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ABSTRACT f
f

The rate of release of radioactive materials from a containment during a severe !
occident has a significant impact on the consequences of the occident. One i

hypothesis for o containment leakage model states that the containment will :

develop a controlled, relatively small leak before the pressure reaches the. point !

where o general rupture of the shell occurs. Another states that overall failure [
will occur with total release of the vessel contents almost instantaneously. The i
Sequoyoh ice condenser containment vessel has been studied for some time to

:
predict the possible location and extent of leakage which could occur during a ';

severe occident. In this work, three critical high strain locations were studied to [
predict crack propogotion from on initially small defect. '

The 1/2-inch plate near the Sequoyoh springline was selected for further study. !

A detailed finite element model of the region was prepared and a virtual crack i
extension method for calculating the J integral was developed for use with the |
general purpose finite element program. The pressure in .the model was |
increased to 78 psi which produced a maximum membrane strain of 6.5 i

percent. At this point the surface crack was assumed to propogote through the !
plate and leakage began. Using the. ' :tual crack extension method, two ;

through cracks with different lengths were found to be unstable at this pressure ;

which would allow almost instantaneous release of the vessel contents. i
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EXECUTIVE SUMMARY |
r

The rate of release of radioactive materials from a containment. during -
a severe accident :has a significant 1mpact on the consequences of the1

accident. One hypothesis .for a containment leakage model states that ,
s

'

the containment will develop a controlled, relatively small. leak before-

the pressure reaches the point where a general. rupture , of. .the' shell . '

occurs. Another hypothesis states that an overall failure will occur:
'

with total -release of the vessel contents almost instataneously. As

part of the Containment. Performance Working Group (CPWG). and other
studies, the Sequoyah ice condenser containment vessel has been studied .

'for some time to predict the possible location and extent' of' leakage .
which could occur during a severe accident. In this work, three criti-

,

ic al high strain locations were studied to predict crack propagation '

from an initially small defect.
,

Several criteria are presented in the literature for predicting crack' .

growth in highly ductile materials such as containment steels. EThe !

J integral approach is adopted herein. In simple. . idealized cases, the !

J-applied value is given 'by curve-fits of numerical results -that. have a

been developed by others. In this work, a virtual crack extension !

method for calculating .J has been developed for use with a general i

purpose N ite element programs. The various methods are compared ;

herein. pproximate values of the material J-resistance are tabu- !
lated, f

?

An initially small surf ace flaw is first postulated- in each of the ;

!
critical high strain regions. By comparing the J-applied value to the '
J-resistance, the pressure at which this. surface crack' propagates is
estimated for each of these regions. The 1/2-inch plate - near the i

Sequoyah springline :is then' selected for further study. A detailed r

finite element model of the region was prepared and analyzed with the !

ANSYS program. The pressure in the model was increased up to 78 psi ;

which produced a maximum membrane strain of 6.5 percent. At this point j
~

'

the surface crack was assumed to propagate through . the : plate and :

leakage began. Using the virtual crack extension method, two through ;

cracks with different lengths were found to be unstable at this
~

pressure. ',

. ('

If the critical membrane strain is about 6.5 percent, the Sequoyah ;

containment vessel will begin to leak at about 78 psi. The resulting . |
'

through crack will not be stable and general failure will occur with
the almost . instantaneous release of the vessel contents.

;

!
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1. INTRODUCTION
f

During a severe accident,- a containment may develop a controlled,
relatively- small, leak before the pressure reaches the point where a

,

general rupture of the shell occurs. On the other hand, overall fail-
'

ure may occur;with total instantaneous release of the vessel contents.
Either possibility may occur, depending primarily upon local geometry,
material details and the applied pressure [1.1].

. .

The NRC has established a Containment Performance Working (SARP)
Group (CPWG)

at the request of the Severe Accident Research Pl an Senior
Review Group to study several models of containment leakage. The
members of this group have studied many possible leak models [1.2] such
as pre-existing leakage, hatch seals, general rupture and flange
opening. For many of the containments it was quite clear where leakage
would first occur. However, even though the Sequoyah containment
vessel (Fig.1.1) has been carefully studied- for. the past several years
[1.3,1.4], it is not clear what is the weakest point in this. vessel.

