
fications [22] have translated this into the requirement that

-
ch)
Ty

Y=g (9 <0.4 (3-1)
where B is the specimen width. As y increases significantly beyond
this limit, increasing amounts of through thickness straining occur and
a condition of planc stress is approached. Admittedly, the above plane
strain conditions do not exist in the containment vessel; however,
plane strain conditions do represent a lower bound case.

With referenze to Fig. 3-1, it is possible to satisfy the criter-
ion of Eq. 3-1 for ductile steels only at low temperatures - near and
below the NDT (nil ductility transition temperature). At these low
temperatures, the material is sufficiently brittle (low Kic) that a
practical specimen size, B, can be used. At higher temperatures, the
behavior becomes increasingly inelastic and B becomes exessively large.
In this region, K;c cannot be detirmined directly. In fact, even
to define a K;c in this vegion 1is questionable. (Kye in  the
upper shelf regicn can be approximated by correlation with other test
methods, e.g., Charpy V-Notch tests {ci (Chap. 6)].) In practical
terms, this means that at low temperatures (relative to NDT) fracture
by crack propugation is possible whereas at temperatures significantly
above the NDT, gross yielding of the section will most likely occur
even in the presence of a Jlarge crack.
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Other factors shovid be mentioned which affect the use of Kic
data. In a typical rea) structure, thicknesses are significantly less
than B from E£q. 3.i. Thus, plane strain conditions at the crack tip
may not be achieved. In this regard, a Kc is often defined as the
critical stiess intensity for plane stress. This value depends upon,
among other paraseters, the material thickness. (The critical stress
intensity factor for plane strain, Kic» is the Tlower bound of Kes
f.e., the value of K. for large thicknesses.) However, in complex
structures with intersecting plates (stiffeners, penetrations) and sig-
nificant welds in complex geometries and residual stresses, the dis-
tinction between plane :tress and plane strain cannot be made. In this
study, it will be assumed that piane strain conditions of maximum re-
straint exist near the crack and, hence, that K;c is applicable.

Loading rate also affects values of K;¢. At fast Tloading
rates, dynamic K;c values are define? as Kpq, the critical
stress intensity factor for impact loading and plane strain conditions.
A common technique for obtaining K;q4 curves from Kic data is to
shift the curve in Fig. 3-1 to the right by 160°F for mild ductile
steels [21 (pg. 129)]. This shift effectively accounts for the reduc-
tion in critical stress intensity for impact loadings. For this work,
the Tlower values of K;4 will be used instead of Kic for two
reasons: (1) the loading is actually dynamic (explosive), and (2) the
ASME code adopts this approach through the use of K;p curves
[21,23]. (Kjp s the Tlower bound of K;c and Ki4.)

Unfortunately, Kid data for the containment vessel steel,
A-516 Gr. 60, i< not available. However, the ASME code recommendations
for K;pl23] are approximately applicable for steels with yield
strengths below 50 ksi. As illustrated in Ref. 21 (Fig. 15.1), there
is considerable scatter in the experimental data used to develop
KiR- Additionally, Kip is a function of the operating tempera-
ture relative to the NDT, as in Fig. 3-1. The NDT of the A516 steel is
assumed to be -30°F. From Fig. 15.1 of Ref. 21, the mean of the test
data for Kip can be represented approximately by (kip, in., and °F
units)
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Kl = Kld (3-6)

Ki is the stress intensity factor for a partially through surface
crack, typically written as

Ky = Mf Jra (3-7)

where f is the stress remote from the crack or the stress which would
exist in the vicinity of the crack if the crack were not present. (The
symbol f is used here for stress since o has been reserved for standard
deviation.) The quantity a represents the crack dimension (crack depth
for a partially through crack). The factor M accounts for the differ-
ent types of stress in the vicinity of the crack (extensional, bend-
ing), the shape of the crack (semi-elliptical, semi-circular,
straight), and the local geometry of the structure (penetration, weld
detail). By their very nature, the crack size a and magnification
factor M are random quantities, dependent upon crack shape, local
structural geometry, crack location, quality of the material and welds,
and inspection and repair techniques.

It is beyond the scope of this work to review possible forms of M
except to list a very limited number of references [21,27,28,29,30,31].
Typically, M ranges between about one and two. For this study, the
following (conservative) statistics will be assumed for M

1.5

™
(3-8)

0.15

M

M will be assumed to be lognormally distributed. These estimates are
subjective.

Crack size statistics are very difficult to define without a very
careful inspection of the vessel, including welds. Such an inspaction
is probatiy not feasible at this point. (As will be shown in Sec. 4,



the probability of failure by fracture is very small. Thus, precise
determination of fracture properties does not appear necessary.) The
were inspected by die penetrant techniques. The maximum allow-

is about 3/1 in. [32]. It will be assumed that, be-

fore inspection, one crack in ten is greater than 3/16 in. deep. If
the inspection is 95 percent effective in detecting these large cracks
33 ind the detected cracks have been repaired, approximately one
greater than 3/16 in. after inspection. This con-

conjunction with an assumed mean crack size of 1/16 in.

following statistics for the crack size a

the crack size is lognormally distributed. Fracture at only one
hypothetical crack) is considered here. The probability of
it this point will be compared to the probability of gross
at this same point i Sec. 4.3.

fracture criterion of Eq. 3-6 can be formulated as

fracture stress, is defined as [34]

for the quantities Ky;r, M, and a have been approximated

»

-5 3-8 and 3-9, respectively. Since these quantities are

)

be lognormally distributed, FL will also be lognormal dis-

The statistics of Fo are listed in Table 3-1. (Note that

standard deviation of ¥ is caused by the large variations

(

.)
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These values of F are quite conservative and serve only as a first
approximation for applying fracture mechanics principles. A better ap-
proximation can be obtained by collecting actual data for the material
fracture properties and crack sizes, shapes and locations. However, as
will be discussed in Section 4.3, the values listed here serve the in-
tended purpose, i.e., they demonstrate that the probability of fracture
is quite low. The final results are quite insensitive to the particu-
lar value of the fracture stress.

3.2 Geometric Parameters

No as-built measurements of the containment vessels exist. How-
ever, fabrication and erection tolerances were established and (presum-
ably) met during the construction process. Tolerances on plate thick-
ness and size are given in Ref. 35. Tolerances on erection dimensions
were supplied by TVA for Sequoyah and by Duke Power for McGuire during
site visits. The nominal values and tolerances are listed in Table 3-
2. The mean value of the geometric parameter is taken as the average
of the maximum and minimum limits of that parameter as specified by the
tolerance extremes. The standard deviation is taken as one-third of
the allowable tolerance from the mean [6 (pg 112)]. This is equivalent
to assuming that 99.73 percent of the as-built dimensions fall within
the prescribed tolerances. The mean and standard deviations of the
geometric parameters are listed in Table 3-2. They are assumed to be
normally distributed.

The values listed in Table 3-2 imply that quantities such as the
thickness are random but uniform throughout. This is, of course, not
true. Thicknesses have a spatial variation in actuality and could be
idealized as random processes that are functions of the spatial vari-
ables. However, the random process approach would be an analytical
over-sophistication and would make the following work intractable. The
following work (Secs. 5.1.4 and 5.2.4) demonstrates that the results
are insensitive to the statistics of the geometeric parameters because
the coefficient of variation of these quantities is relatively small.
The assumption selection (uniform vs random process) is, therefore, l
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Xg = A8 (3-13)

where & represents the basic variability of the theoretical resistance
model with respect to experimental results and A represents the varia-
bility between experimental results and in-service conditions. Thus, A
accounts for imperfections in the experimental modeling of real struc-
tures, e.g., boundary conditions, welds, residual stresses. (The ex-
tended reliability formulation was not introduced into the other param-
eter variabilities because these variabilities are presumably based
upon a large number of samples of in-service conditions.) The random
variable A and & are taken to be lognormally distributed so that Xo
is also lognormally distributed.

The mean and standard deviation of A cannot be quantified ration-
ally but remain a judgment of the engineer. Actual values can only be
determined by testing real, as-built containments which is, of course,
prohibitively expensive. In lieu of this, the approach herein will be
to adopt the typical values suggested by other investigators [9,36,37].
Hence, the mean of A is taken equal to one. This implies that the mean
of test data fits the mean of in-service behavior. Typical values of
the coefficient of variation of A are 0.05 [9], 0.02, 0.05 and 0.07
[36], and 0.05 [37]). A value of 0.05 will be used in this work.

The values of the mean and standard deviation of & will be deter-
mined as the various analytical methods are presented in the following
chapters. The general procedure will be to tabulate values of the gn &
where & is the ratio of the experimental resistance of a model to the
theoretical resistance. The mean and variance of this tabulation are
calculated by usual means as m and s2. With 95 per-eit confidence, one
can say (if the error is normally distributed) that

S t S
m - 0.025 oy g <M ¢ 0:025° (3-14)
n - n
(n-1) s° , 2 (n-1)s"
n- S n-1)s
e ma < By & <._—;——__ (3-15)

X 0.025 X 0.975
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where n is the number of specimens, t, ... is the value of t such
that the area under the Student -t distribution to the right is 0.025,
and  x?;.45,5 X%g.4,5 are the value of x? for n-1 degrees
of freedom such that the area under the chi-square distribution to the
left and right is 0.025 and 0.975, respectively [38]. For this work,
conservative values will be used, i.e.,

t S
N 0.025
e 4% W 2w ; (3-16)
2
2 (n-1)s
%n & ; (3-17)
X0.975
and, by Eq. 2-40,
o
o & §
(3-18)
2 2
Vg = exp (°zn 6) -1

where V, is the coefficient of variation of .
In summary, the mean and coefficient of variation of the resis-
tance modeling error (lognormally distributed) will be taken as

Mg = Mg (3-19)

2

2
Vg = Vg + (0.05)2 (3-20)

Details for the various analysis methods are presented in the following
chapters.
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3.4 Load Modeling Error

The exact nature of the pressure loading experienced at TMI is
poorly defined. Information supplied to the authors indicate oniy that
the peak recorded pressure was 28 psi and resulted from an explosion
incident. The spatial variation and time history of the pulse were not

available to us. As a first approximation, the load is assumed to be a
uniform, static internal pressure with

up = 28 psi (3-21)

o, = 0 (3-22)

Most likely, the peak pressure was recorded at an interior point of the
containment, so that the pressure could be reduced as it radiated to
the shell walls. Also, the pulse length may be short so that the dy-
namic effect of the pressure could be more or less than the static ef-
fect depending upon the ratio of the pulse length to the local deforma-
tion mode period. In lieu of more specific information and to obtain a
first approximation within the project time constraints, the above uni-
form static pressure is used. In view of the uncertainties of the load
information, it is, of course, not consistent to take % equal zero.
However, with regard to Eqs. 2-2 and 2-3, this report is aimed at de-
termining a conditional probability; that is, the probability of fail-
ure given that the applied pressure is 28 psi. A zero value of 9
is, thus, appropriate.
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A schematic representation of the pressure-displacement curve for
a pressure vessel is shown in Fig. 4-1. 1In this figure, §, represents
the displacmeent at which leakage (fracture) occurs in the vessel wall
or penetration intersection. Leakage of the piping and/or failure of
attached equipment at a point removed from the shell is identified as
occurring at §,. 1In all likelihood, &, will be significantly smaller
than &, because of the inherent ductility of the large diameter, thin-
shell containment vessel. Quantification of these leakage failure is
discussed beiow.

4.1 Containment Shell
The characterization of the fracture of ductile steel structures

is still very much in the development stage [21]. No generally recog-
nized ‘echnique has established itself among structural analysts. How-
ever, two limiting cases are reasonably well agreed upon.

First, fracture of an initially uncracked structure, e.g., tension
specimen, will occur when the stresses reach the ultimate tensile
strength of the material, F, (see Table 3-1).

f=F (4-1)

Here f is the applied tensile stress. (Actually, f should be interpre-
ted as the tensile stress on the net area (gross area minus crack area)
but for crack areas much smaller than the gross area, f can be inter-
preted as the tensile stress on the uncracked area.) This limit im-
plies that imperfections in the real structure are smaller than or
equal to the imperfections in a machined tensile specimen.

At the other limit, failure of a perfectly elastic structure with
an initial crack will occur when the stress intensity K; reaches the
limiting value of the critical stress intensity Kpq4. By Sec.
3.1.2, this 1is equivalent to the failure condition

¢ =sF (4-2)

where F. is the material fracture strength (see Table 3-1).



cases fall somewhere between these limits depending upon

of the fracture strength and the ultimate tensile

of the ultimate tensile strength (UTS) limit

cracks and imperfections do not exist or, if they do

do not affect the material strength. Application of the linear
elastic fracture mechanics (LEFM) implies that no local yielding of the
structure occurs, even at the crack tip. Both these implications are
obviously incorrect. Itimate tensile strength is affected by imper-
fections and local yielding does occur in structures before fracture.
Many techniques have been proposed to account for plasticity at

the crack tip (elastic plastic fracture mechanics, EPFM) - the missing

[ 1

link in the above two limits [21 (Chap. 16),34,39,40]. The difference

in the theoretical approaches is usually much less than the scatter 1in
the experimental results of fracture tests. In this regard, at least
for the current state of the art, a two parameter fracture interaction

curved iﬁﬂt ot the form

appropriate. This function is used herein as the failure function

or fracture of the containment vessel wall.

Attached ;"‘;)]ﬂf’) d”d E(]u]pmpy]t

Leakage of piping and failure of other equipment passing through
or attached to the containment shell wall is probably even more diffi-
cult to predict than fracture of the shell itself. However, it can
reasonably be assumed that failure of these pieces will not occur if
deflection of the containment shell is kept within reasonable limits.
To accurately define this limit, it would be necessary to examine indi-
vidually each component associated with the containment. Because of
the larage number of such components and their indeterminacy, this is

not onsidered l""‘d{,!‘idl ly feasible.
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One approach would be to select some (fairly arbitrary) deflection
limit for the shell below which failure of associated components would
not occur -- say a few inches. The approach which will be taken here
is to assume failure of associated components will occur when ‘“exces-
sive" plastic deformations of the shell occur or when deflections in-
crease "rapidly"” for "small" increases in load. In real structures
with strain hardening materials and large displacement effects, a plas-
tic pressure would correspond with this large plastic deformation.

Numerous definitions of the plastic pressure have been adopted in
the literature [24,41]. Each definition is associated with varying
degrees of plastic deformation. The half linear slope method will be
adopted here, primarily because it is recommended in the ASME Code
[24,41,42]. In this method, the plastic pressure is defined as the
pressure at the intersection of the pressure-displacement curve with a
straight line having a slope equal to one-half the initial slope (pC
in Fig. 4-2). In other words, the plastic pressure is equal to the
pressure which produces deformation twice that of the elastic deforma-
tion at the same pressure.

In summary, leakage or failure of the piping and attached equip-
ment at points remote from the containment shell will be taken to be
governed by the failure function

G, =pc-pP<0 (4-4)

where p is the applied pressure and p. is the plastic pressure as
defined by the half linear slope method.

4.3 Combined Failure Criterion

._ As alluded to in Sec. 3.1 and Fig. 4.1, it is reasonable to expect
that leakage of the piping and attachments (general yielding of the
containment governed by G,) will occur before fracture (leakage gov-
erned by G,) of the containment shell itself. In terms of probabili-
ties of failure, one would expect that the probability of leakage of
the shell, P(G, <0,)( Event A}, is much less than the probability of
leakage of the piping and attachments, P(G,<0,)( Event B), where G, and
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G, are the failure functions in Eqs. 4-3 and 4-4, respectively. This
expectation 1is verified in the following paragraphs.

Now, by the addition and multiplication formulas of probability,
the probability of failure can be written as

P(A B) = P(A) + P(B) - P(B) . P(A B) (4-5)
in which

P(A) = P(G <0),

P(B) = P(G,<0)

and P(A B) is a conditional probability that can be referred to as the
probability of shell leakage (A) given that attachment leakage (B) has
occurred. Now G, less than zero (Event B) implies that the plastic
pressure p. of the containment has been reached (see Eq. 4-4). At
this condition, the stresses in the containment are greater than or
equal to Fy in the region of failure, or

P(B) ~ P(f > Fy) (4-6)

In a similar manner, the fracture criterion of Eq. 4-3 can be approxi-
mately written as

P(A) = P(f > Fg) (4-7)
in which
B e _fgLfgi._.
¢ =

2 2
XO(Fc + Fu)

where X, has been introduced to represent the modeling error of this
failure criterion. Now, the conditional probability in Eq. 4-5 can be
written

R - e
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P(A|B) = P(f > Fg|f > Fy) (4-8)

Since the stresses cannot be greater than Fy because of the elastic-
perfectly plastic assumption, one has

P(A|B) = P(f > Fg|f = Fy) = P(Fy > Fg¢) (4-9)

[f the modeling error is taken to have a mean of one and a standard
deviation of 0.08 [39] and the statistics of Fy, Fy and F. are
as given in Table 3-1 for McGuire (Sequoyah is similar), Egs. 2-15,
2-16 and 2-14 can be applied to find

P(A|B) = 0.020 (4-10)
The conditional possibility P(BIA) is also of interest, hence

P(B|A) = P(f > F[f > Fg)
By a Venn diagram

P(BlA) > P(f > F aF¢ > Fy|f > Fp)

y
Introducing the multiplication rule for the probability of the inter-
section gives

P(B A)= P(f > Fy F¢ > FOFf > Fg) *

y

P(Fg > F, f > Fg)

y
Now the first term on the right is one because of the conditions im-
posed on f. The second term is simply P(Fg¢ > Fy) since the two
events are independent. Hence



Thus, by the multiplication

P(AIB)

(R . <
il b('ﬁ I'K)
now becomes

P(AUB) < (0.9996 P(B) =

as the approximate probability of failure. Eq. 4-12, indeed, shows

: f ¢ 1 C : - *
that the probability of fracture (A) before yield (B) is very small,

or, the probability of containment leakage is negligible with respect

to the probability of attachment leakage. In other words, there is a

high probability that the containment vessel has the required ductility

sach the collapse pressure before brittle fracture. This probabil-

f fracture can be neglected in probability calculaticons. Hence,
results are insensitive to the fracture stress.

In summary, since the probability of containment leakage is negli-

it will be sufficiently accurate for the purposes of this pro-

to consider only leakage of attachments. Thus, the failure cri-

to be used 1is

where, i ) : [ ¢ pressure as defined in Section

*There are actually many cracks in the structure, each representing a
potential failure mode and, thus, the discussion of Sec. 2.3 applies
[43]. However, we are here comparing the probability of fracture at a
typical "point" to the probability of yielding at the same typical
‘point”. Only one crack is assumed to occur at this ‘point
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V. APPROXIMATE STRUCTURAL ANALYSIS

The Sequoyah and McGuire containment vessels are analyzed by ap-
proximate methods in this section. In addition to providing approxi-
mate results, these methods provide useful guidelines for the more
exact finite element analyses described in the following section.

5.1 Stiffened Axisymmetric Shell

5.1.1 Failure Criteria

As discussed in Sec. 4, failure of the containment vessel is as-
sumed to occur when large increases in deflections occur for relatively
small increases in pressure, or when the pressure reaches the plastic

pressure, p. (Eq. 4-11). An approximation to the plastic pressure,
Pc» s given by limit amalysis theory [24], which defines a limit
pressure, p,, at which a plastic mechanism is formed. Classical
limit analysis assumes rigid - perfectly plastic materials and small
deflections, i.e., strain hardening and large displacement effects are
neglected. For the approximate analysis discussed herein, the limit
pressure is reached and a limit mechanism is formed. (A more appropri-
ate definition of the plastic pressure will be used in connection with
the finite element analysis in Sec. 6. With the finite element analy-
sis, the theoretical pressure-displacement curve will be available and
Pc can be obtained by the half linear slope method. For the simple
model discussed here, the pressure-displacement curve would be elastic
- perfectly plastic and the half linear slope collapse pressure corres-
ponds to the 1limit pressure.)

For the approximate analysis, a limit mechanism is assumed to
occur when the entire structural system, including stiffeners, yields.
The stresses in the shell are assumed to be uniformly distributed at
the limit mechanism. For equilibrium in the circumferential and axial
directions of a cylindrical shell, respectively,
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prs, =fats, +f A,
(5-1)
g-': Szzfxt52*f2A2

where

L axial and circumferential shell stresses

r = radius
t = shell thickness
p = pressure

$ »S, = ring and stringer spacings
A,.A, = ring and stringer areas
f,,f, = ring and stringer stresses

(The symbol f is used here for stress since o has been reserved for
standard deviation.)

As mentioned above, when the stresses are at yield, a limit mech-
anism forms. For the stiffeners, this means

(5-2)

For the biaxial stress state in the shell, yielding is governed by the
von Mises yield criterion

PN L o2
Al FRd X Y (5-3)

The assumption that all stresses are at yield implies that sufficient
ductility is present in the shell wall to permit a redistribution of
load from the shell wall into the stiffeners. This model also assumes

that the stringers and rings are totally effective at the limit
mechanism.
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Introducing the yield criteria, Eqs. 5-2 and 5-3, into Eq. 5-1
gives the theoretical limit pressure Pot for the stiffened cylinder

as
Pul 4 - (2 ) ’
ot i A
EF,m M’ 3 (-4
where
a = Al/tsl
02 = Az/tSz

Similar reasoning shows the limit pressure for a stiffened sphere to
be

P.sT 2
-t-‘z;'—— = a, + ap t \/4 = 3a; - ap) (5-5)
y

The random value of the limit pressure can be written as (see Eq. 3-12)
Po = %o Pot (5-6)

where x, is the modeling error relating theory to the actual struc-
ture (see Sec. 3.3). Following Eq. 4-11, the failure function becomes

G=py-P (5-7)

in which p is the applied pressure. The random structural parameters
(x, in Eq. 2-4) are x,, Fy. r, t, A, s, Ay, 5y, and p.

5.1.2 Modeling Error

Before proceeding to the application of this anaylsis to the
actual containment vessels, it is appropriate to discuss the statistics
of the modeling error, Xx,. Unfortunately, no plastic strength
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experimental results for stiffened cylinders with internal pressure
could be found. The values of u, and o, are, thus, highly subjec-
tive. In the extreme case of unstiffened uniform cylinders of infinite
length, the values of ug and og (see Sec. 3.3) would be one and
zero, respectively. (In fact, this experimental situation is frequent-
ly used to obtain Fy and/or to verify the von Mises yield criterion.
Hence the only variability in ti. theoretical versus actual would be
y.) For this analysis, it will be
assumed that most of the experimental results fall within + 30 percent
of the thoeretical value. (This is admittedly a crude approximation
but one we are forced to accept by the lack of experimental data.) If
this limit is taken as two standard deviations, the values of uy and
og are 1.00 and 0.15. By Eqs. 3-19 and 3-20, the statistics of x,
are

represented by the variability in F

[

Wy = 1.0
(5-8)

0 = 0.16
where x, is taken to be lognormally distributed.
5.1.3 Application to Containment Vessels

The geometry of the two containment vessels is illustrated in
Figs. 1-1 and 1-2. The stringers were neglected in the McGuire vessel

(A, equals zero) because they are not continuous, i.e., there is a 1/2"
gap between each stringer and the ring webs. The statistics of the
structural parameters are listed in Sec. 3 and Eq. 5-8. The failure
criterion of Eq. 5-7 was used in conjunction with the second moment
method of Eq. 2-15 to predict the safety index g at each ring eleva-
tion. The minimization procedure of the advanced first order second
moment method in Eq. 2-15 is carried ocut using an iterative numerical
procedure based on Eqs. 2-17 and 2-18. Bounds on system failure proba-
bility and safety index (Eqs. 2-52 and 2-54) were also calculated. The
results are tabulated in Tanle 5-1. (Note that the safety index and



probabilities are associated with an applied pressure of
31.4.) Minimum mean limit pressures, which were cal¢

IRA £t for Sequoyah and Elev. 736 ft. through Elev

for McGuire (Eq. are also 1sted. The safety index, failure

»

yability, and mean limit pressure at each ring elevation are listed

the Appendix.

Sensitivity Analysis
ne benefit to be derived from the approximate analysis (besides
an approximate safety index) is a sensitivity study. bl -
would expect that, if the coefficient of variation of a particular ran-
iom parameter x is relatively small the solution for the safety

1 ’

dex would be insensitive to this parameter. This is evident when the

aylor series expansion of Eq. -11 is examined. In particular, the
oefficient of variation of the geometric parameters | Table 3-2) are
significantly smaller than the coefficient of variation of the material

properties (Table 3-1) and the modeling errors (Sec. 3) . Ine would,

therefore expect the reliability of the containment vessels to b

.

insensitive to variations in the geometric parameters. This
verified below.

approximate analysis, the failure function 1is given in

I[f the randomness of the geometeric parameters
yefficient of variation is small)., the formulation for g8 in

conveniently be solved in ‘ i form. Since the vield

"11111‘].1'1‘} errors : ( DD | 0 pressure _ Are
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nethods from Eq.
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defines an upper
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Table

of the approximate structural analysis, the

penetrations are analyzed using the method out-

, leakage is assumed to occur in the pene-

from the containment when excessive plas. it

The limit pressure i proximately the pres

r penetrated ) ] . the theoretical
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limit pressure pot i1s assumed to occur when a yield mechanism is
formed [24]. To calculate this pressure, the following two equations
[44,45] are used:

Cylinder-Cylinder Intersection

f62(hH” + 228(8(9) + 2107 K + 155

g o T — T 2 by (5-11)
- 108k + [228(%)" + 2281 k + 152 | °
D
Cylinder-Sphere Intersection
Pot = Ps Pso (5-12a)

in which pg is found from

; ey
\/1 T+ (57 -y = pg 9/[1-(9) -9 22T 95 )1 (5-120)
D D

D T DT d Dt
and where

t = penetration wall thickness

¥ = yvessel wall thickness

d = penetration diameter

D = yessel diameter

K = d/D N/D/T

pco = 2 Fy T/D

pso = 4 Fy T/D

Note that pco and pgo are the 1imit pressures of an unstiffened
cylinder and sphere, respectively, according to the maximum principal
stress failure theory. As indicated by Eqs. 5-4 and 5-5, these limit
pressures are conservative because the effects of stiffeners are neg-
lected. Eq. 5-11 gives the theoretical limit pressure of a cylinder-
nozzle intersection. Eq. 5-12b is solved by Newton's method to find



Pe . The theoretical limit pressure for a sphere-nozzle intersection
is then determined using Eq.

Both Eqs. 5-11 and 5-12 are developed for penetrations which are
flush with the inside surface of the vessel. Thus, they neglect any
strengthening effect of the penetration wall which intrudes into the

ssel - as 1s the case for the containment vessels. The effect of
the intrusion is investigated in Ref. 45 for nozzles in spherical
shells. An expression for the limit pressure is obtained which resem-
bles, 1in certain respects, Eq. 5-12.

[f the intrusion extends significantly into the vessel, the limit
mechanism [45 (Mech. No. 6)] includes the formation of a positive and
negative plastic hinge in both the interior and exterior portion of the
penetration (Fig. 5-1a). Eqs. 5-11 and 5-12 presented herein are based
on a mechanism with plastic hinges in only the exterior portion (Fig.
5-1b). The effect of the intrusion can be approximately included by
using an equivalent penetration thickness in Eqs. 5-11 and 5-12. If
only membrane plastic work is involved, the mechanism in Fig. 5-12b
would give the same limit pressure as that in Fig. 5-1a if an equiva-

lent thickness of 2t is used. [f, at the other extreme, only bending

plastic work is involved, the equivalent thickness would be \/?7t. For

the present case, both membrane and bending plastic work are involved
and the equivalent thickness is somewhere between these two limits. As
an approximation, the geometric mean, 23/t or 1.68t, will be used
here,

T

he random 1imit pressure is written as

Po o Po (5-13)

in which x, is the modeling error relating theory to the actual
structure (see Sec. 3.2). Following Eq. 4-11, the failure function

becomes
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in which p is the applied pressure. The random structural parameters
are Xxg, Fy, d, D, t, T and p.

Tne complex geometry and associated difficulty in fabrication of
the penetration intersections are a potential cause of significant un-
detected cracks. Hence, the probability of fracture relative to the
probability of ductile flow is higher than at other locations in the
shell. However, the discussion in Sec. 4.3, especially Eq. 4-12, is
still appropriate, in the authors' opinion.

5.2.2 Modeling Error

As mentioned previously, the modeling error x, is defined as a
factor relating theory to the actual structure. Ref. 44 gives some
tabulated experimental results of the limit pressure for cylinder-
cylinder and sphere-cylinder intersections. Only experimental data for
intersection failures (Mode 3, Sec. 5.2.1) were used to find the model-
ing error. A total of 11 experimental results were used for the
cylinder-cylinder intersection and 12 for the sphere-cylinder intersec-
tion. Failure of the vessel or penetration wall (modes 1 and 2) is not
considered in this section.

The ratio, & , between the experimental and the theoretical limit
pressures can be calulated for the chosen experiments as

p
§= 22 (5-15)

Assuming that & is lognormally distributed, the mean and the standard
deviation of &n & for the experimental data are

Cylinder Sphere (5-16)
Men & 0.0323 0.248
Sgn & 0.0835 0.111

Following Sec. 3.3, conservative values for these statistics are found
for the 95 percent confidence interval as



minimum
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at otner locations in the containment shells. Complete results for
each individual penetration are listed in the Appendix.

5.2.4 Sensitivity Analysis

As in the discussion of Sec. 5.1.5, the results are expected to be
relatively insensitive to the geometric parameters. In the case of the
penetrations, this can be verified by using the closed form solution
for the safety index in Eq. 5-9. The results for bounds to the safety
index and failure probability using Eq. 5-9 are given in Table 5-4.
Again, by comp@rison with Table 5-3, the reliability is seen to be in-
sensitive to the geometric parameters. Minimum mean limit pressure and
bounds to the limit pressure standard deviation (Eq. 5-10) are also
listed in Table 5-4.

5.3 Anchor Bolts

The Sequoyah and McGuire containment vessels are held down by a
number of high strength bolts distributed at about 4° around the con-
tainment base. 21ts anchor the containment vessel to the con-
crete foundation. ,.ontainment weight also acts downward to prevent
uplift by internal prossure but this force is relatively small and is
neglected here.) The a~chor bolts will yield when the internal pres-
sure reaches the limit pressure. Summing vertical forces at the 1'mit
pressure when all the bolts have yielded gives

Pot wré =n Ay Fy (5-20)
where

n = number of bolts

Ab = bolt cross-sectional area

Fy = bolt yield strength

r = containment radius

= tneoretical limit pressure at bolt yielding.

©
o
(o
¥
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The random vaiue of the limit pressure can be expressed as (see Eq.
3-12)

Po = %o Pot (5-21)

in which x, is the modeling error relating theory to the actual
structure. For this analysis, it will be assumed that most of the
experimental results fall within * 30 percent of the theoretical value.
The modeling error statistics are then the same as in Eq. 5-8, i.e.,

b = 1.00 (5-22)
gy = 0.16 (5-23)
Following Eq. 4-11, the failure function becomes

G=p,-p 5-24)

in which p is the applied pressure. The random structural parameters
(x; in Eq. 2-4) are Xos Aps Fy, r, and p. Tre statistics of
these structurai parameters are listed in Tables 3-1 and 3-2 and Eq.
5-23. The second moment reliability method summarized in Sec. 2-2 (Eq.
2-15 and 2-16) is applied. The resulting limit pressure, safety in-
dices, and failure probabilities are tabuiated in Table 5-5. (Note
that the safety index and the failure probability are associated with
an applied pressure of 28 psi.)

Following the discussion of Sec. 5.1.4, the results are expected
to be relatively insensitive to the geometric parameters. In the case
of the anchor bolts, this can be verified using the closed form solu-
tion fcr the safety index given in Eq. 5-9. The safety index, failure
probability and the limit pressure standard deviation are listed in
Table 5-6. Comparing these results with those given in Table 5-5, one
can see that the anchor bolt reliability is insensitive to the geo-
metric parameters.
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5.4 Combined Failure Modes

As discussed in Secs. 5.1, 5.2 and 5.3, each failure mode was
studied individually. A sensitivity study demonstrated that the safety
index was insensitive to the geometric parameter statistics and could
adequately be represented by Eq. 5-9. In this section all the failure
modes (shell, penetration intersection and anchor bolts) are combined
to predict the bounds for the safety index and failure probability of
the complete structure. Thus, the results of Table 5-2 (shell failure
modes), Table 5-4 (penetration intersection failure modes) and Table
5-6 (anchor bolt failure mode) are combined using Eqs. 5-9 and 2-54.
Bounds on the structure failure probability and the safety index are
evaluated and listed in Table 5-7. The minimum mean limit pressure and
bounds on its standard deviation (Eq. 5-10) are also listed.

As shown in Tables 5-2 and 5-3, the minimum mean limit pressure
for both containments is controlled by the stiffened shell failure
modes. Thus, the strength of the peneterated shell is larger than the
strength of the unpenetrated shell. (This result is not unexpected
and, in fact, provides the basis for the ASME area replacement rule.)
However, in the case of McGuire, the strength of te controlling pene-
tration i1s only slightly larger than the unpenetrated shell. The stif-
fened shell and the controlling penetration will be analyzed in Sec. 6.
In both containments, the anchor bolt limit pressure is relatively high
and has no effect on the failure probability.

A word of caution - only the failure modes discussed above were
analyzed. They were selected as being the most likely modes. However,
many other modes are possible, e.g., welds, expansion bellows, person-
nel and equipment hatches, seals, and foundation liners. To examine
all potential failure modes would require a much more extensive effort.
The assumption has been made here that, as shown for the penetration
and anchor bolt modes, the strength in all these other modes is greater
than the strength in the shell failure modes.
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VI. FINITE ELEMENT ANALYSIS

The approximate analyses in the previous section provide useful
information in that they indicate critical failure modes which deserve
further analysis. Finite element analysis methods are applied in this
section to perform a more refined analysis of the stiffened axisymmet-
ric shell and certain controlling penetrations.

6.1 ANSYS Finite Element Program

ANSYS [47] is a large-scale, general purpose computer program for
the solution of several classes of engineering analysis problems. The
program has the capability of analyzing two and three dimensional
structures, piping systems, two dimensional axisymmetric solids, three
dimensional solids and nonlinear problems. The ANSYS program is also
capable of solving static, dynamic and heat transfer problems. The
ANSYS program has the capability of generating and plotting the struc-
tural input data for the finite element models. Plotting routines are
also available for plotting the distorted geometry.

The ANSYS program has two options available to include geometric
nonlinearity. The first is called large displacement analysis and is
accomplished by updating nodal coordinates to formulate the element
stiffness matrix [48,49]. The second option is called stress stiffen-
ing and is accomplished by adding the geometric stiffness matrix
[48,49] to the usual linear element stiffness matrix. The stress stif-
fening matrix depends upon element stresses obtained from the previous
fteration. The stress stiffening solution represents a first approxi-
mation to large displacement effects.

The ANSYS program provides a plastic material capability with
several options for material nonlinearity. The option employed here is
called classical bilinear kinematic hardening. An elastic perfectly
plastic material property is used (no strain hardening).

To accomplish the nonlinear (material and geometry) solution, an
iterative approach is used within the ANSYS program. The procedure is
to increase the applied load by small increments, called load steps,
and allow the program to iterate until it converges to a final
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solution. The solution is said to be converged if the ratio of the
change in the plastic strain, Ae,, to the elastic strain, ¢, re-
ferred to as the plastic convergence ratio, is less than a specified
value. The smaller the load step, the fewer the required number of
iterations. In the program, a value of 0.01 is used for this ratio
unless otherwise specified.

6.2 Failure Criteria

The nonlinear finite element analysis predicts the theoretical
pressure-displacement curve. As discussed in Sec. 4, failure is as-
sumed to occur when the displacements become "large", or the pressure
reaches a plastic pressure vaiue as calculated by the half linear slope
method [24,41,42]. (See Fig. 4-2.) The theoretical plastic pressure
Pey will Dbe used in calculating the structural safety index and
probability of failure in conjunction with the sensitivity analysis
discussed previously. The random plastic pressure p. is written as

Pc = %o Pct (6-1)

in which x, is the modeling error relating theory to the actual
structure (see Sec. 6.3.2).

6.3 Stiffened Axisymmetric Shell

6.3.1 Finite Element Modeiing Guidelines

The containment vessel wall (axisymmetric shell) can be modeled by
axisymmetric solid elements. The ANSYS program provides two different
four-sided isoparametric elements of this type. One has four corner
nodss (STIF4z) and the other has four corner nodes and four midside
nodes (STIFB2) as shown in Fig. 6-1.

To study the accuracy of both STIF42 and STIFB2 and the various
options in ANSYS, a smooth closed end clyindrical shell was analyzed.
The following options were empioyed:
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Plastic Convergence Geometric Nonlinearity

Element Ratio Option

STIF42 0.03 Stress stiffening (SS)
STIF42 0.03 Large displacement(LD)
STIF82 0.03 SS

STIF82 0.05 SS

STIF82 0.10 SS

The cylinder was modeled as shown in Fig. 6-2. For STIF42, an element
length (height) of /rt/4 was used, in which r and t represent the shell
radius and thickness, respectively. Twice this length was used with
STIF82. One element was wused through the shell thicknesses.

Fig. 6-3 shows the radial deformation of the cylinder at an inter-
nal pressure of 35 psi. At this pressure, the structure is in the
elastic region. The results using STIF82 and STIF42 without either
stress stiffening or large displacements are very close to those found
from classical shell theory [50]. Also, STIF82 with the stress stif-
fening option gives results which are close to those calculated using
STIF42 with either the stress stiffening or large displacement options.
STIFB2 with an element length of about ./rt/2 will be used in this
work.

Fig. 6-4 shows the pressure-displacement curves for the different
element types and the different plastic convergence ratios. The re-
sults of the theoretical plastic pressure using the half linear slope
method are given in Table 6-1. The percentage difference in the theo-
retical plastic pressures (with respect to Pct for a convergence
ratio of 0.03) is listed in Table 6-1. Computer CPU time is also tabu-
lated. Fig. 6-4 and Table 6-1 indicate that there is no significant
difference between the results obtained from STIF42 and STIF82. Fur-
ther, stress stiffening adequately accounts for large displacement
effects in the range of interest at a large savings in computer time.
Hence stress stiffening will be wused in this work.

Table 6-1 illustrates that a higher plastic convergence ratio
results in shorter CPU times and a larger error in the theoretical
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plastic pressure. Comparing the CPU time used and the difference in
Pcts 1t was decided to use a plastic convergence ratio of 0.1. The
error in the theoretical plastic pressure, Pct. wWill be accounted
for, somewhct, in the modeling error x, (Eq. 6-1).

The Sequoyah and McGuire containment vessels are reinforced by
ring and vertical stiffeners. The vessel in Fig. 6-5 was used to in-
vestigate possible finite element models for the stiffeners. The cyl-
inder was modeled by the isoparametric elements mentioned above. The
vessel, without stringers, was analyzed using two different ring mo-
dels. Initially, five isoparametric axisymmetric elements were used to
idealize the web and two elements for the flange of the ring. Next,
one element was used in the web and one in the flange. Both idealiza-
tions gave approximately the same predicted theoretical plastic pres-
sure (within three percent). Due to the noticeable saving in computer
time, one-element idealizations of the web and flange will be used.

The stringers obviously introduce a non-axisymmetric character to
the problem, i.e., the stringers cause the displacements to vary cir-
cumferentially. In principle then, the structural behavior is three-
dimensional. However, a three-dimensional idealization of the entire
containment vessels is beyond a reasonable scope for this project. To
retain the axisymmetric idealization, a stringer is idealized as a beam
with properties uniformly distributed around the circumference. The
basic assumption, then, is that the circumferential variation of dis-
placement 1is negligible.

The circumferential variation of displacement for the Sequoyah
containment has been independently studied by two investigators
[51,52]. Their work is unpublished and summarized here.*  Both
authors considered the behavior of a typical panel of the Sequoyah
containment bounded by two rings and two stringers. At a point midway
between the rings, Ref. 51 found that the ratio of the displacement at
the stringer to the displacement midway between the stringers (center
of panel) is

*Copies of [51,52] are attached in the Addendum.
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about 1.08. This ratio is maintained up into the nonlinear range. In
Ref. 52, a linear analysis of a slightly different-sized panel showed
the ratio to be 1.20.

A two-dimensional beam element (STIF23) was used to model the
vertiical stiffeners (stringers). This beam element has stress stif-
fening and nonlinear capabilities. Since no hoop effects are present
in the stringers, STIF23 can be used with axisymmetrical elements.
Properties are input on a per-radian basis.

The linear constraint equation option in ANSYS was used to ideal-
ize the ring and stringer connection to the shell wall. This option
relates the displacements of selected nodal points through a specified
equation. The cylinder/stringer connection idealization is shown in
Fig. b-6 together with the associated linear constraint equations. In
effect, a rigid link connects the stringer node to the shell node.

The cross-section of the ring was assumed to remain rigid and to
translate and rotate with the stringer node. Fig. 6-7 shows the ring
web connection to the cylinder and to the stringer with the associated
constraint equations. Node 4 was constrained to Node 1 only in the
vertical direction to prevent any artificial stiffening of the web,
e.9., to permit through thickness straining. The ring stiffener flange
was also constrained to the stringer node as shown in Fig. 6-8.

Fig. 6-9 illustrates the pressure-displacement curves for the
vessel in Fig., 6-5 with and without stiffeners. Using the half linear
slope method, there is about a 23 percent increase in the theoretical
plastic pressure when the ring and vertical stiffeners are added.

6.3.2 Modeling Error

The modeling error, x,, is defined as a factor relating theory
to the actual structure (see Sec. 3.3. and Eq. 6-1). Ref. 53 provides
some experimental results in the form of pressure-displacement curves
for closed-end smooth cylinders. (Unfortunately, no experimental re-
sults for stiffened cylinders were found.) A total of six such cylin-
ders (Cylinders 31, 32, 33, 34, 35 and 36) were analyzed using STIF82
with a plasticity convergence ratio of 0.1. The theoretical pressure-
displacement relationship was found and the theoretical plastic
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pressure was evaluated as discussed in Sec. 6.2. The experimental
plastic pressures were obtained from the experimental pressure-
displacement curves by the half 1linear slope method.

The ratio, &, between the experimental and theoretical plastic
pressures was calculated as in Eq. 5-15. Assuming that & is lognorm-
ally distributed, the nean and the standard deviation of gn & is found
as

0.153

Men &
(6-2)

S"n 8 = 0.24

Following Sec. 3.3, conservative values for these statistics are found
from the 95 percent confidence interval as

bgn & = 0.123
(6-3)
0.059

%n d

Using Eq. 2.39, the mean and standard deviation of the lognormally
distributed & becomes

ug = 1.13
(6-4)

og = 0.067

which represents the variability between theoretical and experimental
results on smooth cylinders. The experimental models appear to have a
plastic pressure about 13 percent larger than that predicted by theory.
This increase is not considered reliable and will be conservatively
neglected here. The error in the ring and vertical stiffener models is
assumed to be incorporated intoc the factor A. Referring to Sec. 3.3
(Egs. 3-19 and 3-20) the statistics for the modeling error x, are
taken to be
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o = 1.00
(6-5)
Oy = 0.083

Admittedly, these values are somewhat subjective. As discussed in Sec.
3.3, more confidence can be developed in these statistics only by anal-
yzing more experimental results and, especially, by testing more full-
scale containments. This is beyond the scope of the present study.

6.3.3 Applications

The ANSYS finite element computer program was used to analyze the
Sequoyah and McGuire containment vessels shown in Figs. 1-1 and 1-2,
respectively. The guidelines outlined in Sec. 6.3.1 were used to model
these vessels. The mean dimensions given in Table 3-2 were employed in
the finite element analysis.

6.3.3.1 Finite Element Model

For the Sequoyah containment vessel, the stringers are welded to
the containment wall and the ring stiffeners. The linear constraint
equations discussed in Sec. 6.3.1 were used to model this connection.
Two hundred fifty STIF82 elements and 123 STIF23 beam elements were
used to idealize the containment vessel. The total number of nodes was
1414, At the time this analysis was performed, the mean material yield
strength had not been furnished by the Sequoyah owners. A mean yield
strength of 35.2 ksi was used in the ANSYS analysis. The actual mean
value was provided later (see Table 3-1). A uniform internal pressure
of 35 psi was initially applied to the Sequoyah vessel model and incre-
mented by 5 psi. At a pressure of 50 psi convergence to the specified
plastic ratio did not occur within 20 iterations. About 7-1/2 hours of
computer time on a PRIME4OO minicomputer were used for this analysis.

In the McGuire containment vessel, there is a 1/2" gap between the
stringer and the ring webs. Linear constraint equations similar to
Fig 6.6 were used at each end of each stringer to model this gap. Two
hundred thirty-eight STIF82 elements and 130 STIF22 elements were used
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to model the containment. The number of nodes was 1365. The uniform
internal pressure for the McGuire containment was started at 55 psi
with increments of 5 psi up to 80 psi. The pressure increment was then
changed to 1 psi to ensure convergence within each load step. The
solution did not converge to the specified plastic ratio after ten
iterations at a pressure of 85 psi. The run time on the PRIME4AOD was
approximately 7-1/2 hours.

6.3.3.2 Results

The results of the finite element analysis are summarized in Figs.
6-10 through 6-15. Figs. 6-10 and 6-11 are plots of the applied pres-
sure versus the maximum radial displacement for the Sequoyah and
McGuire containment vessels. This displacement occurs at about Elev.
783" for Sequoyah and about Elev. 751' for McGuire. For the Sequoyah
vessel, plastic deformation starts at a pressure of about 40 psi and
increases rapidly at a pressure of 45 psi. For the McGuire containment
vessel, plastic deformation starts at about 70 psi and increases rapid-
ly at 84 psi. Since convergence did not occur at the last load step,
the radial displacement is taken to be very large. This is represented
by the nearly horizontal line in Figs. 6-10 and 6-11. Using the half
Tinear slope method, the theoretical plastic pressure;, Pcys are 45
psi and 84 psi for Sequoyah and McGuire, respectively. As mentioned
above, 35.2 psi was used as the mean yield strength of the Sequoyah
containment. The corrected theoretical plastic pressure is obtained by
multiplying 45 psi by 47.2/35.2 to obtain 60 psi as the predicted plas-
tic pressure for Sequoyah.

Figs. 6-12 and 6-13 show the applied pressure versus the maximum
effective von Mises strain. For Sequoyah, this maximum strain occurred
at about Elev. 783" and at about Elev. 751' for McGuire. These plots
indicate the strains at the predicted plastic pressures are not exces-
sive - of the order of two times the elastic strain. The ductile steel
used in these containments will almost certainly be able to tolerate
these strains without fracture [21, pg 529]. In other words, the ves-
sels will almost certainly reach the plastic pressure before leakage.
This observation reinforces a similar conclusion in Sec. 4.3.
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Fig. 6-14 shows the deflected shape of the Sequoyah containment
vessel near the plastic pressure. The maximum displacement occurs at
the smallest shell thickness. The deflection between the ring stiffen-
ers is slightly more than at the ring locations. The deflected shape
of the McGuire containment vessel near the plastic pressure is shown in
Fig. 6-15. Since this vessel has a more uniform thickness, the radial
displacement is almost uniform.

An examination of the stress results for both of these analyses
indicates, that, as expected, the shell yields first about midway be-
tween stiffeners. At this point the rings are below their yield value.
However, as the pressure is increased, the ductile shell continues to
strain with no change in stress. Forces are, thereby, redistributed to
the rings. Eventually, the rings themselves reach their yield stress
and, for all practical purposes, a collapse mechanism is formed. In
this mechanism, the shell and rings are completely yielded. This cor-
responds to the last (non-converged) load step of the nonlinear solu-
tion. At this point, the stringers are also almost at total yield in
tension in the vicinity of the maximum displacement. (The stringer
axial loads are 0.96 and 0.89 of the stringer tensile yield strengths
for Sequoyah and McGuire, respectively.) This behavior tends to con-
firm the mechanism assumptions in Sec. 65.1.1.

6.3.4 Uncertainty Analysis

In Sec. 5.1 it was concluded that the safety index is insensitive
to the geometric structural parameters and could adequately be predic-
ted using Eq. 5-9. The theoretical plastic pressure, Pct, Obtained
in Sec. 6.3.3, is used in conjunction with Eqs. 5-9 and 5-10 to perform
the uncertainty analysis for the Sequoyah and McGuire containment
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vessels. This leads to the standard deviation of the plastic pressure

2
0. = M Vx + VF (6-6)

The statistics for material yield strength are given in Table 3-1 and
for the modeling error in Eq. 6-5 The mean and the standard deviation
of the plastic pressure for the axisymmetric shell failure mode become
60 psi and 5.9 psi, respectively, for Sequoyah and 84 psi an 8.3 psi,
respectively, for McGuire.

6.4 Penetration Analysis
The controlling penetration for each containment vessel (see Sec.
5) was analyzed using the finite element method through the ANSYS pro-

gram.

6.4.1 Modeling Guidelines

The element used for this analysis was STIF48, the only ANSYS
shell element possessing both stress stiffening and plasticity charac-
teristics. STIF48 is a three node triangular element with six degrees
of freedom per node. Following the suggestion of the ANSY documenta-
tion, a curved shell pressure loading option was utilized which elimi-
nates equivalent nodal moments that cause fictitious bending stresses
in the element. Two linear trial runs, with and without this option,
proved this to be true.

*Note that the collapse pressure is, to the first order, proportional
to Fy. Dimensional analysis principies would give p./F, and
F./E as the only dimensionless products involving force dimeﬂ!ions.
T*e term, Fy/E. is, typically, considered to be a second order effect
so that P. is proportional to Fy when other parameters are held

constant.
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In an effort to minimize CPU time without sacrificing accuracy, an
attempt was made to develop some modeling guidelines. Parameters felt
to warrant study included element size, aspect ratio, mesh characteris-
tics, and model size. An extensive study was not possible, but by
linearly analyzing two models - a smooth pressurized cylinder and a
pressurized cylinder with a penetration - and comparing their behavior
with theoretical and experimental results, some very general guidelines
developed.

Element length at the vessel-penetration intersection is control-
led not by rt/2, but rather by central angle size of the penetration.
An arc length of 10 degrees with respect to the penetration is an ap-
proximate maximum value. Maximum element size in the penetration re-
mote fror the intersection is 30 degrees of arc length. Maximum ele-
ment size in the vessel remote from the intersection is 20 degrees of
arc length with respect to the vessel. Element aspect ratios should
approach 1:1 in critical areas of the intersection, but 1:3 is satis-
factory in areas remote from the intersection.

Characteristics of the mesh involve two concepts. First, and most
obvious, the mesh should have smooth transitions from fine areas around
the intersection to coarse areas remote from the intersection. Second,
the mesh, wherever possible, should be generated with three sets of
parallel lines instead of four [48, pg 245]. The latter mesh gives
rise to unequal equivalent nodal forces.

Finally, trial runs indicated that the model of the penetration
should extend at least one penetration diameter, d, away from the in-
tersection; similarly, the vessel model should also extend at least a
distance, d, away from the intersection.

6.4.2 Experimental vs ANSYS Results

To facilitate some sort of comparison of ANSYS results to predic-
ted results, a nonlinear analysis of a pressure vessel with a penetra-
tion was performed using the aforementioned guidelines. The results
were compared to an experimental model [54] of the same dimensions (d =
3.762", t = 0.125", D = 5.789", T = 0.187"). The displacement of the
point on the vessel-penetration intersection and in the symmetry plane




perpendicular to the vessel axis was plotted versus the internal pres-
sure. Both the experimental and ANSYS curves are shown in Fig. 6-16.

Lack of time and money precluded additional model runs, therefore
preventing a more complete error analysis. However, the similarity of
the two curves in Fig. 6-16 does indicate certain factors. First,
STIF48 appears to give fairly reliable results. Second, the modeling
guidelines which were applied appear to be satisfactory. The percent
error in the theoretical plastic pressure, p.s, for this particular
case is 10 percent. Last, an approximation to the CPU time for a non-
linear run was obtained which directly influenced later modeling
decisions.

6.4.3 Application

6.4.3.1 Finite Element Model

The finite element model of the controlling Sequoyah penetration
(Elev. 767', Az. 266°) was deveioped with certain considerations. This
penetration has a diameter of 24 in. and a thickness of 0.375 in. The
containment vessel has a thickness of 0.625 in. in the vicinity of the
penetration but is reinforced locally to 1.5 in. To minimize CPU time
and still obtain accurate results, as small a portion of the structure
as possible was chosen. Since an identical penetration is located 5
degrees (centerline to centerline) away from the modeled penetration, a
plane of symmetery was assumed at half that arc length, 2.5 degrees.
Also, to minimize the stiffening effect of the circumferential rings
and to obtain a conservative result for other similar penetrations, the
penetration was assumed to lie midway between two rings. The model,
thus, had quarter symmetry. The penetration was modeled with a 24 in.
intrusion and a 24 in. protrusion, or one diameter away from the inter-
section. The model consists of 253 elements and 183 nodes. STIF48 was
used for all elements, including the rings. The mesh is shown in Fig.
6-17. A1l four edge-planes of the vessel, along with the longitudinal
symmetry plane of the penetration, were modeled with symmetry boundary
conditions. The transverse edges of the penetration were assumed to be

free edges.
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A uniform pressure was appiied in increments to the internal ves-
sel face and the external face of the penetration intrusion. Axial
forces were applied to both the penetration intrusion and the vessel to
account for pressure end loading. The initial load, 20 psi, was used
to establish an initial slope for the pressure/displacement curve. An
estimate of the yield pressure was obtained by extrapolating the ele-
ment stresses to yield. This estimate was 35 psi, which was the second
load, or load step. The succeeding load steps were determined by con-
sidering the pressure-displacement curve and rate of convergence of the
previous load step. Load steps of 5 psi were used successfully. In
the interest of saving the time and expense of unnecessary computer
processing, the loading w~as continued only until a minimum acceptable
pressure was achieved. . ’or Sequoyah, the plastic pressure of the un-
penetrated shell was determined to be 60 psi (see Sec. 6.3). There-
fore, the penetration analysis was concluded upon reaching 65 psi suc-
cessfully. The computer run time was about 9 hours.

The controlling McGuire penetration (Elev. 758.75', Az. 20°) was
modeled with similar considerations. The penetration is a Schedule
60,12.75 in. diameter pipe. The containment shell thickness is 1.0 in.
There is no local reinforcement. The penetration is one of several
fdentical penetrations arranged in two parallel rows between two cir-
cumferential rings. Again, a symmetry plane was assumed midway between
the penetrations {2.5° centerline to centerline) or 1.25° away from the
controlling penetration centerline. To conservatively minimize the
stiffening effects of the rings, the two rows of penetrations were as-
sumed to lie at one-third points between the rings. A horizontal plane
of symmeiry was then assumed midway between the two horizontal rows of
penetrations. The penetration was modeled with 3 12 in. intrusion and
a 12 in. protrusion, or one diameter away from the intersection. The
McGuire model consists of 455 elements, all using STIF48, and 315
nodes. The finite element mesh is shown in Fig. 6-18. A1l four edge-
planes of the vessel, along with the Tongitudinal symmetry plane of the
penetration, were modeled with symmetry boundary conditions. The
remaining transverse edges of the penetration were assumed free edges.
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Sec. 6.3 - 60 psi and B4 psi, respectively. The approximate results
show that the standard deviation of the plastic pressure of the pene-
tration analysis (Table 5-4) is not significantlv different from the
standard deviation of the plastic pressure of the unpenetrated shell
(Table 5-2). In terms of the uncertainty analysis of the entire con-
tainment, therefore, one can reasonably neglect the probability of
failure of the penetrations with respect to the shell. Or, as stated
in Sec. 5.4, the strength of the penetrated shell is greater than the
strength of the unpenetrated shell.

6.5 Combined Failure Modes

As summarized in the previous portions of Sec. 6, the finite ele-
ment was used to analyze two failure modes (axisymmetric stiffened
shell and one penetration intersection) for each of the two contain-
ments. These modes were indicated by the approximate methods of Sec. 5
to be the most likely to occur. A finite element analysis of all the
possible failure modes would be well beyond the scope of this project.
And yet, failure by these unanalyzed modes is certainly possible. To
appreximate the effect of the unanalyzed failure modes on the safety
index and failure probability, the following approach will be adopted.
The system mean failure pressure will be taken to be equal to the mini-
mum mean plastic pressure for the analyzed failure modes: 60 psi and
84 psi for Sequoyah and McGuire, respectively (Sec. 6.3.4). In both
cases, the unpenetrated axisymmetric shell has been shown to control,
i.e., to have the minimum mean plastic pressure (Sec. 6.4.4). The
coefficient of variation of the plastic pressure will be taken as [37]

2 2 2
YV = V. o+ vF + (6-7)

where V. represents the effect of the unanalyzed failure modes. The
approach suggested in Eq. 6-7 implies that the effect of the unanalyzed
failure modes can be expressed in the form of a multiplying factor
similar to the modeling error. The authors realized that this is, at
best, a very approximate approach and that it has pitfalls. However,
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it is expedient. It is not economically feasible to analyze all fail-
ure modes by finite element. In fact, a primary motivation for the
development of approximate methods is to be able to anmalyze many fail-
ure modes. The finite element method is here visualized as a means of
refining the approximate results. For this reason, no g values or
failure probabilities are calculated for the finite element analysis.
The coefficient of variation of the modeling error and material yield
strength have been discussed previously in conjunction with Eq. 6-6.
The difference between the upper and lower bounds to the plastic pres-
sure standard deviation is due to the additional failure modes (see Eq.
2-54 and 5-10). An appropriate value of V, which approximately ac-
counts for all the shell, penetration and bolt failure modes is

V_ = 'l -V (6-8)

where Vp., and Vp., are the upper and lower bound coeffici-
ents of variation for the plastic pressure. For the approximate re-
sults in Table 5-7, Vg, is 0.037 and 0.099 for Sequoyah and McGuire,
respectively. For this work, V, will be taken as [37]

VM » 0010 (6-9)

With this value of V, and Eq. 6-7, the final predicted mean and stan-
dard deviation of the plastic limit pressure are listed in Table 6-2.
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standard devatiation of 8 psi. The corresponding pressure for McGuire
is B4 psi with a standard deviation of 12 psi.
7.3 Recommendations

There are at least four areas where the scope of work presented
herein was limited. These limitations could be removed by:

- Dynamic analyses. The TMI pressure pulse is potentially dynamic,
i.e., a pulse length of the order of the structural period. (No
exact information has been furnished.) In this regard, dynamic
analyses should be performed using realistic pressure-time-space
relationships.

Additional failiure modes. As mentioned in Sec. 5.3 and 6.5, only a
limited set of failure modes was examined in this study. A more

comprehensive program could be undertaken to examine other modes.
- Approximate analyses. The approximate analyses appear to give rea-

sonable results for these cases at a large savings in time. The
limits of these approximations should be defined.

- Distribution assumptions. The assumption of normal or lognormal
distributions for 1input parameters introduce errors of various
amounts in the reliability estimates. The error should be quanti-
fied.

- Fracture. The fracture properties of the material (stress intensity
factors, crack shapes and size; temperature) should be investigated
more thoroughly to establish more certainly the tentative results of
e, 4.3,

- Experimental results. Perhaps the biggest shortcoming of the analy-
sis reported herein is the lack of correlation with experimental
data. No experimental data could be found for stiffened cylinders
under internal pressure. Hence, the modeling error which was used
was quite subjective. Although extensive experimental data exist
for shell penetrations, very little exists for large r/t values.
Also, there was not enough time or money to analyze the existing
data with the finite element program. Future work should be devoted
to: (1) finding (or obtaining) experimental results for stiffened
cylinders with internal pressure and correlating these results with
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TABLE 3-1. Mean and Standard Deviation of Material Properties

Property Mean Standard Deviation

Modulus of elasticity (normal) 29,000 ksi 1740 ksi
Poisson's Ratio (normal) 0.3 0.009

Yield Stress (lognormal)-Sequoyah 47.2 ksi 2.50 ksi
Yield Stress (lognormal)-McGuire 46.9 ksi 2.50 ksi
Ultimate (lognormal)-Sequoyah 66.2 ksi 1.80 ksi
Ultimate (lognormal)-McGuire 67.0 ksi 1.80 ksi
Fracture Stress (lognormal) 197  ksi 102 ksi
Bolt Yield Stress (lognormal) 105 ksi 2,50 ksi

TABLE 3-2. Mean and Standard Deviation of Geometric Properties

(Normally Distributed)

Nominal Standard
Property (in) Tolerance (in) Mean (in) Deviation
(in)
Thickness 11/4" -0.010,+0.063 1.277 0.012
1 3/16 -0.010,+0.059 1.212 0.012
11/16 -0.010,+0.053 1.084 0.011
1 -0.010,+0.050 1.020 0.010
3/4 -0.010,+0.045 0.768 0.0092
11/16 -0.010,40.041 0.703 0.0095
5/8 -0.010,+0.0328 0.639 0.0080
1/2 -0.010,+0.035 0.513 0.0075
7/16 -0.010,+0.035 0.450 0.0075
Length & Width  2,b + 1/4" b 0.083
Stiffener Spacing s + 0.005 s s 0.00167s
Radius (Sequoyah) 690 + 3.45" 690 v P9 4
(McGuire) 690 +1.5" 690 0.50
Anchor Bolt Diameter (upset)
(Sequoyah) 2.58 + .01 2.58 .0033
(McGuire) 3.75 + .015 3.75 .005
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TABLE 5-1. Reliability Results with Approximate Stiffened Shell

Analysis
Sequoyah McGuire

Minimum Mean Limit Pressure 59.1 psi 7715 psi
Safety Index (p = 28 psi)

Upper Bound 4.5 6.1

Lower Bound 4.4 5.7
Failure Probability (p = 28 psi)

Upper Bound 5.0 (10-6) 5.6 (10-9)

Lower Bound 3.9 (10-9) 5.4 (10-10)

TABLE 5-2. Reliability Results with Approximate Stiffened Shell

Analysis-Sensitivity Study

Seaquoyah McGuire

Minimum Mean Limit Pressure 59.1 psi 77.5 psi
Limit Pressure Standard
Deviation

Upper Bound 10.0 psi 13.8 psi

Lower Bound 9.8 psi 12.9 psi
Safety Index (p = 28 psi)

Upper Bound 4.5 6.1

Lower Bound 4.4 5.7
Failure Probability (p = 28 psi)

Upper Bound 4.7 (10-6) 5.2 (10-9)

Lower Bound 3.7 (10-€) 5.1 (10-10)
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TABLE 5-3. Reliability Results for Approximate Penetration Analysis

Sequoyah McGuire

Minimum Mean Limit Pressure 67.2 psi 78.5 psi
Safety Index (p = 28 psi)

Upper Bound . P | 6.1

Lower Bound 4.9 5.2
Failure Probability (p = 28 psi)

Upper Bound 6.1 (1077) 6.9 (10°%)

Lower Bound 1.4 (1077) 7.3 (10°19)

TABLE 5-4. Reliability Results for Approximate Penetration Analysis--
Sensitivity Study (Eq. 5-9)

Sequoyah McGuire

Minimum Mean Limit Pressure 67.2 psi 78.5 psi
Limit Pressure Standard
Deviation

Upper Bound 12.0 psi 15.3 psi

Lower Bound 11.4 psi 13.4 psi
Safety Index (p = 28 psi)

Upper Bound - 5 6.1

Lower Bound 4.9 5.3

Failure Probability (p = 28 psi)

Upper Bound 5.8 (10-7) 6.6 (10-8)
Lower Bound 1.3 (1077 7.0 (10710
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TABLE 5-5. Reliability Results for Anchor Bolts

Sequoyah McGuire
Minimum Mean Limit Pressure 66 psi 141 psi
Safety Index (p = 28 psi) 5.4 10.1
Failure Probability (p = 28 psi) 4.0 (107%) 23 (107%%)

TABLE 5-6. Reliability Results for Anchor Bolts--Sensitivity Study

(Eq. 5-9)
Sequoyah McGuire
Minimum Mean Limit Pressure 66 psi 141 psi
Limit Pressure Standard
Deviation 10.5 psi 22.5 psi
Safety Index (p = 28 psi) 5.4 10.1
Failure Probability (p = 28 psf) 4 (10™0) 2.3 (10724

TABLE 5-7. Reliability Results for Approximate Structural Analysis

Sequoyah McGuire

Minimum Mean Limit Pressure 59.1 psi 77.5 psi
Limit Pressure Standard
Deviation

Upper Bound 10.0 psi 15.0 psi

Lower Bound 9.8 psi 13.0 psi
safety Index {p = 28 psi)

Upper Bound 4.5 6.1

Lower Bound 4.4 5.3

Failure Probability (p = 28 psi)
Upper Boutd 5.5 (10°%) 7.1 (1075

Cowte Bownd 3.7 (1079 7.0 10719
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TABLE 6-1. Plastic Pressure for Cylinder in Fig. 6-2 With
Different ANSYS Options
STIF NO. 42 42 82 82 82
Option s.s? L.D° s.s® s.s? s.s®
Plastic Convergence
Ratio 0.03 0.03 0.03 0.05 0-1
P, (psi) 71 71 71 73 79
t
% Difference —-— -— — 3 11
cpu (sec) 1327 2338 1170 765 415
a) S.S = Stress Stiffening Option
b) L.D = Large Displacement Option
TABLE 6-2. Plastic Pressure Results
Sequoyah McGuire
Minimum Mean 60 psi 84 psi
Standard Deviation 8 psi 12 psi
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HRiING
ELEVe

680.80
69120
701 .60
7T13.50
72160
73030
740 .60
750410
75960
76910
7T78.60
788.10
79140
796 09
79980
803.80
BO09.50
B15.40
B21 «40

SUMMAKY

LE 9=1
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VESSEL

SEQUUYAH CONTAINMENT

SHELL LIMIT PRESSURE

MEAN LIMIT
PRESSURE

122.67
113.25
10720
99.38
95«40
7541
CY.€1
65.13
6He22
65.79
€3.60
59.08
83.15
83.86
85402
83.72
Ble56
Blet%
70.182

SAFETY
INDEX

B.85
8437
8.04
Te59
T35
$5.93
Se45
S.06
5«06
Sel2
4,91

4.47
652
656
0«04
LeS5S
Ged2
6.40
549

MINIMUM FAILURE LIMIT PRESSURE=

SAFETY

4.42< INDEX <

Qe 3839E-05<

(BETA)

PROBABILITY
OF
FAILURE

PROBABILITY
OF FAILURE

0.4423E-18
0.2782€~16
0.4352E~15
O« 1592E-13
0.9908BE-13
O« 1472E-08
0e2449E-07
0.2135E~06
0.2062E-06
0.1551E-006
0.8472E-06
0. 3889E-05
0+3494E-10
Qe 2007E~-10
Qe LS75E~-11D
0.2884E-10
CeGBGSTE-10
Qe7S97E~-10
0e 1578E~07

S59.077

4.47

< 0+4957E-05
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VESSEL

MCGUIRE CONTAINMENT

SRELL LIMIT PRESSURE

TABLL 9-2
RING MEAN LIMIT
ELEV. PRESSURE

727 .83 82.139
736.42 T7.94
74642 7752
756 .92 T7.52
76642 7752
776.42 T7e5c
786 .42 7752
756 .42 77.52
806 .42 T7.52
816 .42 7752
826442 78.08
b35.42 78.68
845.00 95.57
SUMMARY

MINIMUM FAILURE LIMAIT PRESSURE=

SAFETY
INDEX

6«46
bl
610
610
610
610
6.10
610
610
610
6.14
0«19
734

SAFETY

Se71< INDEX

0«5418E-09<

(BETA)

PROBABILITY
OF FAILURE

05151E~-10
0«8427E-09
0e5418E-09
0.5418E-09
0.5418E-09
0e5418BE~-09
UeS541BE-09
0e5418BE-09
UeS418E-09
0e5418E-09
0«4129E-09
03091E-09
Cel047E-12

77520

6.10

PROBABILITY

OF
FAILURE

< 0.5551E~-08
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699.71
B22 .75
714,00
697.00
708.00
697.00
Til.42
716.50
Til1.50
T15.50
7T15.50
T11.50
71150
715.50
71150
7T15.50
712.00
7T10.75
705.50
696.30
714,00
715.00
69700
T17.00
715.50
715.50
715.50
715.00
714.00
715.50
T16.67
7T11.50
71550
822.75
712.50
7il1.50
715.50
711.50
71550
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TABLE 9-3 SEQUOYAH CONTAINMENT
VESSEL
PENETRATION LINIT PRESSURE

AZIM, MEAN LIMIT SAFETY PROBABILITY
PRESSURE INDEX OF FAILURE

O 0 o 96.93 Te29 0«1539E~-12

0 0 o0 86.44 Se56 O0«1343E~-07

4 18 A6 B8l.28 626 0«41979E-09

7 0 o 105.99 Te82 0.2728E-14

7 38 aa 9346 T.08 0«738BD0E-12

8 30 o0 105.99 782 0.2728E~-14

9 30 o© 101.29 T«55 0.2184E-13

9 30 O 101.29 7«55 O«21B4E-13
17 0 0O 11134 8e11 0«2564E~-15
17 0 0 124,04 B.75 0«.1108E~-17
21 o0 o0 111.84 B8.13 0.2069E-15
21 o 0 1i1.84 B.13 0.2069E~-15
25 0 o 111.84 8.13 0.2069E~-15
25 0 o 111.84 Be.l13 0.2069E-15
29 0 o0 111.84 8.13 0+ 2069E~-15
29 0 o0 111.84 B.13 0.2069E~-18
38 30 O 96.93 Te29 0.1539E~-12
$6 30 O 124,04 B.75 0«1108E-17
S7 0 o0 103.18 T 66 0.9436E~-14
62 0 0 146.89 9.73 0.1100E~-21
65 0 0 105.36 Te78 0+.3637E~-14
65 0 0O 105.36 7«78 0.3637E~-14
78 36 0 i11.88 8.13 0.2069E-15
90 0 o0 104,03 TeTl 0.6508E~-14
93 0 0 111.84 8.13 0.2069E~-15
97 0 o 111.84 8.13 0.2069E-15
101 o 0 111.84 Bel3 0+.2069E~-15
104 0 © 105.52 Te79 0.3374E~-146
104 0 O 105.52 Te79 03374E-14
1i4« 0 0 111.84 B8.13 0.2069E~-15
11¢ 0 o0 103.18 7«66 D« PA436E-14
116 30 O 111.84 Be.13 0.2069E~-15
118 30 O 111.84 8.13 0.2069E~-15
120 0 O 86.44 5«56 0« 1343E-07
120 30 O 11134 Bell 0.2568E~-15
151 o o0 111.84 8.13 0. 2069E~-15
151 o 0 111.84 B.13 0.2069E-15
1SS 0 © 111.84 8.13 0.2069E~-15
15 0 O 111.84 B8e.13 0+.2069E-15
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TABLE 9-3 (CONTINUED)

71150 159 0o O 111.84 8.13 0+2069E~15
11550 159 0 O 111.84 B8.13 0.2069E~-15
715.50 163 0 0O 124.04 B.75 0,1108E-17
711.50 163 0 O 111.84 B.13 0.2069E-15
697.00 171 30 0 105.99 T.82 0.2728E-14
708400 172 21 16 93.46 7.08 0.7380E-12
697 .00 173 ¢ O 105.99 TeB2 0.2728E~14
714.00 175 41 14 8l1.28 6.26 0.1979E~-09
714.00 184 18 a6 B8l.28 6.26 0« 1979E-09
697.00 187 0 0 105.99 T.82 0.2728BE-14
708.00 187 38 A& 93.46 7.08 0.7380E-12
697 .00 189 30 O 105.99 T.82 0.2728E-14
TiS.50 197 0 © 124.04 Be75 O«1108E-17
Tl1.50 197 0 O 111.84 8.13 0.2069E-15
711.50 20 O O 111.84 Be.l3 0+2069E-15
715.50 201 0O o 111.84 B.13 0.2069E~-15
71150 205 0 O 111.84 8.13 0.2069E~-15
715.50 205 0 O 111.8% 8.13 0« 2069E-15
711.50 209 0 O 111.84 Be13 0.2069E~-15
7T15.50 209 0 O 111.84 8.13 0.2069E-15
688.50 209 0 0 105.99 782 0.2728E~-14
685.50 209 0 0O 104,03 Te71 0.6508E-14
6R88.50 218 0 0O 96.93 Te29 0«1539E~-12
688.50 222 0 0 96.93 Te29 0.15395-!2
717.00 236 0 O 105.02 Te76 0.4210E~-14
705.00 236 0 O 105.02 Te76 0.4210E-14
704,00 236 0 0 105.36 7.78 0.3637E~-14
697.00 236 30 O 111.84 8.13 0.2060E-15
714,00 236 30 0 96.93 7«29 0«.1539E~-12
7T17.00 237 0 O 105.02 7«76 0.4210E~-14
705.00 237 0 o0 105.62 779 0e«3238E~-14
71650 240 0 0O 124,04 8.75 0«1108E~-17
7T10.00 240 0 0O 111.84 B.13 0.2069E~-15
697.00 243 30 © 124.04 B8.75 0«.1108E-17
716.00 243 30 O 124,04 8,75 0.1108E-17
748.50 248 30 9O 111.84% 8.13 0.2069E~-15
752.50 248 30 O 111.84 B8.13 0+2069E~-15
B22.75 245 0 O 86.44 556 0«1343E-07
756450 248 30 0 124.04 B.75 O«1108E~-17
T73.50 248 30 0 111.84 B8.13 0.2069E~-15
767.00 248 30 O 124,04 B8e7S O0«.1108E~-17
70750 249 0 O i1l.84 B.13 0.2069E~15
72833 252 30 O 96.93 T«29 0« 1539E~-12
T7T37.30 255 0 O 146.89 9.73 0.1100E-21
775.92 261 o 0 67.21 Sele 0.1365E-06
748.50 262 0O O 103.18 T«66 0.9436E~-14
688.23 261 S1 10 67.21 Sela 0.1365E-06
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TABLE 9-3 (CONTINUED)

748.50 265 0 0 103.18 T« 66 0«.9436E~-14
767.00 266 0 O 67.21 S«14a O« 1365E-086
748.50 268 0 0 103.18 T.66 09436E-14
710.00 277 30 O 104,03 TaT1l 0.6510E~-14
7T06.00 277 30 0 93.46 7.08 0.7380E~-12
697.50 277 30 0 102.27 Teb1 D« i812E~-13
700.00 278 0 o 100.26 T«49 0.3467E~-13
709.00 278 30 o 104,03 TaT71 0.6510E~14
7T19.50 2860 0 o 96.93 T«29 O« 1539E~-12
697.50 280 0 o0 104,00 T.70 0.6566E-14
706 .50 280 30 © 105.69 7«80 0«.3133E-14
700.00 281 30 o0 101.29 755 0.2184E-13
709.00 281 30 0 94.63 7«15 0.4360E-12
704.50 281 30 0o 99.18 Teb3 0«S616E-13
706.00 263 0 0O 105.02 TeT6 0.4210E~14
697.50 282 30 0O 101.29 7«55 0.21B4E~-13
695.00 282 30 O 103.84 T.70 Q0+ 7064E~-14
741.62 285 0 o0 274.55 13.40 0.3066E-40
705.50 286 30 O 104.36 Ta72 0.5S634E~-14
697.00 286 30 O 102.44 Teb61 0«1321E-13
700.50 287 0 o0 105.62 Te79 0«3238E-14
695.00 287 0 O 101.29 T.55 0«2184E~-13
698.00 287 30 o0 105.02 T«76 0«4210E~-14
7T09.00 287 30 O 96.93 T.29 0. 1539E~-12
700.50 288 0 O 105.02 Te76 0«4210E-14
699.50 288 0O O 105. 34 T.78 0.35660E~-14
697.00 288 30 O 104.36 Te72 0« S634E~-14
775.92 289 0 0O 96.93 729 0+1539E~-12
785.00 289 0 0 103.55 T.08 0« B8062E~14
T05.50 293 30 o 98.07 T«36 0.9242E-13
700.50 289 0 O 105.02 T.76 0.4210E-14
Ti12.50 290 0 0 105.02 7«76 0«+4210E~-14
786.00 290 0 0 102.63 Teb63 O0«1212E~-13
718.00 290 0 0O 105.02 Te76 0«4210E~-14
718.00 291 0 o0 105.02 TeT76 0.4210E-14
700.50 291, 0 O 105.02 T76 0+4210E~-14
709.00 291 30 0O 96.93 7«29 0«1539E-12
697.50 291 30 O 101.29 7«55 0.218B4E~-13
718.00 292 0 o0 104.36 T.72 0«5S634E-14
700.50 292 0 0O 103.84 Te69 O«7110E~-14
704.00 292 0 O 104.36 Te72 0«S634E-14
705.50 292 0 O 104,36 TeT72 0.5638E~-14
700.50 293 0 0 103.84 T«69 O«7110E~-14
726.25 293 0 0 96.93 729 0.1539€E~-12
718.00 293 0 0O 104,36 Ta72 0.5634E~-14
785.50 293 0 0 97.06 7.30 O0:1462E~-12
T05.50 293 30 0O 104,36 Te72 0+S634E~-14
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TASLE 9-3 (CONTINUED)

704,00 293 30 o 104.36 Te72 De5634E-14
700.50 294 0 0O 103.84 Te69 O«7110E~-14
7Ti8.00 294 0 0O 104,36 TeT2 0«5634E~-14
710.00 294 0 0 104,03 TeT1 0.6508E~14
696.50 294 0 O 104,36 Tel2 0+.5634E~-14
707 .25 294 A5 O 99.18 Ted3 0«5616E-13
785.50 296 30 0 97.06 7«30 O«1462E-12
T05.50 298 30 0O 98.07 7«36 0.9242E~-13
711.50 299 30 o0 106.20 T.83 0«2496E-14
697.50 299 30 O 104,03 Te71 0«6508E~-14
70750 299 30 o0 104.36 Te?72 0.5634E-14
699.50 299 30 o0 104.36 Tar2 D«5S634E-14
727 .25 299 30 o0 104.36 Te72 D« S634E-146
725.25 299 30 0 104.36 Te?72 0«S5634E-14
752.07 300 0 O 99.18 7«43 0«S5616E~-13
688.00 300 0 o 105.54 Te79 0.3356E~-14
748.5¢C 300 0 o 99.18 7«43 0.5616E-13
737.00 300 o o 104.36 Te72 0.5634E-14
735.00 300 0 o 104.36 TeT72 0« 5634E~-14
71150 300 30 o 106.20 7.83 0.2496E-14
694 .96 300 30 o 93.46 7.08 O« 7380E~-12
714.00 301 0 0O 96.93 Te29 0« 1539E-12
704.50 3061 C o 99.18 T«43 0.5616E-13
710.00 301 0 o 100.26 7«49 0«3467E-13
700.50 301 0 0O 104.36 Te72 0«5S634E-148
698.50 301 o 0 104,36 Te72 O« S634E-14
687.00 301 0 o 105.99 Te82 0.2728E~-14
770.50 301 1S O 105.41 7«78 0«3543E-14
771.50 301 1S O 105.41 7«78 O« 3543E-14
772.50 301 15 o 105.41 Te78 0«3543E~-14
773.50 301 1S O 105« 41 T+78 O0«3543€-14
774.50 301 1S O 105.41 Te.78 0« 3543E-14
775.50 301 15 0O 105.41 T«78 0.3543€6-14
776.50 301 1S O 105.41 7«78 0«3543E-14
T77.50 301 15 O 10541 7«78 0«3543E~-14
725.25 301 30 0O 104.36 To72 0«S634E-14
T27.25 301 30 O 104.36 Te72 0.5634E-14
697.50 301 30 o0 104,36 Te72 0«S634E~-14
832.33 301 30 0O 82.09 Se31 0.5568E-07
830.33 3046 0 O 82.09 Se31 0.5568E-07
832.33 306 0 O 84.69 Se46 0e2372E-07
698.50 306 0 0O 104,36 TaT2 0.5634E-148
700.00 306 0 o 104.36 Te72 0«5634E~- 14
696.00 306 30 o0 124,04 B8.75 O«1108BE-17
700.00 307 30 o0 104.36 Te72 0«5638E~-14
698.50 307 30 o 104,36 Te72 D.5634E~-14
830.33 308 0 o0 84.69 S.46 0.2372E-07
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TABLE 9-3 (CTONTINUED)

Ti11.50
711.50
7T11.50
711.50
T15.50
711.50
T13.50
7T16.50
Tilleb2
697 .00
708.00
697.00
714.00

SUMMARY

33 O O
335 920 0
339 0 0
343 0 O
343 0 0O
346 20 ©
346 31 O
350 30 O
350 30 ©
351 30 o0
352 21 16
353 0 o
355 41 15

111.84
111.84
111.84
111.8a
124.04
104,36
104,36
101.29
i01.29
105.99

93.46
105.99

B8l1.28

MINUMIM FAILURE LIMIT PRESSURE=

SAFETY

4.85< INDEX <

0« 1365E-06<

(BETA)

PROBABILITY
OF
FAILURE

<

B.13
B.13
Bel3
B.l3
B.75
Ta72
TeT2
7«55
755
TeB82
7.08
7.82
6.26

67.208

Se14

0.6095E-06

0+.2069E~-15
0.2069E~-15
0.2069E~-15
0.2069E~-15
0.1108E-17
0.5634E-14
0.5S634E-14
0.2184E-13
0.2184E-13
0.2728BE~-14
0«7380E~-12
0.2728E~-14
0.1979E-09



ELEVe

715.75
750450
753.00
764,00
754,75
758475
75875
754,75
7158.75
754.75
754,75
75675
7T58.75
754 .75
7T54.75
758475
762475
75217
755.€95
670.58
755465
741 .00
7155.65
76075
75565
756075
755465
T60.75
75217
752417
755.46
761 .58
75546
752416
755.80
752416
755.46
752.16
755.46
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TABLE 9-4 MCGUIRE CONTAINMENT

PLUNETRATION

AZIM.

2
S
14
16
17
29
22
ez2
25
23
27
-
30
30
36
36
3o
S7
- ¥ 4
57
60
62
62
6Z
65
6s
63
68
68
74
74
75
77
rr
80
80
82
82
85

0 0
58 &3
10

o
30

Y]
30
30

Y]

0
30
30

(&
CocoOoOoOQoOCOE@RIOOCDOCOOCOOOOCOOOCCOOCODODODOOOCOCOLOOO

VESSEL
LIMIT PRESSURE

MEAN LIMITY
PRE SSUKE
149.31
113.15
117.84
118.27
78.46
78.46
78.406
78.46
7T8.40
78.46
78.46
7T8.46
78.46
78.46
78.46
7T8.40
TH3.46
78.406
7B.40
78.406
78.4¢
137.59
78.456
78.46
TB.40
7T8.46
78 .46
78.40
TB.46
78.46
78.406
’8.%0
78.46
7T8.406
/B.46
TBed46
78.46
7B.456
78.40

SAFETY

INDE X
9.82
B.20
Be.43
8.46
6.05
6.05
6.05
6.05
6.05
6.05
0«05
605
€.05
6.05
6.05
5.05
605
6.05
6405
6.05
6.05
Ge34
6«05
6.05
6.05
6.05
D05
6.05
6.05
6.05
6.05
6.05
6.05
6.05
6.05
6.05
605
6.05
6.05

PROBABILITY
OF FAILURE
Qe.4720€-22
J«1218E~-15
O«1658E~-16
O0«1378E-16
Ve 7300E-0S
0e73G0C-0%
0.7308E-09
Je 7308E-09
0«7308E-09
0.7308E-09
0.7308BE-09
D« 7308BE-09
Ve 7308BE-0Y
J.7308E-09
Q«73°8E-09
0.7308E~-09
0+7308E-09
0.7308FE-09
J0«7308E-09
O« 7308BE-09
0e7308BE-09
0.4602E-20
O«7308E-09
Qe7308BE-09
Qe 7308E~-09
0.7308BE-09
O« 7308E-09
0«7308E-09
0e7308BE-09
Ve7308BE-09
0e7308E-G9
0.73208BE-09
047308E-09
0.7308F-09
Ce?7306E-09
0«7308€E-09
O« 7306E-09
J«7308E-09
0.7308E-09
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TABLE 9-4 (CUNTINUED)

752.16 85 0 0 78.406 6.05 0.7308BE-09
701 .50 S0 59 a8 78.46 605 0.7308E-09
T4B.67 21 30 0 78.46 6.05 Q0«7308E-09
755465 91 30 0 78.46 6.05 0.7308E-09
748.67 94 0 0 78.46 6.05 0.7308E-09
753565 94 Q 0 7T8.46 605 De«7308BE-09
748.67 96 30 0 78.46 6.05 Qs 7308E-09
755+€5 96 30 0] 78.46 6.05 Ve 7308BE-09
748.67 99 Q 0 78.46 6.05 0«7308BE-09
755465 102 0 0 78.406 6.05 0.7308E-09
755465 99 Q 0 78.46 6.05 Q«7308E-09
748.67 102 Q o 78.406 605 0«73UBE-09
76158 102 0 0 78,46 6.05 Q«7308E-09
758.67 110 v 0 78.46 6.05 Qe«7308BE-09
76225 110 0 0 78.40 6«05 Qe 7300E~-02
73025 111 Q 0 149,31 9.82 0.4720E-22
734 .00 it 0 0 149.31 982 J«A&T20€E~-22
758,67 112 30 0 78.46 605 0«7308E~-09
762.25 112 30 0 78.406 6.05 Qe 7303E-09
734,00 115 0 0 149.31 9.82 DeAT20E-22
758467 315 0 0 76.46 605 J.7308E-09
76225 115 (§) 0 78.40 6.05 Q«7308BE-09?
768.67 117 39 Q 7T8.46 605 0+7308E-09
762 .25 117 30 0 78.406 605 Oe7308E-09
734.00 119 0 0 149.31 JeB2 0«.4720E-22
734.00 120 0 0 78.46 6.05 Qe730BE~-09
762.25 120 0 0 78.406 6.05 Q47308E-09
734,00 123 J Q 149,31 F.82 0«4720E-22
734.00 129 ) 0 149.31 Fe82 0.4720E-22
734 .00 134 v} 0 149.31 9.82 0.4720E-22
734.00 138 0 0 149.31 9.82 0«.4720E-22
75075 141 30 0 78.40 605 0« 7308E-09
754,75 141 30 0 78446 605 0e7308E-09
758.75 141 30 0 7T6.46 6.05 Qe 7308E-09
76275 11 30 0 78.40 605 0.7308E-09
75075 144 Q 0 78.406 6.05 0« 7308E-09
754,75 144 Q Q 78.46 6405 Ue 7308E-09
758.75 144 0 0 78.46 6.05 J.7308E-09
T6E2.75 144 Q 0 78.46 6.05 0+.7308E-09
730.25 145 0 0 149.31 9.82 0.4720E~-22
734.00 145 0 0 149.31 9.82 0.4720E-22
73025 145 Q 0 143.31 Je.32 Qe84720E-22
734,00 151 Y] 0 150473 9.87 Qe2777E-22
754.75 152 30 0 78.40 6«05 Qe 7308E-09
758.75 152 30 0 78.46 605 0.7308E~-09
73900 153 0 0 97.20 7.31 0.1383E-12
744 .17 153 ] 0 97.20 T.31 0«138B3E-12



-87-

TABLE 9-4 (CONTINUED)

730.25 1S54 0 0 149.71 Fe83 Qed4044E~-22
754.75 155 0 0 78.406 6.05 0e7308E-C9
75075 155 0 0 78.4¢6 6.05 Qe«7308E-09%
734.00 156 90 v 150473 Fe038 Q0.2635E-22
758.75 157 30 0 T8s40 605 0.7262E-0y
76275 157 30 0 73.%6 6.05 Ve 720BE-09
739.75 157 30 0O 117459 B.42 0.1822€E~-16
T44 a1 7 157 30 O 97.20 7.31 0.1383E-12
75075 160 0 0 T8e.406 6.05 Q+7308E-09
754 .75 160 0 O 78.46 605 O0«7308E~-09
758475 160 0 0 78.46 5.05 0«7309E-09
76275 160 0 0 78.406 6.05 Q0+ 7308E~-Q65
73025 162 0 0 149.71 983 Qed044E~-22
734.00 le2 0 O 150.73 9.88 0.2635E-22
758475 162 30 0 7B8.4¢€ ©e05 O« 7308E-09
76150 164 0 0O 113.27 Bebt Oel1378BE~-16
730425 le6 0 0 149.31 9.82 0.4720E-22
734.00 166 J 0 149.31 J.82 0e48720E-22
739.00 leo 0O 0O 97.20 7.31 Ve 1383E~-12
748417 166 0 0O 117.59 HBeb?2 Qe«1822E~-16
753.00 166 0 0 117.84 8«43 O+ L658BE~-16
744,17 171 30 O 97.20 7«31 O«1383E-12
730.25 172 0 0 149.36 982 Ced624E-22
734.00 ire & @O 149.36 9.82 Oe48024E-22
744,17 172 0 0 11759 Baed?2 0«.1822E~-16
76050 174 1 7 11315 8e20 0«1218E-15
726.00 t7s o9 9 9720 731 0«.1383E-12
75175 17s 0 0 143.31 9.82 Je4&720E-22
7Ta4%.17 i1¥s 9 9 118.27 Be4b Qe l378BE~-16
735%.00 177 O O 150.73 F.88 0«2635E-22
73025 177 0 0 149.31 Fe82 Qe.4720€E-22
726400 184 O O 193,75 LL.34 Ue4d339E~-29
744 .50 138 0 O 97.20 7.31 O«138B3E-12
740435 la¢ 0 O 118.27 B8.46 0«1373E-16
75175 134 30 0O 149.31 9.82 Ued4720E-22
760.50 183 S8 9 113.15 Be20 0.1218E-15
73025 185 0 0 14%9.31 9.82 Qe48720E-c2
734,00 185 0 0 149.31 9.82 De4720E-22
713975 188 0 0O 9720 7.31 Qe 1383E~-12
73).25 189 ¢ © 149431 F.81 Ded4378BE-22
734.00 189 O 0O 149.31 .81 0.4978E-22
744 .17 189 0 0O 9720 7.31 0.1383€E-12
730425 19¢ 0 O 145431 Q.82 Deda72VE-22
T39TS 19¢ 0 0 149,31 Fe.82 0«8729E-22
734,00 19¢ 0 0O 15073 9.88 Ve2635E~-22
744,17 194 0 0O 11759 Bea?2 0.1822E~-16
753.00 0 9 0 117.84 Ba.43 0.1658E~-16
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TABLE 9-4 (CONTINUED)

761.50 196 0 o0 11B.27 Hed6 O.1378BE~-16
730.25 201 o o0 149.31 9.82 0.4720€E-22
7364.00 202 0 0O 149.31 9.82 De.4720E-22
755.00 203 0 o 149.31 9.82 Q«A720FE~-22
76150 203 0 o 14%9.31 .82 Dead720E-22
730.25 2u5 0 O 149.351 9.82 Oesa720E~-22
7364 .00 206 0 o0 117.59 Be.a2 0.1822E~-16
755.00 207 O 0O 97.32 T.31 O.1314E~-12
73975 208 0 O 149.351 Peb2 Qed72V0E-22
744 .17 208 0 o0 149.31 9.82 Oed720€-22
761.50 209 0 o0 117.59 Be.42 0.1822E-16
730.25 210 0O O 149.31 9.82 0.4720€E-22
734.00 210 0 o0 150.73 9.88 0.2635E-22
755400 211 0 o 149.31 9.82 Oe4725€E-22
7T62.75 215 0 O 149.31 Fe82 0.4720E-22
751.50 216 30 O 117.59 Bea2 0.1822E~-16
730425 217 0O © 149,31 982 Q.4720E-22
734.00 219 0 0O 150.73 9.88 0.2635E~-22
761 .50 220 0 0 117.59 8,42 0.1822E~-16
730.25 221 0 0 149.31 9.82 Q.4720E-22
752.00 221 0O O 78.406 6.05 0.730BE-09
730.25 225 0 o0 149.31 YeB2 Oe4720E-22
734,00 223 O O 149.51 9.82 Q«.4720E-22
730425 229 0 O 149.31 .82 Qe«4720E-22
734.00 231 o o0 150.73 9.88 0.2635E-22
73075 236 0 O 149.31 9e.82 De4720E-22
734.00 236 0 0O 149.31 9.82 De8720E-22
739.75 236 0 0O 97.20 Te31 0«.1383E-12
744.17 236 0O 0O 97.20 7«31 Del3d33E~-12
761.50 230 v O 97.20 7.31 0.1383E-12
75500 237 0 O 97.20 Te21 De1383E-12
75150 239 § @ 117.59 B.4a?2 0« 1822E-16
73025 240 0 O 149.31 9.82 0.4720E-22
734.00 240 0 O 149.31 9.82 0.4720E~-22
73975 240 0 O 97.20 7«31 Oel383E-12
744 .17 240 0 o0 11759 B8.42 O«1822E~-16
76050 242 0 O 113.80 8.23 0.9629E~-16
73975 244 0 O 97.20 7.31 0.1383E-12
748.17 244 0 O 97.20 Te31 0.1383E-12
730.25 248 0 O 145.31 YeB2 Ved720E~-22
734.00 2¢3 0 O 149.31 FeB2 Ded720€-22
73975 248 0 O 97.20 7231 Je13IB4E-12
T4a .17 248 0 0 97.20 7.31 0«1384E-12
764450 249 0 0O 168.78 10«52 0.3502E-25
798975 249 0 O 230.26 12433 0e3260E-34
80975 249 0 0O 230.26 1233 0« 3260E-34
760.50 250 0 O 11 7.59 B.82 0.1822€~-16
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TABLE 9-4 (COUNTINUED)

8l14.25 250 30 0 15878 10.52 0e3502E-25
818.25 250 30 o0 163.78 10.52 0.3502€-25
824 .25 250 30 O 168.78 10.52 0«3502E-25
730.25 252 ©0 O 145431 9.82 De4720£-22
734.00 252 0 0 149,31 9.82 Qe4720E-22
739.75 252 0 0 97«20 731 Del383E~-12
743417 252 0 O 97.20 7.31 Qe138B3E~-12
769.50 252 0 O 9099 6.91 De2347E-11
810450 254 0 O 9099 691 0e2347E-11
H514.50 254 0 0 70«99 GeJl 0e.2347E~-i 1L
B8l8.07 25 0 0 90.99 6.91 De2347E-11
822.50 254 0 0O 90.99 691 De2347E-11
800.50 254 v 0O 90.99 6.91 Q0e.2347€C-11
804.50 254 0 © 90499 691 Ve2347E~-11
769.50 254 30 0 9099 691 0-2347€E-11
782.19 255 0 0 137.59 934 0«4602E~-20
76950 257 0 O 90«99 6.91 Q0e2347E-11
B8l19.75 258 0 0 16878 1052 0« 3502E-25
824.25 258 0 0 170.04 1057 0+2055E-25
79975 258 30 O 17004 10.57 0.2055€E-25
804475 258 3¢ 0 163.78 10.52 Oe 3502E-25
809.75 259 0 0 17004 10.57 0«2055€E~-25
8l14.25 259 0 G 168.78 10.52 0« 3502E-25
769.50 259 30 © 9099 6.91 Qe2347E~-11
733.50 26l S1 44 16S.82 1043 Ve 9304E-25
812.00 265 0 O 173.064 1069 Ue«5563E-26
81975 205 0 O 170.04 1057 0.2055E-25
824.25 205 0 O 170.04 10.57 0.2055€E-25
75075 278 30 0 7Ba.40 6.05 0«7308E-09
74,75 278 30 0 78.46 6.05 Qe /7323E-09
75075 281 o 0 94.67 T3S J.8281E-12
754,75 281 o 0 78.40 6.05 0.7308E~-09
76000 260 O O 168.78 1052 0. 3502E-25
769.42 281 o 0 9099 6.91 Je2347E-11
769 .42 283 30 O 9099 6.91 Dec3a7eE-11
76942 286 0 0 9099 691 0e.2347F-11
787 .25 288 0 O 248417 12.80 Qe7907E-37
769.42 2868 30 0 90.99 6.91 0e.2347E-11
754.75 291 0O 0 73.86 6.05 07308E-09
760400 291 o o 168478 1052 0«3502E-25
769.42 291 O 0 90.99 6e91 De2347E-11
B2c2.42 2¥Y 30 O 230426 1233 Ue 3260E-34
758,75 293 30 O 73.46 605 Je«7308BE-09
76942 293 30 0O 90.99 6.71 0e2347E-11
B18.67 £95 B8 0 90.99 691 0.2347E-11
822.42 295 © @ 90.99 691 Qe2347E-11
754.75 296 0 O 78.46 6.05 Q«7308BE-09
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TABLE 9-4 (CONTINUED)

760.00
818.67
822482
754.75
818.67
822.42
7T54.75
760.00
810.50
761 .58
754 .75
758.75
754,75
75875
754,75
7T58.75
75475
76158
754.75
754.75
762.75
758475
TSl 75
76050
753.00
872.75
B72.75
87275
872475
87275
B72.75

SUMMARY

MINUMIM FAILURE

296 0 0 170.04
297 30 o0 90.99
257 30 0 90.99
298 30 0 Q4.67
300 0 0O 90.59
300 v O 90.99
301 O O 94.67
301 o 0 168.78
301 0 o0 230.26
307 0 0O 23026
323 0 o0 78.406
323 0 o0 78«46
332 30 O 78.46
332 30 O 78.46
335 0 O 78«40
335 v o0 78.406
337 30 O 78.46
339 0 0 118.27
340 0 O 78.46
342 30 O 78.46
345 © O 78.46
385 0 O 78.46
355 30 0O 14G.31
356 0 51 113.15

0O 0 o0 117.84
211 o o0 123.28
218 0 © 123.28
225 0 0 123.28
232 0 O 123.28
240 © O 123.28
247 0 O 123.28

. IMIT PRESSURE=
SAFETY
Se27< INDEX <
(BETA)

Qe 7309E~-09<

PROBABILITY
OF
FAILURE

<

1057
691
6.91
7«15
6.91
6«91
Tel5

1052

1233

12.33
6.05
6«05
6.05
6.05
6.05
6.05
6.05
B.46
6.05
6.05
6.05
605
9.82
820
B8.43
T.32
7Te32
7«32
7«32
7«32
T32

784459

6.05

0.68B75E-07

0.2055€E-25
0.2347E-11
0e2347E-11
OD«4410E-12
0.2498E~-11
0.2498E-11
0.4281E-12
0.3502E-25
0.3260E-34
0«3260E-34
0«7308BE-09
0«7308E-09
0.7308E-09
0«7308BE-09
0«7308E-09
Qe 7308E-09
0«7308BE-09
0.1378BE-16
Qe 7308E-09
0« 7308E-09
0.7308E~-09
0.7308E-09
0.4720E-22
041218E-15
0«.1658E-16
0.1270E-12
0.1270E-12
0.1270E-12
0.1270E-12
0.1270E-12
0«.1270E-12



TABL S 9-5 SEQUOYAHM CONTAINMENT VESSEL
ANCHOR BOLTS LIMIT PRESSURE

ANCHOR BOLT LIMIT PRE SSURE 66.061
SAFETY INDEX Se«369
PROBABLITY OF FAILURE z 03960E-07

TABLE 9-6 MCGUIRE CONTAINMENT VESSEL
ANCHOR BOLTS LIMIT PRESSURE

ANCHIUR BOLT LIMIT PRESSURE 141,112
SAFETY INDEX 10116
PROBABLITY OF FAILURE = 0.2343E &
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LOCATION

835’ 9"

1301"

Figure 1-2,

1368"

826'5"

817'5"

807'5"

797'5" ||

STIFF
LOCATION

o= 3150 9“

826’ 5“
8 16. 5 "
806 5"

796' 5"

7 75”5‘5"

776' 5u
7A6_6. 5u

756" 11"

746 5"

— 736. 5"

727" 10"

McGuire Containment Vessel Ceometry



Eq 2-34 ~ & (-8)
G(y,y,)=0 o
SAFE

REGION DESIGN POINT

FAILURE REGION

(a) Failure Function in Design Parameter Space (b) Probability Density of Failure Function

Figure 2-1. Graphical Representation of Safety Iadex
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N FAILURE
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ELASTIC-PLASTIC

\
ELASTIC FRACTURE

Figure 3-1.

1
NDT

Effect of Tempecrature on Critical
Intensity Factor

Stress
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Pf = ————————

Figure 4-1. Pressure-Displacement Curve
for Pressure Vessel
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(a) Protruding Penetration (b) Flush Penetration

Figure 5-1. Limit Mechanism for Cylindrical Penetration in Spherical
Shell
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Figure 6-1. Axisymmetric Shell Element
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Figure 6-2. Finite Element Model for Closed End Cylinder
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Figure 6-3. Radial Deformation vs Location (at p = 35 psi)
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Figure 6-4. Pressure-Displacement Using Different Element
Type and Convergence Criteria
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Figure 6-5, Vessel with Ring and Vertical Stiffeners
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Figure 6-6. Cylinder-Stringer Connection Idealization
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Figure 6-14. Deflected Shape of Sequoyah Containment
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Figure 6-15. Deflected Shape of McGuire Containment Vessel
Near Plastic Pressure
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Figure 6-16. Pressure-Displacement for Experimental Model
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Figure 6-19. Pressure-Displacement of Penetra.ion End -
Sequovah Vessel



PRESSURE (PSI)

-119-

00—

|

0 1.0 2.0
DISPLACEMENT (INCHES)

Figure 6-20. Pressure-Displacement of Penetration End -
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12.0 ADDENDUM

SUMMARY AND CRITIQUE OF INDEPENDENT ANALYSES
OF SEQUOYAH CONTAINMENT

On September 2, 1380, a meeting of the Advisory Committee on Reac-
tor Safeqguards (ACRS) subcommittee on Structural Engineering was held
in Washington, D.C. At that meeting, the results of several indepen-
dent analyses of the Sequoyah containment vessel were presented. A
summary of these results and a critique by this author are presented
herein. All of these analyses examined the strength of the vessel
under uniform static internal pressure. The results of a f. st order
approximation to the dynamic strength obtained by this author are also
presented in this Addendum.

172.1 Static Pressure

12.1.1 Ames Laboratory (January 1980)

On January 16, 1980, Ames Laboratory was requested to make a first
order approximation to the static strength of the Sequoyah containment.
In this analysis, the total ring and stringer areas were “smeared" to
form an equivalent shell [A]*. Stresses in the equivalent shell were
assumed to be wuniform at

= _Pr -
: Pr -
fg = f;g (12-2)

*References for the Addendun are listed at the end. Copies of the ref-
erences are attached
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where toqo = t(l + a))

M

tex = tll + ay)

are the equivalent thicknesses and the other terms are defined in Sec.
5.5.1. The von Mises yield criterion is applied to the biaxial stress
state in the shell. Since the rings are under axial stress, the limit
strength was obtained when Eq. 12-1 is set equal to the yield stress,
Fy (taken to be 32 ksi in this work). The ASME area replacement rule
was assumed to be satisfied so that penetrations did not control. The
static pressure was reported to be 36 psi (+30, -10 percent). Burst
pressure predictions were not considered reliable because of the limit-
ed ductility of the stiffened shell.

Comments: The assumption of uniform stress in the equivalent
"smeared" shell at the maximum pressure is not consistent with a limit
mechanism. Since the shell and stiffeners are in biaxial and uniaxial
stress states, respectively, stresses will not be the same in the stif-
feners and shell at the limit load (nor in the linear elastic range).
Local bending effects are not included nor are they demonstrated to be
unimportant, i.e., the limits of "“smearing" are not defined. However,
the report, submitted four working days after it was requested, did
serve its intended purpose.

12.1.2 RA&D Associates

The above results by Ames Laboratory were presented to the Commis-
sioners of the Nuclear Regulatory Commission. Commissioner Victor
Gilinsky requested R&D Associates to critique the Ames Laboratory (Jan-
uary 1980) analysis. Their work employed a linearly elastic analysis
to show that the stringers are only about 40 percent effective and the
rings are totally ineffective [B]. Locally high bending stresses were
shown to exist near the rings and stringers but they were shown not to
affect the vessel strength. A burst analysis is not appropriate for
this vessel since other features, such as holddown bolts, will fail

first. The predicted strength, based on an Fy of 32 ksi and the




-124-

von Mises yield criterion, was 27 psi. A nore detailed finite eleaent
analy.is and an experinental panel test were recomnended.

Comments: This work represents a reasonable approxination to the
linear behavior of the stiffened shell. 1In essence, the analysis cal-
culates the strenqgth of an unstiffened shell of infinite length. Lo-
cally high bending stresses are, indeed, not important insofar as the
limt state is concerned. However, the results certainly are a lower
bound to the limit pressure. [f the shell has any ductility capacity
whatsoever (which it most certainly does), stress redistribution will
occur between the stiffeners and shell and pressures beyond 27 psi will

he obtained.

12.1.3 TVA

The analysis by TVA [C] considered several failure nodes: anchor-
age, penetrations (bellows and valves), personnel locks/equipnent
hatch, seals and shell plate. The shell plate was shown to control.
The shell was conservatively analyzed as an unstiffened cylinder with a
material yield stress of 45.7 ksi (lowest value of 2actual mill tests).
The von Mises failure criterion gave a pressure strength of 38.2 psi.

Comments: The TVA analysis is conservative and gives essentially

the same results as the RAD Associates analysis. Similar coments
apply.

12.1.4 NRC Research

NRC Research personnel submitted a critique of the Ames Laboratory
(January 1980) and the RA&D Associates analyses [D]. This menorandun
states that the stiffeners should be expected to add some strenqgth to
the shell. An independent analysis was performed in which the string-
ers were idealized as “eams spanning between ring stiffeners. Pressure
applied to the inside shell surface was assumed to be resisted by cir-
cunferential tension in the shell plus bending of the stringer. Local
shell bending effects were ignored. The maximun pressure was assuned
to occur when a plastic beam mechanisn formed in the stringer and the
shell yielded in tension. For an assumed Fy of 32 ksi and the von

Mises yield criterion, a predicted strength was given as 34 psi.
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Comments: This analysis represents an interesting approach to in-
corporating stringer bending effects. It gives results similar to the
Anes Laboratory (January 1980) results. However, the results are con-
servative in that transverse meridinal shear forces are neglected in
the shell free body diagram. The net result is that no force is assumed
to be transmitted from the shell directly to the rings. The effect of
the ring on the circumferential shell stresses is, consequently,
neglected. Additionally, at the limit load, the stringer is predon-
inately an axial force member, rather than a bending member (See Sec.
6.3.3.2). Also, radial deflection of the rings at the ends of the
stringers may not permit the development of the full stringer beam
mechanism hypothesized here.

Zenons Zudans of the Franklin Research Institute reported on his
critique of the Ames Laboratory (January 1980) and R&D Associates work
[E]. He concluded that both analyses are incorrect in the manner in
which the rings and stringers are treated. Of the Ames Lahoratory
work, for example, he stated that the ‘“calculations of limit pressure

. are meaningless. Accordingly, the conclusion, that the ring will
yield first (at 35.7 psi) is not realistic.” Mr. Zudans proposed a
model of his own which includes four separate analyses:

(1) Axisymmetric, ring stiffened shell (5/8 in.) without string-
ers. This elastic analysis demonstrated that the rings have
no effect on the elastic stresses in the shell nmidway between
rings if no stringers are present.

(2) Axisymmetric, ring stiffened shell (5/8 in.) with smeared
stringers. The hoop stresses in the shell with the stringers

were shown to be almost uniform in the elastic range and
significantly below those of Analysis (1).

(3} Curved shell panel (5/8 in.) with one ring and one stringer.
The elastic panel analysis demonstrated that the “smearing”
technique used in Analysis (2) above is valid. Thus, the
bending and membrane stiffnesses of the stringer can be
smeared circunferentially.



(4) Axisymmetric, ring stiffened shell (1/2 in.) with smeared
stringers. (Same as Analysis (2) except 1/2 in. shell). The
pressure at which the average hoop stress midway between
rings reached the yield stress was predicted to be 30.3 psi.
An Fy at 32 ksi with the maximum shear stress criterion was
used.

Comments: This analysis confirms at least two aspects of the
original Ames Laboratory work: (a) stringers can be "smeared" if their
axial and bending stiffnesses are included (Analysis (3) above), and
(b) the hoop stresses in the shell with the stringers are almost uni-
form between rings (Analyses (2), (3), and (4) above). Thus, although
the author strongly objects to the Ames Laboratory assumptions, he
tends to confirm them. Beyond initial yielding, i.e., with large dis-
placement and force redistribution effects, and near the limit load,
the Ames Laboratory assumptions become even more realistic. At this
stress level, stringer bending strength and stiffness are negligible
and only axial effects need to be incorporated into the smearing pro-
cess. The above direct quote from the Franklin Research Institute
report indicates that they may not have understood that the analysis by
Ames Laboratory was intended to be an approximate limit analysis. Cer-
tainly, the ring will not yield first but, as confirmed by the current
report (Sec. 6.3.3.2), the limit strength is certainly controlled by
the rings.

The results of this analysis were very useful in confirming the
stringer smearing process used in the finite element analysis reported

in the text of this report (Sec. 6.3.1).

12.1.6 0ffshore Power Systems

0ffshore Power Systems performed a nonlinear analysis of a typical
1/2 in. curved panel bounded by two stringers and two rings (a geometry
very similar to Analysis (3) by Franklin Research Institute) [F]. The
nonlinear finite element analysis was performed using ANSYS and an Fy
of 45 ksi. These results demonstrated that the circumferential varia-
tion of displacement in the pane! is negligible - even in the nonlinear

range. Additionally, the ring and shell stress vary little circumfer-
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R & D Associates 40 psi  first yield w/o stiffeners
TVA 40 ps:  first yield w/o stiffeners
NRC Research 50 psi  stringer beam mechanism
Franklin Research 51 psi  membrane yield

Ames Laboratory (Jan. 1980) 53 psi  yield w/smeared stiffeners
Offshore Power Systems 53 psi  yield w/smeared stifferers
Ames Laboratory (Sept. 1980) 59 psi  limit mechanism

Ames Laboratory (Sept. 1980) 60 psi  finite element

In spite of the apparent larg~ variation in the predictions for
the Sequoyah strength, there is, in essence, really only one practical
question to be answered: How much ductility capacity does the existing
containment have? If the ductility is such that the membrane strains
must remain below yield, then a pressure based on first yield is appro-
priate. First yield will probably occur between 40 psi (if stiffeners
are neglected) and 50 psi (if stiffeners are included). Figs. 6-10 and
6-12 of the current report also confirm this. If, on the other hand,
the containment vessel has a ductility capacity of at least two, force
redistribution will be permitted to occur and the stiffening will be-
come more effective. The strength of the vessel could then be taken as
60 psi. As documented in this report (Chap. 4 and Fig. 6-12), a duc-
tility capacity of two is certainly probable (see also [21, pg. 529])
so that a 60 psi strength is reasonable. The statistical distribution
of the ductility capacity of the containment vessel should be deter-
mined to quantitatively define this probability.

12.2 Dynamic Pressure

12.2.1 Introduction

As mentioned elsewhere in this report, the explosion incident
iventified at TMI may have produced dynamic pressures which varied with
time. In particular, if a hydrogen explosion occurs within the rela-
tively confined volume of a lower compartment, significant dynanmic
pressure could develop. A preliminary estimate of the dynamic pressure

capacity of the Sequoyah containment is presented in this section. An
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explosion in the upper compartment or in the ice condenser compartment
is assumed to be relatively unconfined and of little significance. Dy-
namic pressures were considered in only the lower compartments (Elev.
693' to 719.5') listed in Table 12-1. No information was furnished to
us regarding the actual time and spatial variation of the potential ex-
plosive pressures for Sequoyah. The analyses surmarized below are in-
tended to be very preliminary. In this regard, several simplifying as-
sumptions have been made. More effort shculd be devoted to this work ;
see Recommendations in Sec. 7.3.

12.2.2 Preliminary Finite Element Analysis

On July 3, 1980, Ames Laboratory was requested to make a prelimi-
nary calculation of the strength of the Sequoyah containment vessel
subject to a dynamic pressure [G (copy of report is attached)]. A
dynamic pressure was assumed to act in a lower compartment over an arc
length of 60 degrees. The pressure in the compartment was assumed to
vary from a maximum pressure, p,, at time zero to a zero pressure at
0,030 sec. The pilse magnitude and length are quite arbitrary and
would be dependent upon compartment size, explosion characteristics and
venting properties. (An initial pulse representing the detonation
phase of the explosion was also included, but its momentum was shown to
be relatively insignificant.)

Since the pressure loading is not axisymmetric, the response will
not be axisymmetric. The non-axisymmetric response was assumed to be
dominated by the rings. A typical ring (Elev. 713.5"') with an effec-
tive shell width was idealized by STIF23 nonlinear beam finite elements
(see Sec. 6.3.1). Elastic springs, tangential to the ring, were used
to model the resistance of the sheil below the ring. An Fy of 39 ksi
was used for the dynamic analysis. A dynamic transient solution was
obtained using ANSYS with material and geometric nonlinearities. Three
separate analyses were performed with three separate maximum dynamic
pressures, i.e., for p, equal to 10, 50 and 100 psi.

The resulting maximum strains and displacements are summarized on

page 12 of the attached Ref. G. They can be summarized in a non-
dimensional form as
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Ductility Demand

1000 py/Fy Y g
0.26 0.4 0.3
1.28 4.8 2.2
2.56 24.9 11.7

where the maximum dynamic pressure has been non-dimensionalized with
respect to the material yield strength, the strain ductility demand is

_ maximum strain
Ye © yield strain (12-3)

and the displacement ductility demand is

. Mmaximum displacement (12-4)
“s © “yfeld displacement g

The non-dimensionalization of the maximum pressure is convenient for
extending the results to other material yield strengths. The yield
strain is 39/29000 or 1345 micro in./in. The yield displacement is,
quite arbitrarily, taken as the elastic displacement at the ASME half-
linear-slope pressure (Sec. 4.2). From page 10 of Ref. G, the yield
y of 32 ksi is 35 psi/(20 psi/in.) or 1.75 in.
y of 39 ksi the yield displacement is 2.13 in. which was used
to calculate the above .

The predicted strength of the vessel is dependent upon the ductil-
ity capacity of the vessel -- as in the static case (Sec. 12.1.8). In
Ref. G, a maximun dynamic pressure was conservatively predicted, based
upon a strain ductility capacity of two. However, a ductility capacity
of two for displacement seems more consistent with the ASME definition
of the static plastic pressure by the half-linear-slope method. For a
displacement ductility capacity of two, a 1000 p,/Fy, ratio of 1.2

displacement for an F
For an F
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is interpolated from the above table. Using the actual mean material
yield stress of 47.2 ksi gives a predicted dynamic pressure strength of
57 psi.

12.2.3 Approximate Dynamic Analysis

A simple approximate analytical model for estimating the strength
of the Sequoyah steel containment vessel under a dynamic pressure act-
ing in a lower compartment over some arc length is presented in this
section,

The transient response of the ring which was obtained in Sec.
12.2.2 indicated that most of the energy absorbed is predominately due
to membrane action. A nonlinear static analysis of the ring was also
performed in Ref. G. The results showed that, as the limit load is
approached, the cross sections in the vicinity of a equal zero (Fig.
12-1) went into pure plastic tension. What may be termed complex hin-
ges formed in the vicinity of a, (actually, slightly beyond o) on
either side of the centerline shown in Fig. 12-1. The enerqy absorbe '
at each end of the complex hinges is the summation of the work done by
the reduced plastic moment and the tensile force at the section. The
results obtained in Sec. 12.2.2 suggest that a simpler analytical model
may provide a first approximation to the strength of the containment
vessel. A section of the containment vessel will be modeled by a sin-
gle degree-of-freedom system.

To obtain a simple analytical model, it is assumed that, at the
Timit load, a typical ring section with an effective shell width col-
lapses by the formation of plastic hinges on either side of the center-
line at o, and a fully plasticized section in pure axial tension at a
equal zero. The reactive stresses are assumed to be shearing stresses
as shown in Fig. 12-1. The deformation of the mechanism under constant
pressure during plastic collapse is shown in Fig. 12-2. The arc curva-
ture is assumed to remain constant during collapse. Secondary effects
like the influence of large deformations on the limit load are neglect-
ed. The work done by the external loads is assumed to be absorbed by




-132-

the two plastic hinges (assuming no reduction in the plastic moment,
Mp) and by axial extension at a equal zero. The contribution of the
shearing stresses to the strain energy is neglected.
From Fig. 12-2, for a virtual displacement, 6, the axial exten-
sion, &, is
a

2 %
6-40R° sin - (12-5)

where R, is the radius of the containment wall. The external werk
done by the distributed load acting on arc ABD may be taken as,

fork s A0 (3tn" -3
external work = 46 . sin 5 posr

where p, is the limit pressure and s, is the ring s<pacing. Equat-
ing internal work with external work, we obtain

=4 2(sin’ 0 (12-6)
M, 6 + Pys- oRo (sin 7) PoSyp -

P

where Mp is the plastic moment and Py is the axial yield load of
the effective ring section.
Substitution for & in Eq. 12-6, gives
@

2% 2 2 %,
ZMp + PydRosin v R, (sin 7) PoSy (12-7)

The limit load of the ring considered in Sec. 12.2.2 will now be
estimated using the simple analytical model described above and the
resuits will be compared with those obtained from the nonlinear (mate-
rial and geometric) finite element analysis of Sec. 12.2.2. Using the
same geometric and material quantities as in Sec. 12.2.2 [G, pg 3] and
a steel yield stress, Fy, equal 32 ksi, the static limit pressure
estimated by Eq. 12-7 is 30 psi as compared with 35 psi from Sec.
12.2.2 [G, pg 10].
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The nonlinear finite element analysis of Sec. 12.2.2, using the
actual mean material yield stress of 47.2 ksi and a displacement duc-
tility capacity of two, predicted a dynamic pressure strength of 57
psi. For a yield stress of 47.2 ksi, Eq. 12-7 predicts a static limit
pressure, p,, of 44 psi. Assuming t4/T is still 0.75 as in Ref. G,
and the displacement ductility capacity is two as in Sec. 12.2.2, Figq.
12-3 qives p,/p, of 0.88 for the one degree-of-freedom model with a
linearly decaying pressure. Therefore, the maximum dynamic pressure
predicted by this model is 50 psi. Again, the one degree-of-freedom
model yields a more conservative maximum dynamic pressure. This may
partly be attributed to the omission, in the one degree-of-freedom mod-
el, of the strain energy due to shearing stresses. In the finite ele-
ment study the shearing stresses were approximated by linear springs.

A hydrogen explosion in a lower compartment may be assumed to im-
pose a (namic pressure consisting of a detonation phase followed by a
venting phase. As stated in Sec. 12.2.2, the impulse may be idealizid
to consist of only the venting phase. For the dynamic analyses to be
performed in the remainder of this section, the venting time is assumed
to be infinite (conservative). Thus, the hydrogen explosion in a lower
compartment has been idealized as a suddenly applied constant pressure
(Fig. 12-4) acting on the arc of the containment vessel subtended by
the compartment in question. With this approximation and a displace-
ment ductility capacity of two, Fig. 12-4 gives Py/Pg as 1.33 where
Po is found from Eq. 12-7. Data and the estimated maximum dynamic
pressures, p,, for the lower level compartments are summarized in
Table 12-1. A ring spacing of 120 inches and a yield stress of 47.2

ksi were used in computing the approximate maximum dynamic pressures.
The minimum value 1is 33 psi.

12.2.4 Summary

Preliminary estimates of the dynamic pressure capacity of the
lower compartment region in the Sequoyah containment were made. A
dynamic, transient finite element analysis of a typical ring with a
Tinearly decaying dynamic pressure was performed. For a dispiacement
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ductility capacity of two, the predicted dynamic press_-e strength is
57 psi. An approximate, one degree-of-freedom analysis of a typical
ring was also conducted. For this analysis, the dynamic pressure was
assumed to be suddenly applied and constant with time. The predicted
strength is 33 psi for a given displacement ductility capacity of two.
Both of these analyses must be considered quite approximate and, in the
authors' opinion, conservative. In particular, the results obtained
from the one degree-of-freedom analyses can be considered very conser-
vative since the venting times were assumed to be infinite. More so-
phisticated analysis techniques with fewer assumptions should be
applied.

Table 12-1. Estimated Maximum Dynamic Pressures (Lower Level

Compartments)

Azimuth Shell Limit Max. Dyn.
Compartment (degrees) Arc thickness Pressure Pressure

(approx.) (degrees) (in.) (psi) (psi)
Accumulator Room 270-326 56 11/2 73 55
Fan Room 326- 34 68 11/2 73 55
Accumulator Room 34- 54 20 11/2 87 65
Instrument Room 54-126 72 1 1/16 a4 33
Accumulator Room 126-146 20 1 1/16 47 43
Fan Room 146-214 68 1 1/16 44 33
Accumulator Room 214-270 56 1 1/16 a4 33
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Fig. 12-1. Coilapse Mechanism for Ring Section with
Effective Shell Width
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REFERENCE A

Greimann, L.F. (Ames Lab.), letter report to Dr. F.P. Schauer,
NRC, Washington, DC, January 22, 1980.
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January 22, 1980

Dr. F, P, Schauer, ?: - Chief
Divislion of Systems Safety

Office of huclear React r Regulation
Nuciear Regulatory Commission
wWashington, DC 20555

SUBJECT: AMES LABORATORY TECHNICAL ASSISTANCE TO THE DIVISION OF
SYSTEM SAFETY, NUCLEAR REACTOR REGULATION - '"REVIEW OF
NUCLEAR PLANTS STRUCTURAL DESIGN'' (FIN NC. A=L131), PRELIN-
INARY CALCULATION OF ULTIMATE STRENGTH OF SEQUOYAH AND
MCGUIRE CONTAINMENT VESSELS

Dear Dr, Schauer:

As you requested In our telephone conversatlion of January 16, 1980,
| have performed a preliminary calculation of the ultimate strengths
of the Sequoysh and McGuire Contaimment Vessels. The following
assumptions and limitations apply to these calculations:

(1) uniform static Internal pressure loading,

(2) Shell stiffeners are '‘smeared’ for stress calculation.

(3) Von Mises fallure criterion spplles,

(4) Penetrations do not control; l.,e., ASME area-replacement
rule Is satisfied,

(5) Ultimate strength Is defined as the pressure at which
stresses In the equivalent "smeared'' sheil reach the
minimum speciflied yleld stress. (Burst pressures are
not considered reliable at this time because >f the
potentially limited ductllity of the vessel.)

Copies of the calculations are enclosed. In summary, the preliminary
calculated Lltimate strengths are 36 psl for the Sequoyah and 47 psi

for the McGulre containment vessel. In wy Judgment, the actual ulti-
mate strengths are probably between <10 percent and +30 percent of these
values., The actual value may be less because Assumption (1) under
estimates the shell stresses, although the shell does not control,

The actual value may be greater because Assumption (1) overestimates

the ring stresses, which do controi; Assumption (5) Is conservative;

and the actus! material yleld strength Is probably greater than the
minimum specifled.
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Dr, F, P, Schauer -2 - January 22, 1980

As per the statemert of work on the subject project, we intend to
continue to refine the above sstimates >f the ultimate strength

and the assoclated uncertainties. |f yoo have any questions, plesse
contact me,

Sincerely,

Loweil F, Greimann
Pr-jezt Englineer

Enclcosure

cc: Director, Division of System Safety (Attn: B. L. Grenier) w/encl!,
Jelwyr D, Bluhm, Head, Project Engineering w/encl,
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REFERENCE B

Hubbard, H.W. (R&D Associates), letter report to Dr. R.L.
Tedesco, 8913 Wooden Bridge Road, Potomac, Washington 20851,

July 25, 1980 {presented orally at ATRS meeting, September 2,
1980, by F. Parry)
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25 July 1980

br. Robert L. Tedesco
8913 Vooden Bridge Road
Potomac, Marylund 20854
Dear Dr. Tedesco:

The enclosed document is a critigue of the Ames analysis
of the Scquoyah containment structure. 7The critigue
was performed by K & D Associates at the request of
Commissioner Victor Gilinsky, who asked that a copy be
supplied to you on its completion.

Very truly vours,

Harnmon W. Hubbad
HWH/d1

Fneclosure: “"Soguoyah Containment Analysis,™ July 1980,
(1 cy).

GEAD AL YMILALIN VS AY e oL NA ML REY, CALIN CRNIA . 2 @ Mgt ™ Y8 800
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SEQUOYAH CONTAINMENT ANALYSIS
1. 2N.ThooLCTION
This letter report is in r2sponse2 to a reguest {rom the

C.3. suclear Regulatorvy Commission to review a2nd critigue the
i ),

2ltirate strength analyses of the Sscuoyah containment.

-h@e descraption of the conca2inient vessel ind the analysis

ri

or rzview were provided in the NRC Inforimaticn Report dated
22 April 1250, Ref. SECY-30-107A. The tasks r2qguested in the

wCrk statement were as follows:

1. To what extent are the assumptions in the analyses
conservative?

2. To what extent is the calculated ultimate strength
sonservative?

3. What are the uncertaint’:s in the znalyses, methods,
ind aocdels?

4. To what extent is there assurance ¢f no ciross lcak-
age from the vessel at stresses abcve the design
stross and vield stress?

3. 'ow would the analyses and results be altoved if

'

the stroesses are caused by igniticn ‘detonation of
300-000 kg of hydrogen distributedé uniformly and
ronuniformly in the containment?

6. To what coxtont can distributed ignition sources

ects o hydrogen? ‘

b

niticate the et

This rervort will cover the first four tasks of the werk state-
ment. A repcort on the hyldrogen problem, tasks 5 ané o, will
De issued separately. A preliminary briefing of the .analyscs
cenducted by RDA was uiven to Ccmmissioner Gilinsky .and Dr.

C
J. Austin at RPA on 18th July 19280.
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2. ULNJUCROULD - FL0L0YAR CONTAILMENT VESESEL DESIGN

The contain-2nt vessel for Sequoyah is a low-leakage, froc-
stinding steel structure consisting of a cylindrical wall, a
hemispherical dome, and a bottom liner plate encased in con-
crete. Figure 1 shows the outline and configuration of the

containment vessel,

The structure consists of side walls measuring 113 f{cet
8-5/8 inches in height from the liner on the base to the spring
line of the dome and has an inside diameter of 115 feet. The
bottom liner plate is 1/4 inch thick, the cylinder varics
from 1-3/8 inch thickness at the bottom to 1/2 inch thick at
the spring line and the dome varies from 7/16 inch thickness at
the spring line to 15/16 inch thickness at the apex.

The containment vessel is provided with both circumferen-
tial and vertical stiffeners on the exterior of the shell.
These stiffeners are reguired to satisfy design requircments
for expansion and contraction, seismic forces, and pressure
transient loads. The circumferential stiffeners were installed
on aporoximately 20-foot centers during erection to insure
stability and aligrment of the shell. Vertical stifieners are
sraced at 4 decrees and other locally stiffened arecas are pro-

vided for penetration, etc., 2s reqguired

The design of the containment vessel was to the require-
-ants of the ASME Code, Section III, Subsection B. The que
includes cases 1177-5, 1290-1, 1330-1, 1413, 1431, and the
Winter 1968 Adcenda.

The following pressures and temperatures were used in the
Jesign of the vessel:

Overpressure test (1) 13.5 psig

Maximum in<sernzl pressure (2) 12.0 psig at 200°F

Design internal pressure (2) 10.8 psig at 220°F
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Fizure 1. Scquoyah (Centaipment Vessel
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Leakage rate test pressure 12.0 psig
Design exteérnal pressure 0.5 psig
Lowest service metal temperature 30° F
Operating ambient temperature 120° F
Operating internal temperature 120° F

(1) 1.25 times design internal prossure as reguired by
ASME Code, UG-100(b).

(2) Sce Paragraph N-1312(2) of Scction 111 of the ASME
Code which states that the "dcsign internal pressure”
of the vessel may differ from the "maximum containment
pressure"” but in no case shall the design internal
pressure he 1nes than 90 percent of tae maximum con-

tainment internal pressure.

The steel plate used is to ASME specifications SA-516 grade
60 with a yield stress of 32,000 =si, an ultimate siress of
60,000 psi and a Young's Modulus, E, of 28 x 106 psi at 70°F.
For the above code, the maximum shear stress criterion yields
an equivalent maximum membrane principal stress, in the hocp

direction, given by:

hoop stress = 1? = allowable stre¢ss, where P = 10.8 psi
R = 690 in.
(the civen allowable stress in the 19277 version or the code

C
is 16,500 psi (i.e., approximately 172 the vield stress)).

10.8 x 690 _ o is-

Hence, t = 16,500 in.

-

Thus, the minimum plate thickness of 1 2 iuch satisfies the
Easic code requirements.
Originally the vessel was designed with only seven ring

stiifencrs and local vertical stifZcners at penctration
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Tegions. O<tailed buckling analysis and . -7 excitation
analysis showed, however, that zdditional rin:s and vertical
stiffeners would be reguired and the final conficuration of
Figure 1 resulted. It should be noted that th2 longitudinal,
or meridional, stresses in a cylindrical menbrene are only half
of the hoop stress and hence do not contribute to the maximum
shear criterion of the ASME Code. Further the dome stresses
are all of the same tvpe ("meridional" as opposed to "hoop")
and hence with the plate thicknesses used the ccne membrane

stresses are nuch loss than the critical cylindrical stresses.
3. THE ANALYSIS OF A SHELL WITH RING AND STRINGER STIFFENERS

The z2pplication of rings and stiffeners to a aerbrane
structure is well known in aircraft structural anlaysis and
must be treited with caution since local bending stresses can
be induced. It was noted that the analysis provideé in the
reference cdocument SECY-8(-107A used a "smearing" ta2chnigue
whereby the rings and longitudinal stiffeners (or "stringers")
are smeared out over the membrane thickness thereby increasing
the effective thickness of the membrane and hence its pres-
sure capability. It is well known, however, in aircraft
structural analysis that in general this cannot be cone.

The problem is succinctly described in the following extract
from "Analysis and Design of Flight Vehicle Structures,”

E. F. Bruhn, Purdue University, Tri-State O:ifset Cormpany,
1965. (Library of Conuvess Card #64-7896).

Because of functional reguirements over and 2bcve those of
a simple prossure vessel, the pressurized cabin shell of an
airplane has a number of stress analysis problems peculiar
to its configuration. Several of the more ceneral cf these

will be considercd here.

To gtabilize the shell wall in transmitting heavy tail
loads through the fuselage, luo.- *udinal stringers :zre added.
These same stringers will also help to carry the meridioenal
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pressure loads. The skin and stringers must, of course, have
equal strains in the longitudinal directions but, bDecause

the skin is in a two-dimeéngsional state of stress, they cennot
fave ecual lonvitudinal stresses: hence the following
analysis.

Let the meridional (longitudinal) stresses in the skin

énd stringers be Sy and Sy, respectively. Sy will be the

tangential (hoop) stress in the skin. We have

I£ N is the total number of stringers, each of cross scctional

area A,, then equilibrium longitudinally requires

"
P72 R" =2nREt SM + NAL L.

The condition of equal longitudinal strain in the skin and

stringers yields

where . is Poisson's ratio (= .27 for steel).

S5o0lving these three cquations one finds

2]

(1 + 2ua) _ PR (1 + 0.54 1)
1+ a) 2t 1+ a)

0N
1}
u' M

—
4
—
[

(1 -2 uy) _ PR _0.46
(1 + a) 2t (1 + a)

0n
0
[

.
1o
o

where a = NAL/Zn Rt is the ratio of total strincer areca to
skin area. A little study will shew that t(l + 2) i: a sort
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ot "cffective shell wall thickness": it is the result of
taking all the cross sectional arca (skin plus strincers) and
distributing it uniformly around the perimeter. On this basis,
the results are a little disappointing: the stringers are
carrying only 40% of the stress one might expect if the net
longitudinal load (p n Rz) were distributed evenly over the
entire cross sectional area (2 n Rt (1 + a)). Thus the
meridional skin stresses are reduced by the factor (1 + .6 a)/
(1 + a) from what they would be without the strinjers.

Because of the necessity for transmitting various concen-
trated loads from within the cabin and from the wings and tail
to the main shell and because it is also necessary to provide
some lateral restraint which will stabilize the stringers and
skin against an overall instability failure, the pressurized
fuselage of an airplane contains a considerable number of
rings and irames distributed along the length of the shell.
These rings are seldom, if ever, spaced closely enough such
that they can be considered effective in carrying a part of
the hoop stressas (in the way the stringers were effective in
carrying part of the meridiona! stress). Rather, they act
more like widely spaced restraining bands having the effect

shown exaggerated in figure 2.

Figure 2. Restraining rings along a pressurized tank.
The action is representative of a fuselage
with widely spaced rings inside.

—

It is obvious that the rings in this case will produce
secondary bending stresses in the skin and hence may have a
detrimental effect on the simple membrane stress system.
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€qually harmful are the tensile oo de%aloped in the
Tivets joining the skim 8nd rings. (Fnd of Txiract)

4. ETRINGER EFFECTIVENESS

Follewing the method of Section 3 above and Figure 3
illustrates the application of the loncitudinal stiffeners to
the Sequoyah vessel. In calculating the meridional stresses
an "effective" pressure is used, which is the internal pressure
of the container less that pressure which is needed to support
the structural weicht above the section under consideration.
Thus, at the critical 1/2 inch plate section (top of the
cylinder) a dome weight of about 550,000 lb has to be supported
and this is eguivalent to an internal pressure of about 0.37
psi, and the internal pressure has to exceed this value before
a meridional tension stress can be achieved. At the base the
eguivalent pressure to offset the overall weight of the con-
tainer (about 2.3 million 1lb) is 1.54 psi.

It 15 seen from Figure 3 that the stringers are stressed
to only about 40% of the amount of the meridional stress in
the membrane. Of the total longitudinal load the membrane
carries 93% and the stringers only 7%. It is therefore clearly
incorrect to assume that the stringcer cross sectional area can
be "smeared" out fully over the membrane - the smearing tech-
nigue can be used but by using about +0% of the stringer

cross sectional area.
. RING STIFFENER EFFECT

The analyvsis of thin walled cylinders with ring atiffeners
is treated in detail in "Beams on Elastic Founcdation" by M.
Hetenyi (University of Michigan Press 1246) paces 83-84.
Figure 4 shows the results of this analysis aoplied to the
cvlindrical section of the Seguoyah vessel. It is seen that
the rinc stiffencrs have to be spacced very much closer than

S0 inches to have any appreciable roduction on the membrane



Figure 3. Stringer Lffectiveness
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hoop stress. Further local bending stfesses at the attachment
to the Ting which are greater than the unmodified hoop stress
arg ¢enerated when the ring spacing is 1in excess of 27.5" to
20.7" (respectively for 1/2" and 5/8" plate). Since the
actual design ring spacings are at 10 ft two conclusions may

be drawn:

a. Membrane hoop stresses in a considerable region between
the ring stiffencrs is for practical purposcs not in-

fluenced by the ring stificners.

b.- A local bending stress at the ring attachment to the
shell is induced and this stress is some B0% higher

then the simple m:mbrane hoop stress.

Thus, the critical region for hoop stress will be the
1/2 inch plate midway between the two rings. (This occurs
between rings at elevations 778.5 and 788.0 shown in Figuwre 1).
This section has the upper 2/3 of 1/2 inch plate and the lower
1/3 of 5/8 inch plate, and hence the mid-section area of
criticality is in the 1/2 inch plate). 1In this case the

critical internal pressure may be calculated as foliows:

yield stress (= 32,000 psi) = PR/t
(R = 690 in., t = 1/2 in.)
giving P = 23.2 psi

This corresponés to the Boiler Code Max Shear Stress
Criterion for yield. 1If ultimate strength is used then tljis
prossure would be sca2led up in the ratio of ultimate to yvield

stresses (60,000 to 32,000 psi) giving a value of 4%.5 psi.
gitudinal stress would be half the hoop

stress in a simple urstiffencd cylinder. As shown in Section

The corresponding lon

i, the membrane longitudinal stress is reduced by a factor of
0.87 due to the presence of the stringers. An alternative
method to the minimunm shear stress method of the Boiler Conde

is *o use Von Mises criteria which determines the critical
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stress as 9 funcr:on of botn the hoop stress ¢, ) and the

Jongitudinal or meridional stress ('H). This 1s givan by:
h N 3 :
erit Cwy * O T Ty%

In this case :M = 0.5 % 0.870t = 0.435 ct

Hence ocrit = O.8o8¢t

Hence,: for the Von Mises criteria the critical pressures
correspvonding to yield and ultimate stresses are respectively
26.8 and 50.3 psi.

6. ALTERNATIVE PANEL ANALYSES

An alternative approach, in order to determine local stress
regions incduced by the rings and stringers, is to consider the
cylinder to be a number of rectangular panels framed by ring
sectors and stringer sections as shown in Figure 5. Thus,
the cylinder is compcsed of a number of panels approximately
4 It by 10 £t as shown with thicknesses varying from 1/2 in.
to 1 3/8 in. A comparison of the bending stirffaess of the
panel and the rings and stringers is shoewn in Figure 5. The
cross sectional moment of inertia about the bending axis is a
measure of the stiffness of a beam. In the case of a panel
bending a2s a beam there is an additional term due to a Poisson's
Ratio (u) contribution. This is, however, only a 10% effect
(proportional to 1 - uz, and . = 0.27) and is neglected in

calculating the moment of inertia of the panel.

From Ficure 5 it is seen that in bending abcut the XX axis
the strincers are over twenty timcs as stiff as the skin, even
thouch the skin 1s curved zcross the bending axis thereby in-
creasing its effective moment Oof incrtia by some 50%. For
bending about the longitudinal axis YY the relative stiffness



Figure 5. Panel Arrangement
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18 gven higher (about 2.0 to 1). The analysis of Figure 5
werq carriad out for a 3/8 inch thick skin. The relative
st1ffness will be even hivher for a 1/2 inch thick skin si:nce

the skin moment of inertia involves a t3 term.

It is clear from these consicderations that an analysis of
the skin as a panel held rigidly at the bouncdaries should be
made (i.e., encastve edges). The legitimacy of this encastre
eassumption is strengthened when one considers that adjacent
panels help in keeping tne ring and stringer cdges from twisting.
For example, symmetry in the cross section across a stringer
in the XX direction ensures that the stringer cannot twist

for zanel bending in about the YY axis.

Two flat plate analvsis have been carried out following
the methoés of "Formulas ror Stress and Strain"™ - R. J. Roark,
5th Editien McGraw-KHill Book Co. (1975), pages 392 and 408.

a. Simple flat plate analys:is

This is vresented in Figure 6. For an encastre edged plate
Table 8a on page 392 of the reference volume gives a value for

the maximum bending stress at A & B (the midpoints of the long
as > = 0.5 sz/tz. For the plate under consideration

sides) S
this cives initial stresses for yielding at a pressure of 6.94
osi. At this pressure the inner plate fibers at A & B will
just begin to vield in tension, and the outer plate fibers in
these locations will be compressed to a stress of 32,000 psi.
At a value of about 1.5 ti:es this pressure (or 10.4 psi)'
yielding will occur through the entire plate section.at A & B.
(This is xacwn as a "plastic hinge"). Ultimate yielding
stresses of the surface fibers at A & B will be reached at a

pressure of 13.0 psi.

The table, referenced above, shows that the stress at the
midpoint of the plate (C in Figure 6) is half that occurring
at A & B, and is in the opposite sense (i.e., tonsile on the

outside, corprossion on the inside). However the plate is not



a = 120"

b = 48"

Figure 6.

Flat Plate Analysis

o REF: KOARK "FORMULAS FOR STRESS AL STRALN" i

MAX. o, AT A, B) b = 48"
) 0;§_RPE t = |/
N
FOR v = 32,000 PST o = 60,000 PSI
P=6.94 PSI P = 13.0 PSi
CEMITR 1 = 0.5 5, .
FOR o = 32,000 PSI o = 60,000 PSi E:
P =13.9 psj P =26.0

NOTE: TULL PLASTIC MINGE DCVELOPS AT A, B
AT 1.5 x 6.9 = 10.4 S|
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2 truly “"flat” plate and the analysis of Section & 1s more
appropriate to the center of the plate which 1s mainly subject
to the hosp tension. There wculd undonlitedly be some corpl. .z
comidiration of bending stresnes due to th2 ring and striager
constraints coupled with the hoop and meridional membrane
strceses. A careful analysis with a finite olciient code

s

would be reguired to resolve this point and this is beyond

*he scope of this review.
b. Large deflection plate analysis ("guilting" effect)

The analysis of (a) 2ssumes a flat plate and makes no allow-
ance for the finite deflections of the plate. The formula of
rage 408 of the referenced work makes allowance for the plate
deflection. These results are swwmarized in Figure 7. Acain

vioum stresses occur at the midpoints of the long sides.
~ha resulting stress is a corbination of bending and membrane
=ti.sses., Yielding (at 32,000 psi stress) of the inner ribers
at A & B begins at an internal pressure of 7.8 psi. Only 6 1/2%
of the total stress is cdue to the membrane contribution.

c. Comments on the maximum stress lcading at A & B
The onset of yield could occur at the inner ibers at the mid-
voints of the long edges of the half inch plate sections at an
1nternal pressure of 7.8 psi, assuring the more realistic
"snilting" aralysis. Eowever, this is at local points only
and full plastic hinging would not occur until about 11.7 psi.
Cven then local stress relief migcht well occur and for a
"one-shot" pressurization it s not clear whether this would
result in lezkace. It would e a serious picblem if many
cycles of preossurization were encount2red when cracking due

to "LCF" (low cycle fatigue) ~icht well occur. DHMere serious,

however, is the pura -eabrane stress induced in the 1/2 inch
ver the whole cross

N

skin at 26.8 psi. This is a :2nsiovn

"

soction of the panel and wculd occur over several inches of the

vertical pznel centerline.
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("Quilting Effect")
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7. HOLD DOWN BOLT STRESSES

Figure B depicts the tension stress in the hold down bolts
as the internal pressure is increased. The bolts are pre-
stressed to a level of 25,000 psi and this bolt tension is not
increased until the internal pressure overcomes the container
weight as well as the preload tension. This occurs at an
internal pressure of 17.3 psi. 1Increasing pressure will
produce bolt yield stress at 64.5 psi and the ultimate bolt
stress of 125,000 psi would be rcached at an internal pressure
of 77.1 psi. The latter, however, could not realistically be
achieved since gross leakage would occur as soon as the bolts

yield.

8. SUMMARY OF STRESS ANALYSES, CONCLUSIONS AND RECOMMENDATIONS--
Figure 9 summarizes the stress analyses described above to-
gether with the AMES "smeared" shell/stiffener analyses of
SECY-80-107A.

The RDA analysis leads to the following conclusions,
a. The AMES analysis is optimistic.

1. The ring stiffeners are not amenable to the
smearing technigue--the spacing is such that the
hoop stress in the mid-region between the rings is

essentially unaffected.

2. The stringers are only partially amenable to
smearing--the stringers only carry 40% of the locad
that would be expected with "equal" area effective-
ness between membrane and stringers.

3. Having "smeared out" the rings and stringers they
cannot be put back in to carry load. This leads
to the rather surprising case of one of the rings
being the "weak" element in the system.

4. The ultimate burst ‘analysis is clearly incorrect--
the hold down bolts would yield first.



~175-

(I1Sd) d W3l

08 0
q 2 0L 02 0
< = QN
SJd G2
avo13y4d
-lov
. n
1Sd 000°62L = o o
1Sd 000°501 = %o o -9
1108/0v0 1 979 LEL
VIQ .85°2 SL00 0L
-2
(1Sd L722) » 3LwWILN 108 - 9
(1Sd §°v9) © 01314 1100 - @
) -001
(1Sd €°£1) L191IM INIWNTVINOGD + QVOIIUd - V

§ASSa1I3S 3100 umoQ P1oH

‘g @2anbhig

(1Sd%) NOISNIL 1708



Figure 9.

Sequoyah Containment Vessel - Summary of bSlrussus
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b. The above four conclusiens answer the first three tasks
0f the work statement. A preliminary answer to the fourth
task--the question of leakage above the design point is given
by the following summary of the panel/membrane analysis.

Pacommendations are also presented to refine these answers.

1. Onset of local yielding could occur at about 8 psi,
but this is not considered a problem since local
yielding could lecad to stress relief. Full plas-
tic hinging would not theoretically occur until
12 psi. This could lead to local cracking for a
repeated pressurizing case (low cycle fatigue) but
may not be important for a "one-shot" loading.

2. Gross membrane yielding could occur at about 27 psi.
This corresponds to the ASME code value of 23 psi
limit loading. It is interesting to note that an
elastic-platic analysis carried out by Sandia.
gives a nominal failure pressure of 27 + 3 psi.

It appears from this simplified analysis that the progres-
sion of events with increasing pressure, begins with pure
bending resistance and small local elastic fiber deformations
and progresses through combined bending and tensile resistance
{(quilting) with larger elastic deformations. Eventually local
=ones of plastic yielding will culminate in a state such that
the final resistance mode is pure membrane tension in the skin
material alone. This final state will only occur if the skin
material is sufficiently ductile to avoid local rupture by
tearing or cracking with the internal bending resist;;ce
nullified by vielding. Furthermore this final state will be
reached independently of the properties of the stiffeners

*

"Report On Svstems Analysis Task, Reactor Safety Study
Methodology ApplicationsProgram, Scquoyah #1 Fower Plant,”
Draft Report 1978, Asselin, Carlson, Gramond, Hickman, Fedele,
Cybulskis and Wooton.
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/ = a0 to wpiiaiiely stiff) so leag 1s the spacing of the
Ting stiffeners 1s .r:ater than about 4N inches for the 1/2
tnch plate. The final state would then be pure membrane
resistance with an equivalent longitudiral thickness which
includes the partial effect of longitudinal stiffeners and

with hoop thickness equal to the unmodified plate thickness.
The resulting limit load pressure abont 27 psi is thus probably
a rezsonable estimate of failure onset. The structure may

fail locally below this value but will probably not survive
much above thits value whatever the propcrtics of stiffeners

as currently spaced.

tased on these analyses and conclusions it is recommended
that further analyses and experimental verification be carried

out:

a. A detailed finite element code analysis should be
carried out to clarify the location, extent and profile

of stress concentrations.

b. A full scale excastre panel should be pressurized
to failure including a full strain gage and stress
coat ipstrumentation. This would not be difficult
Oor expoensive since the panel size is only 10 ft by
4 ft, and the severity and effect of the local stress
concentrations could be readily evaluated. The pres-
surization should be carried out in two stages.

1. Up to 13.5 psi and back to zero (to simulate
the contairment acceptance pressure test). The
panel should then be examined carefully for local
deformations, etc. These would likely be shown

up by stress coat or crack dvtection methods.

e Pressurization to failure with full instrumentation

reading at selected pressure increments.
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REFERENCE C
TVA, oral presentation at ACRS meeting, September 2, 1980,
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PRESENTATION OUTLINE

. OVERVIEW OF PRESENTATION
II. DESIGN OF CONTAINMENT VESSELS

ORIGINAL DESIGN -

REVISED DESIGN -
DESIGN/CONSTRUCTION PROCEDURES
DESCRIPTION OF CONTAINMENT

I1l. CONTAINMENT CAPACITIES -

CRITICAL SECTIONS
EVALUATION OF THE CRITICAL SECTION
RESULTS

V. CONCLUSIONS & RECOMMENDATIONS -
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EVALUATION OF CONTAINMENT VESSEL BETWEEN
STIFFENERS AT ELEVATIONS 778°-6"" AND 778’

MATERIAL -

PLATE - SA 516 6R 60
STIFFENERS - SA 516 6R 60
WELD - E7018

MATERIAL PROPERTIES -

4

SHELL SPECIFIED CODE MINIMUM
PLATE & LOWEST TEST VALUE
STIFFENERS

MEAN TEST VALUE

WELD SPECIFIED CODE MINIMUM

STRESSES
YIELD TENSILE
32 KSI  _6OKSI
457KS|  _665. . KS|

472 KSI 66.2 KSI

60 KS| 72 KS|




SEQUQYAH NUCLEAR PLANT
(UNIT 1)

1/7Z-tCH CYLINDRICAL SHELL PLATE
BETWEEN ELEVATIONS 782 & 79I1-6

TENSILE NUMBER OF YIELD TENSILE PERCENT,
‘eST PLATES STRENGTH STRENGTH ELONGATION
| 3 46,100 prs) 65,800 psi 25
2 46,600 psi 65,000 psi 24

3 46,800 ps! 66,300 psi 23

47,900 rps! 66,700 rpsi 25
48,400vprs! 67,100 psi 26
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METHODS OF ANALYSES

FINITE ELEMENT SHELL MODEL
PANEL
MEMBRANE

FAILURE CRITERIA

MAXIMUM SHEAR STRESS
VON MISES



CONTAINMENT PRESSURE (PSIG)

SPECIFIED CODE MIN,

LOWEST ACTUAL

ERTTCAL CRITICAL STRESSES : TEST STRESSES
SECTIONS PRESSURE |MAX SHEAR| VON MISES MAX SHEAR | VON MISES
SHELL PLATE | uirimare 43.5 50.2 a7 5

YIELD 23.2 26.8 33.1 38.2
PENE TRATIONS
WELDED SPARE YIELD 83.0
BOLTED HEAD YIELD 1355.0
BELLOWS YIELD 100.9 0
ELECTRICALS ULTIMATE 100.0 "

VACUUM
RELIEF VALVES| “T'™AT€ -

PERSONNEL
LOCK VIELD 301
EQUIPMENT
HATCH ULTIMATE 73.0
ANCHORAGE ULTIMATE po
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REFERENCE D
Bagchi, G. (NRC Research), Memorandum to F.P. Schauer, NRC,
Washington, DC, August 17, 1980,
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(oY iy UNITED STATES
v . NUCLEAR REGULATORY COMMISSION
> ‘\ j . WASHINGTON. D € 2055%
. -
. £
v e -~
e ‘l JHL/ &
o o AUG ® 7 1980
.....

FENORAIDUM FOR: F. P. Schauer, Chief
Civil Engineering Branch

FROt.: Coutanm Bagchi, Chief
Structural Engineering Research Branch

SUBJECT: ANALYSIS OF SEQUOYAH CONTAINMENT CAFACITY

| reviewed two separate analyses of the Sequoyah Containment Structure
referenced below:

(1) Analysis by Ames as a part of SECY-80-107A
(2) Critique of SECY-80-107A by R&D Associates

1 feel that the critique in Reference 2 above treated the effects of
meridional stiffeners independently of the ring stiffeners and vice

versa. The network of stiffeners should serve as another strength ele-
ment to provide resistance to the shell membrane beyond its first yield
capacity., I tried to take an independent look at this and developed a
force equilibrium rodel to utilize both the ring and meridional stiffeners.
Enclosed is a copy of calculations for your review. I hope you will

find then: useful for your safety evaluation.

My conclusions are that the containment strength is 34 psi at gross
yield and is governed by the thinnest section. This value is closer to
that calculated in Reference (1), 35.5 psi than the 27 psi estimated in
Reference (2).

It is my opinion tnat tne ultimate capacity of the containment is around
45 to 50 psi internal pressure, considerably higher than the strength at
gross yield.

) ;
L TS
Goutam Bagchi, Chief
Structural Engineering Research Branch

Division of Reactor Safety Resei~ch
Enclosure: Calculations

. Murley, RES

. Shao, RES

. Eisenhut, NRR
. Knight, NRR

. ‘Kelber, RES
F. Costello, RES
P. Siess, ACRS

. Bender, ACRS
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REFERENCE E
Zudans, Z. (Franklin Research Institute), letter report to

Dr. R. Savio, NRC, Washington, DC, August 29, 1980
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u'ﬂm] Franklin Research Center

A Division of The Franklin Institute
August 29, 1980

Dr. R. Savio

Staff Engineer

Advisory Committee on Reactor Safeguards
U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

References: 1) Dr. L. Greimann, Ames Laboratory: Ultimate Strength
Characteristics of the Sequoyah and McGui e Containments,
January 21, 1980.

2) RA&D Associates Report: "Sequoyah Containment Analysis,"
July 25, 1980.

Subject: Review of Sequoyah Containment Structural Analyses by Ames
and R&D Associates and an Independent Analyses of a Portions
of Sequoyah Containment.

Dear Dr. Savio:

As per your instructions I reviewed the analyses and conclusions
reached in subject refereuced Reports. Detailed findings of this review
are given in the Enclosures 3 and 4.

In summary neither of the two reports support their conclusions with
argumenst of adequate rigor.

Ames conclusion (for 5/8" thick section) that plastic limit load 1is
reached at p = 35.6 psi 1s derived from an erroneous assumption which results
in ring yielding at this pressure!

Similarly, R&D Associates conclusion that full membrane hoop stress will
develop in a considerable region of 1/2" section between the rings at p = 23.2 psi
is based on neglecting the effect of the stringers.

To offer a rational estimate of the containment strength, I performed
four (4) independent analyses using a reduced model of the Sequoyah containment.

The first three (3) analyses addressed the 5/8" thick section (considered
critical by Ames.). The conclusion based on these three (3) analyses, indicates
that: 5/8" thick shell section full yielding will occur at 34.3 psi, and that
essentially an entire panel (between the stiingers and stiffeners) will yield
at 38.6 psi. These are conservative numbers, non-linearities will stiffen the

structure and higher pressures will likely be required to produce gross
distortion.

The Benjamin Franklin Parkway, Philadelphia, Pa. 19103 (215)448-1000 TWX-710670 1889
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Dr. R. Savio -2 - August 29, 1980
ACRS

The fourth analysis addressed the area of 1/2" thick shell (considered
critical by R&D Assoclates). The conclusion based on the fourth analysis
indicates that the first yielding of 1/2" thick section will occur at the
point where 1/2" thick shell joins the 5/8" thick shell at 30.3 psi, and
that essentially the entire panel between elevations 778' 0-5/8" and
691" 0-1/2" will yield at 34.7 psi.

Details of four (4) analyses are given in the Enclosures 1 through 5.
Briefly, these analyses were performed in the following manner.

First analyses modelled a portion of the containment building between
Elev. 730" to 769" with circumferential ring stiffeners, but neglected the
waridisnal stiffeners (srringers). The reason for this analysis was to
demonstrate the response of a shell without meridional stiffeners. Results
of this analysis confirmed the fact that given the spacing of the rings as
per Sequoyah design in this area, full hoop stresses would develop in the
region couple feet away from the ring and cause membrane yielding of 0.625 in.
thick shell at about 28 psi. The stresses for this case are shown in Figure 2,
Enclosure 1. It is also clear that plastic hinges would develop in the shell
at a considerable lower pressure.

The second analysis was performed (for the same area as the first analysis)
with added stiffeners in the model. While the rings were modelled exa tly
within the linear elastic theory, the stringers were smeared out to represent
their axial stiffness and meridional bending stiirmess in an average manner.
Pertinent details of this analysis are given in Enclosure 1. Figure 3,
Enclosure 1, shows the hoop and axial stress distribution for this case. It
is noted that the hoop stress is much more uniform than in the previous case,
Figure 2, Enclosure 1, and that the average axial stress varies along the
meridian. The largest hoop stress in this case predicts total cross section
plasticity at 36 psi (see Page 6, Enclosure 1). The results further indicate
that the entire shell section between the elevation 740' to 759' would yield
with the internal pressure loading in the range from 36 to 38 psi.

The third analysis was performed to prove the validity of the method used
for "smearing out' meridional stiffener. This was a finite element analysis
of a portion of the containment between El. 744' and 755'. Here, symmetry
boundary conditions were imposed on all sides of the model and axial loade
applied at one end of the model such that the end remained flat. Details of
this analysis are given in Enclosure 2.

This analysis confirmed the shell of revolution analysis results as obtained
with rings and smeared out stiffeners. It further showed that hoop stresses
generated in the midspan between the rings and stringers are slightly
higher than those produced by shell of revolution analysis. However, the
basic finding that the stringers are significant in reducing the hoop stress
remained. The results of this analysis indicate that a gross shell yielding
at this location will occur over essentially the entire span of this model
between rings and stiffeners in the range of the internal pressure 34.3 to

38.6 psi.
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Dr. R. Savio -3 - August 29, 1980
ACRS

Another interesting result is that essentially full axial stress is
developed in the shell at the rings since the stringers at that locatiom
contribute very little to axial stiffness due to significant bending strese
developed in the stringers. Figure 5 of Enclosure 2 shows this case.

Fourth analysis was performed for the region between elevations
778" to 791' by using shell of revolution method with rings and smeared out
meridional stiffeners. Pertinent details of this analysis are given in
Enclosure 'S. Figure 7, Enclosure 5 shows hoop and axial stress distribution
for this case. The largest hoop stress in this case predicts total cross
section plasticity at 31.9 psi (see Page 5, Enclosure 5).

The results further indicate that the entire section between the ring at
elevations 778' 0-5/8" and 791' 0-1/2" will yield at 34.7 psi. There was
no finite element analysis done for this region, however, the same amount
of stress change (from shell to finite element) can be anticipated here
as was found in comparing the second and third analysis. Accordingly, a
reasonable plastic limit load in this region is 30.3 psi.

Because of the structural discontinuities, the local stress at the
shell surface vary significantly from the average stress upon which gross
plasticity pressure was derived. However, formation of plastic hinges locally
is not a significant contributor to failure for a one time loading.

To define a pressure at which the structure would reach its ultimate
capacity, it is first necessary to select the mode of failure of concern.
If the leakage is the concern, R&D Associates computed value of p = 64.5 psi
(producing hold down bolt yielding) is a reasonable value. Other design
details around the penetrations and at discontinuities, however, may produce
leakage path at a pressure lower than 64.5 psi.

The ultimate structural capacity of the Sequoyah is strongly dependent
on as built condition of the specific details and requires nonlinecar inelastic
analysis under consideration of strain hardening and strain rate effects.
Generally, however, dynamic structural capability exceeds the static capability,
in particular, if the loading is of impulsive type with short load application
time as compared to the length of the lower natural period of the containment.
Also previous analyses of pressure vessel closures indicate that the collapse
pressure (defined collapse pressure in ASME Code is equal to the load which
produces deformation twice that of the elastic deformation at the

same load) usually occurs at pressures in excese¢ of the pressure to produce
first plasticity in a cross section.



-208-

Dto n- savio - 6 -

August 29, 1980
ACRS

Accordingly, the computed internal pressure for plastic limit at
p ™ 30.3 psi can be considered a reasonable lower limit.

Very truly yours,

y| -
enons Zudans

ces enjor Vice President, Engineering

encls.
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Enclosure 1

SHELL OF REVOLUTION ANALYSIS
FOR EL. 730' TO 769' REGION
Shell of revolution model representing portion of containment between

A-A and B-B, Figure 1 was made. It was assumed that the meridionsl rotation
was zero at Sections A-A and B-B to simulate the fact that, due to approximately
uniform distance between the rings, such rotation would be zero in a full
containment model. This is deemed to be a good assumption. At A-A it was
further assumed that the shell was fixed axially and free to expand radially.
At B-B, axial force per unit length of meridian, equal to the end closure

pressure loading of 20 psi was applied, and free radial expansion
allowed.

The rings were modelled as circular plates, hence represented exactly
within the linear theory of shells. The meridional stiffeners (stringers)
were included in one analysis, such that their contribution to meridional

bending and axial stiffress is correctly represented. For another analysis
these meridional stiffeners were ignored.

Analysis with rings and meridional stiffeners produced stresses shown

in Figure 3. Analysis with rings, but without meridional stiffeners produced
stresses shown in Figure 2.

As anticipated, 1f stiffeners are neglected, full membrane stress is
developed some distance away from the rings. This is due to the fact that
distance between the rings is in the order of 5 to 7 times the characteristic

length of the cylinder, 1.e., edge effects at the ring do not propagate in the
shell.

Full yield would develop at locations between the rings at a pressure

o 32,:00t

For locations shown in Figure 3,

20 -
? 22,851 % 32,000 = 28 psi
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Full plastic hinges, however, would develop at the rings considerably
earlier. Por a single loading cycle such hinges would not represent failure
if weldings is done appropriately. The results just discussed, however, do

not represent a good approximation to the limit load corresponding to gross
plastic strain development.

The second analysis of the same section with consideration of meri-
dional stiffeners (stringers) produced stresses shown in Figure 3. Here

stringer axial and bending stiffnesses are "smeared out," but in a more
tlgorouJ manner than in Ames analysis.

The basic assumption here 1s that stringers are forced to assume the

deformation shape of the shell meridian. This means that the stringer
meridional strain i{s derived from

€1 " Py Y2y 2{ S
P!
. ?

W.N

K

F—

where P11 is the shell axial membrane strain and 9, is the shell
curvature strain. The strain energy density in the stringer is then

2
W = Eepye)y =B (pyyP1y*22 2y g9y, *+ 27 qp,4qy) ()

Total strain energy per unit of circumference is obtained by

integrating (2) over the volume of stringers. Given consideration to the

fact that stringers occupy only b/t fraction of the circumference, the
total strain energy is obtained frem



= 1. % h2 b2
oo {“ PuPyy * [T - 7] pyyapy
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Equation 3 will contribute to the stress resultants and final

constitutive relations used in the program are

b b h2 b2 R
b o v By [ - ) . P11
E

- vh h 0 0 P
1-v? 22
i &

B2rm? - B o n ebr w3 - &Y v’
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Note that B = l-vz. however, the numerical results of Figure 3, are

produced with B=l. Results, Figure 3, with meridional stiffeners indicate

that stringers transfer significant amount of loading to the rings and that the
average membrane stresses in the shell is reduced to 17,722 psi. This results
in the pressure causing yield in the shell equal to

_ 20
P= 17,722

x 32,000 = 36 psi
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The fact that this number is close to that indicated by Ames Analysis is

pure coincidence. For comments on Ames Analysis, see Enclosure 3.

Are the effects of the stiffeners realistically determined in Figure 3
analysis? It is noted from Figure 3 that axial stress average varies along
the cylinder. At the ring locations the average stress in the shell
increases and it i1s reduced towards the middle of the span between the rings.
This indicates that the axial stresses in the stringer likewise vary along
the meridian, being the smallest at the ring. This behavior is qualitatively
correct due to the increased bending effect at the rings. For more detailed
explanat ion, see Enclosure 2, Finite Element Analysis Results.
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Enclosure 2

FINITE ELEMENT ANALYSIS OF A PORTION
OF SEQUOYAH CONTAINMENT

A portion of the model shown in Figure 1, Attachment 1 (identified
by "Finite Element Model") was modelled over 2° of circuaference using
finite elements. This model is shown in Figure 4.

This analysis was performed to clarify the behavior of the containment
due to shell, ring, and stringer interactions. The solution was constructed
such that the top of the model displaced uniformly in axial direction and
was free in radial direction. Symmetry condition where imposed in the
x-plane, and 2° away from the x-plane, Figure 4. Bottom of the model was
fixed axially (z-direction) and both bottom and top boundaries where subject

to symmetry condition (free radial expansion, zero meridian rotatiom).

The results of this analysis confirmed the behavior of the structure
as in general found in shell of revolution analysis. The radial deflections
at the four corners of the model, for internal pressure p = 20 psi and
corresponding end load of 166,190 1bs, where found to be, Figure 4,

Finite Element Shell of Revolution
Corner A 0.3487 1in. 0.3661
Corner B 0.4155 0. 3661
Corner C 0.3518 0.3661
Corner D 0.4227 0. 3661

which indicates that the panel deflects somewhat more at the midplane of
the span than the stiffener does. In all cases values of shell of revolution
analysis fell in between those of the finite element results.

Axial stretching of the finite element model was 0.02015 in as
compared to 0.02034 in. found in the shell of revolution analysis.
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The highest average hoop stress was found to be 18,660 psi, which
corresponds to pressure

pOZO%%g-M.."pli

required to produce yield through the entire thickness of the shell. It

is noted that a substantial bending is superimposed over the average
membrane stress (see Appendix for details). Near the stiffener, element 1,
Figure 4; inside surface sees higher tensile stresses due to restraint
offered by the stringer (inside 25,500 psi, outside 11,790 psi).
Progressing towards midspan, outer fibers of the shell see larger tensile
stresses than the inside (inside 13,570 psi outside 23,400 psi). Average
hoop stress in the entire panel stays rather constant reducing to approxi-
mately 16,590 psi only at the ring stiffener. This indicates that yielding
of the essentially entire span between the ring and stiffeners can occur in

the range of pressures 34.3 to 38.6 psi. Surface yielding will occur prior
to the overall yielding.

It is noted that ring, shell and stiffener intereaction did not allow

full hoop stress of 22,080 psi (= 20x690/0.625) to be developed anywhere
in the panel.

Another interesting observation is depicted in Figure 5. Here, the
axial loads carried in stiffener and in the shell are compared. At the
circumferential ring location, the stiffener carries only 2710 1b while at
the midspan its contribution is increased to 16,990 1b of the total end
load of 166,190 1b. This behavior is qualitatively confirmed as follows:
at the ring location, significant bending is introduced in the stringer,
since the ring moves radially less than the shell midspan between the
rings does (ring 0.3234, shell 0.3487). In fact element 102 shows com-

pressive axial stress, while element 83 has a higher tensile stress than
the the element 81.

Further details of the finite element analysis are found in the
Append ix.
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Encliosure 3

Comments to:

Dr. L. Creimann, Ames Lab. Analysis:
"Ultimatimate Strength Characteristics of the Sequoyah and McCuire
Containments," January 21, 1980.

1. Assumption of "smeared out rings" by use of an equivalent cir-
circumferential thickness

‘e_e -t + Ar/sr

is not conservative since the distance between the rings range from 4 to 7
characteristics length of the cylinder. All edge effects (at the ring)
will decay completely towards midspan between the rings and full hoop
stress will develop as if the rings were not there. This is confirmed

in Figure 2 of the Shell of Revolution Analysis, Page 3,
Enclosure 1.

2. Assumption of 'bmeared out'meridional stiffeners (stringers) is
a coumon practice of the industry when shell of revolution type of the
analysis is used. However, a correct "smearing out" method considers
the bending stiffness of the stringer in addition to the axial stiffness.
Since the bending stiffness of stringers is significant as compared to
the shell bending stiffness, stringers transfer loads to rings and, if
properly spaced can reduce the hoop stress in the shell considerably.
Typical "smearing out method' normally used in shell of revolutiom
analysis is shown in Pages 5 to 7 of Attachment 1, Ames method not acceptable.

3. Assumptions used in Ames report will not yield a reliable burst
pressure. Burst pressure depends strongly on load history, fracture
characteristics of welds, local geometry (as built), materials hardening
parameters, all of which can be considered (approximately) by use of a
large deformation, inelastic analysis or by testing.
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4. Calculations of limit pressure for stringers and ring stiffeners
as described in the report are meaningless. Accordiugly, the conclusion,
that the ring stiffeners will yield first (at 35.57 psi) is not realistic.
Hoop stresses in ring stiffeners are considerably lower than those in the
shell (see Attachments 1 and 2).

5. Penetration replacement area calculation is not in compliance
with the ASME Code. Paragraph NB-3334.2 (Page 73- 1980 edition) requires
that the reinforcing normal to the shell wall shall be within

0.5 v121.5(3) = 9.5 in.

of the wall and 75% of the reinforcing must be located at most (NB-3334.1)
0.5 J690(0.75) = 11.37 in.

from the finished diameter of the equipment hatch. Using these limits
we find that the available reinforcing is only

2 x (9.5x3) « 57.00 in?
2(1.5-0.75) 11.37 = 17.01
R I

74.01 in~ < 135 (752 of 180)

Accordingly, the conclusion reached in the report is not substantiaced.
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Enclosure 4

Comments to:

R&D Associates Report: "Sequoyah Containment Analysis," 25 July 1980.

R&D report presents an interesting discussion of stringer and skin
interaction (Page 6). The results would be exact 1f: 1) full hoop
stress & = p R/t can be deviloped and 1f one deals with an infinite cylinder
without Ying stiffeners. As shown in Enclosure 2, rings and stringers
will cause significant reductior of hoop stresses and, due to bending of
stringers, axial stress SL in the stringer will vary considerably over
the span between the rings. Also, the presence of stringers reduces the
hoop stress in the shell at midspan between the rings. Accordingly, the
results of the Page 6 analysis, while correct for conditions assumed,
are not realistic for determination of the plastic limit load.

Alternate panel analysis, Pages 12 to 17, is based on the assumption
of rigid boundary and flat panel. These assumptlions are totally inappropriate
here, because we deal with curved shell and all boundaries are able to
deflect. Accordingly, conclusion based on this analysis are not applicable
to subject containment. Applicable ring, stiffener and shell interaction
is presented in Enclosure 2.

Bolt yield pressure of 64.5 psi, found by R&D is acceptable to this

reviewver.
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Enc 'osure 5

SHELL REVOLUTION ANALYSIS
FOR EL. 778" TO 798'

Shell of revolution model representing the portion of the containment,
Figure 6, was used for the analysis. All basic assumptions used in the
second analysis, Enclosure 1, were applied here as well, including the

method of "smearing-out" the meridional stiffeners.

Qualitative results for this analysis are similar to those for the
second analysis. The stress distribution in the shell is shown in Figure 7.
The highest hoop membrane stress of 20,039 psi is found at the junction of
5/8" and 1/2" shell sections. Its increase over that found in the second
analysis is due to decrease in shell thickness and also due to the reduction
of the ring size. This hoop stress would cause yield at

. _ 20
P = 20,039

(32,000) = 31.9 psi

This pressure exceeds that predicted by R&D Associates and it reflects
the positive influence offered by the meridional stiffeners and rings in
reducing the hoop stress from 27,600 psi to 20,039 psi. The membrane hoop
stress in the span between elevations 778' 0-5/8" to 788' 0-5/8" varies
between 20,039 psi and 17,390 psi. This entire section will yield in the
range of pressures 31.9 psi to 36.8 psi.

There was no finite element analysis performed for this model. Based
on the findings when comparing the second and third analysis, it is reasonable
to assume that the lowest pressure required to yield the junction of 5/8"
and 1/2" sections will be

3

Ny
(3‘..9) 36-1 30.3 p'i

The model, Figure 6, extends to the spring line between cylinder and
the sphere. It is anticipated that the discontinuity effects of the sphere
will not affect adversely the critical section identified in this analysis,
in particular since the transition section is strongly reinforced with rings.

L
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REFERENCE F

Orr, R. (Offshore Power Systems), oral presentation at ACRS
meeting, September 2, 1980,
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RING
(16" X 1 1/4")

STRINGER
(9 178" X 1/2”")

PANEL
(4! x Z:l-sll
t=1/2")

( ) LOCATION
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STRESSES DUE TO 12 PSI INTERNAL PRESSURE LOAD

STRESS VON
MEMBER LOCATION FIBER INTENSITY MISES
(kst) (ksi)

1/2" PANEL PLATE| CENTRAL REGION | OUTER SURFACE 18.3 15.9
OF THE PANEL MID SURFACE 14.0 12.1

() INNER SURFACE 9.6 8.4

NEAR MID SPAN OUTER SURFACE 10.5 9.3

OF THE RING MID SURFACE 12.0 10.5

(B) INNER SURFACE 13.6 12.8

NEAR MID SPAN OUTER SURFACE 8.6 7.5

OF THE STRINGER| MID SURFACE 14.1 12.2

(D) INNER SURFACE 20.2 17.6
| |
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STRESSES DUE TO 12 PSI INTERNAL PRESSURE LOAD

EDGE

STRESS VON

MEMBER LOCATION FIBER INTENSITY |  MISES

(ksi) (kst)

RING MID SPAN NEAR INNER 9.2 9.2
(8) EDGE

NEAR OUTER 9.5 9.4
EDGE

RING-STRINGER NEAR INNER 9.3 9.3
JUNCTION EDGE

(R) NEAR OUTER 9.5 9.1
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STRESSES DUE TO 12 PSI INTERNAL PRESSURE LOAD

STRESS VON

MEMBER LOCATION FIBER INTENSITY |  MISES

(ksi) (ks

STRINGER MID SPAN NEAR INNER 3.1 3.0
(0) EDGE

NEAR OUTER 6.9 6.8
EDGE

RING-STRINGER | NEAR INNER 6.5 6.0
JUNCTION EDGE

() NEAR OUTER 4.9 4.5

EDGE




JRE LOAD (psI)
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MIELD STREN&GTH
" = 45 kSI
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PRESSURE - DISPLACEMENT CURVES BASED ON GEOMETRIC
£ MATERIAL NON-LINEAR ANALYSIS
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STRESSES DUE TO 46 PSI INTERNAL PRESSURE LOAD

MEMBER LOCATION | rFBeR | wWoop | vow
STRESS MISES
— (ksi) (kst)
RING MID SPAN NEAR INNTER 19.4 39.5
(8) EDGE
NEAR OUTER 37.0 37.0
EDGE !
4 — -
RING-STRINGER NEAR INNER | 38.2 38.2
JUNCT ION EDGE i
(A) !
NEAR QUTER ' 38.9 38.9
EDGE '
MEMBER LOCATIOM FIBER LONGI - VON |
TUDINAL MISES :
STRESS (ksf) |
(ksi) I
|
STRINGER 1D SPAN NEAR INNER 11.5 12.0 z
(D) EDGE !
|
NEAR OUTER 22.0 21.8 :
EDGE |
RING-STRINGER NEAR INNER 18.1 22.9
JUNCTION EDGE
(A)
NEAR OUTER
| EDGE -10.2 10.2
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REFERENCE G
Greimann, L.F. (Ames Lab.), letter report to Dr. F.P. Schauer,
NRC, Washington, DC, July 18, 1980 and supplement of July 30,
1980.
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SUPPLEMENT TO: PRELIMINARY CALCULATIONS, ULTIMATE STRENGTH FOR HYDROGEN
EXPLOSION, SEQUOYAH CONTAINMENT VESSEL (submitted 7/18/80)

T0: F. P. Schauer, Chief Structural Engineering Branch
Division of System Safety
Office of Nuclear Reactor Regulation
Nuclear Regulatery Commission
Washington, DC 20555

BY: Lowell Greimann
Ames Laboratory
lowa State University
Ames, IA 50011

DATE: July 30, 1980

Idealized Pressure Loading

The dynamic pressures associated with detonation are not significant

for two reasons (see pg. 6).

The detonation time is much smaller than the period of motion of

the structure

t

The impulse associated with detonation, Id' is negligible with

respect to the impulse from the venting pressure, Iv’

X 1.375(107°)p

= vI -4
T, " OOy 9.2(107")

or, ld is about 0.1% of lv‘

Ductility Capacity - Lower Bound

A lower bound on the ductility capacity of a pressure vessel is

v * 2
This value is a design recommendation by the Welding Institute in the

Unfted Kingdom and is based upon experimental evidence.* Also, the ASME

.Rolfe & Barsom, Fracture and Fatigue Control in St uctures, Prentice
Hall, 1977, pp. 527-530.
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Boiler and Pressure Vessel Code** previously defined the collapse

pressure of a vessel as the pressure at which the displacement is two

times the displacement at first yielding. Note that both of these values
are design recommendations. As such, they incorporate some (unspecified)
factor of safety--probably between 2 and 3. With this conservative value
of ductility capacity, the ultimate venting pressure would be (from page 14)

about 31 psi.

i"ASME Boiler and Pressure Vessel Code, Sectiom 1'I, Division 1, par. 1430,
Appendix 11, 1974.
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SUMMARY
summarizes the calculations performed to predi the ultimate
entainment vessel for the Sequoyah Nuclear Power Plant subject
n a lower compartment The analysis is intended to be a first

ich can be refined when time permits.

s controlled by the containment rings. The shell wall
acts as a membrane transmitting forces to the rings. Thus, the
analysis considers a typical ring in the vicinity ot a lower compart-
ment
The shell below a typical g remains elastic (pg. 4).
The steel was taken to have a static yield strength of 32 ksi and a
dynamic strength of 39 ksi.

loads from the explosion can be represented by

=5, 2
An impulse of 1.37 (10 ) Py k-sec/in" at time zero which

approximatesthe detonation phase.
P dynamic pressure which (ecreases linearly fron Py at time
zero to zero pressure at 0.030 sec. to approximate the
venting phase, where p 1is the maximum value of the venting
- v
- =\ amand ro
pressure (pg. 6). The pressure was applied over a 60™ arc
of the vessel.
ts on the vessel control the allowable strains which

’

e permitted (pg




the lower compartment reqgion was idealized by a number
with noniinear material and geometric capability
the shell below the ring was approximated by
er €
linear springs (pg ) Time dependent forces wheee applied to the ideal-
fzation (pg. B). This idealization was analyzed by the ANSYS computer
program,
Results
Static Solution
The static solution was obtained by incrementing the pressure from 0 to
50 psi. The approximate static plastic pressure is 34 psi (pg. 10).

Dynamic Solution

A nonlinear transient solution was obtained for the idealization dis-

cussed above Three dynamic analyses were performed with a maximum venting

pressure, p_, 0 , 50 and 100 psi, respectively. The following results

were obtained:

u 4
g ‘max

10 psi 0.4 0.6 in.
& 50 psi 4.8 4.6 in.

100 psi 24.9 24.9 1in.

y

where u. is the ductility demand (maximum strain/yield strain) and ¢

v max
is the maximum displacement (pg. 12).

Duttility Capacity~?

The ductility capacity (allowable strain/yield strain) of the ring
taken as

Ultimate Load:
Ultimate load is defined as the maximum value of the venting pressure at

which the ductility demand is equal to the ductility capacity. The ultimate

pressure is found as 51 psi (pg. 20).




-242- !

EXPLOSIVE  STE2/27~ — SQUoYAK NFP
Lowékl COMPRETMENT S

Ty pree / (’ém‘p;r&rn r

CO'\‘:'DW'"{ WQ‘|
Lovuer Cdﬂpolmw' WOH

|
|
: #
| I
" .
%.(-_ EN
4
-

/585.¢”°

L N L~ Y




-243-

The following analysis is considered as a first approximation to
the strength of the Sequoyah containment vessel subject to a hydrogen
explosion in a lower compartment. Time constraints require that several
simplifying assumptions be made to make the problem tractable.

Primary Assumption

Behavior is basically non-symmetric since the loading is non-
symmetric. Non-symmetric behavior of a circular cylinder is controlled
primarily by 1its bending stiffness. In this case, the predominate
bending stiffness is provided by the rings. Therefore, the non-symmetric
behav:cr will be controlled by the rings.

Assumption: The behavior of the containment vessel is

controlled by the rings in the lower compartment

region. The shell wall acts only as a membrane

which transmits the dynamic pressures to the rings.
(This assumption would not be as valid if the disturbance were axi-
symmetric, for which case the effect of the ring extends only on the
order of /rt (a few feet) along the shell. However, for non-symmetric
disturbances, the effect of the rings extends a couple diameters (many
ring spacings). Hence, for this non-symmetric loading case, the rings
will be quite effective in providing stiffness to the shell between
stiffeners.)

(Note: Deformations of the shell wall between rings will, of

course, be somewhat larger than deformations of the rings. However,

the deformation between rings need only be sufficiently large to
carry the pressure to the rings by membrane action.)
This assumption can be relaxed by a more sophisticated analysis which
is beyond the present time constraint.
Other Assumptions

. Shell below a typical ring is elastic (p. 229).

. Venting pressure decreases linearly to zero at 0.030 sec (p. 231).
« Ductility capacity of the ring is limited (p.
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Spring Stiffness, k (lower portion of shell)

Neglect forces in shell above ring.
Neglect inertial forces in shell below ring.

Assume lower shell remains elastic.

Lower Shell
Qﬂ;l Qrm r\‘l\') QbM
va '
| b
*
| \
N
ST i _‘F
Tf
f?: 670"

From deep beam theory, containment vessel acts as deep beam,

cantilevered from base, under action of asymmetric dynamic load.

PP TR RS e 4
¥'ﬂ"'k('b’ Vv 3ex AG

IT=nR¢ (enbre skll)

A= 20R
Ay = shear lSk‘f& 'GICJ" =2
E= 2 e G

. M g -
= R 0-256(%) -rlj = %%‘7
50

N= 21 (617 ) | G = 11500kst
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PRESSURE LOADING

Simulated Dynamic Pressures

-f(ﬂl
g,

‘\——
- - +— +
9%
2. u sec 30 wnsec.
T — e r—— e
&10'\&*‘("\ meq-\ﬂj

Let e venting pressure.

Assume detonation pressure = 10 Py (as per material

Assume detaonation time interval = 2.5 usec. furnished by NRC)

Assume venting time interval = 30 msec.

Note: Detonation pressure & time not very important since impulse
associated with detonation is very small relative to venting
{mpuse; also, detonation time is very small with reference to

structural period.
IDEALIZED DYNAMIC PRESSURE
1P(‘)Al

g @\n;t.f\cs’c = 13875(10") K K3 for dedonathon

1FT_*F\\\\\\\\\ i

— / )
\
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o

30 MSec
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Finite Element Idealization

Ring

Elements are two-dimensional beam elements (STIF23 in ANSYS) with plastic
deformation capability and stress stiffening capability (lst order approx.

to large disp.).
A= 74.72 in’, T = 2479.5 in*, 2 = 258.4 in®
Material
-6 2 4
E = 29000 ksi, p = 1.492 (10 ) ksec /in
Fy = 32 ksi (static), Fy = 39 ksi (dynamic).

No strain hardening.

Support
Springs

s

\@
o

,\\@
2

|
i

Types! (Wwar) sprng " (sTiFw @ ausys)

4&‘ = -& (%)K: 2565 (%X"S?)‘ 306 V/u\
. P I
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Results
Disp. at Node 1 vs Time
(see following page 240)
only results for A 50 psi plotted

Deflected Shape

Maximum Strain
Output was searched for maximum strain in all elements, ¢
Ductility requirement is Emax/cy = up where €y is yield strain
(1345 u in/in)
Only membrane strains used (mid-surface). See later sections

for use of this strain in defining failure.

P - (membrane) y §

v ma D max
10 psi 504 u in/in 0.4 0.6"
50 psi 6487 o 4.8 4.6"

100 psi 33520 . 24.9 24.9"

(See following page for plot.)
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