Containment Shell The containment shell is estimated to have a ;.

strength at which "sig jficant yielding" occurs between 55 and 60 psi
[1.5]. This strength it controlled by the 1/2-inch plate near the i
springline. The design pressure is 12 psi.

.

Penetrations - A study of all the penetrations in the Sequoyah contain-
ment, using plastic collapse mechanism equations, indicates that the
weakest penetration is at Elev. 767', AZ 266* [1.3].

Equipment Hatch Seal - The most recent Sequoyah study [1.6] investi- i
g ated leakage of t.he equipment hatch seal as the containment - shell
deforms the penetration sleeve. The three-dimensional finite element
model indicated that relative motion of the flange interf aces was not,

sufficient to permit leakage at 82 psi. '

If a through crack develops at any of these- high strain locations (and, ,

possibly, . several others), leakage will begin. The amount of leakage 1

will depend upon how f ar the crack extends. For examnie, a crack in >

the.1/2-inch containment plate, Fig. 1.2, may be arrened by an adja-
cent stiffener or. the adj acent thicker plate; or, it may propagate
through both of these. In this and other regions, the high strains may. <

be sufficiently localized so that the crack arrests _ as it moves from i
the region.

1.1 Objective

The objective of' this work is to predict the extent of crack propaga- |tion which will occur from a postulated small. crack in the high strain
regions of the Sequoyah containment.

,

_-
_ . _ - - _ _ _ _ _ _ _ _ _ _ - _ _ - _ _ . _
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1.2 Approach j

The general approach to studying this problem is. .first, to select a.

crack growth criteria from the current state-of-the-art of. the elastic- ,

plastic fracture mechanics fielo--the J integral. The analytical tools !

required to calculate the J integral and the experimental data required
to. characterize the material. J resistance are summarized next. After

postulating an initial surf ace flaw, the growth criteria is applied to -[
predict when a through crack develops and how far the through -crack- |

!extends.
!

!

!
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2. CRACK GROWTH CRITERIA i

|
2.1 Crack Growth Process i

\ -|
'For the nuclear containment leakage considered here,_ the crack will be

assumed to begin as a partially-through surface crack of approximately
elliptical shape. Figure 2.1 shows such a crack (Fig. 2.la) in a flat i

plate (Fig. 2.1d) subjected to a uniaxial -stress, c. As the stress is ,

increased, the crack is visualized as first propagating through the {
thickness B (Fig. 2.lb). Leakage begins at this point. The extent of -!
leakage is controlled by how f ar the through crack (Fig. 2.lc) propa- |

gates across the plate, c

|
.

2.2 Review of Criteria j

!

There are no crack aruwth criteria for ductile materials which are :

generally accepted by the tracture mechanics community. No single |
parameter or combination of parameters have been found which satisf ac-
torily characterize the growth of cracks through regions of high strain j
and with gross plasticity of highly ductile materials. Currently, the -

state-of-the-art in fracture mechanics permits the reliable prediction . |3

i.
of small crack growths in regions of limited plasticity. It is beyond- i

the scope of this work to review completely the state-of-the-art in j

;' elastic-plastic fracture mechanics (EPFM). 'ndeed, the authors are not '

qualified to make the judgments necessary for such a review. However,
a very brief listing of the various criteria is justified. !

,
'

J Integral . The J integral is a measure of the energy release rate as i

a crack extends. This approach has become popular in the United States I
'for nuclear reactor vessels [2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8].

~

CTOD. The crack tip opening displacement (CTOD) hypothesis states that
a crack will grow when the opening near the crack tip reaches a criti-

,

cal value [2.3, 2.4, 2.6, 2.7].
,

'

Modified R-6 Assessment Diagram. This approach, which is popular in
the United Kingdom, presents an interaction type equation between the
extreme limits of crack extension in a perfectly elastic material,

l- (brittle fracture) and plastic collapse ' governed by a limit load [2.9,
2.10,2.11,2.12].

Crack Tip Energy Release Rate. Probably related to the J integral
approach, the crack tip energy release rate criterion considers the.
amount of plastic energy in the immediate vicinity of the crack tip
[2.13].

Strain Energy Density. In the strain energy density criterion, the
crack is assumed to grow when the strain energy density- immediately
ahead of the crack reaches a critical value which can be r5tained from
a uniaxial tensile test [2.14, 2.15; 2.16, 2.17, 2.18].

|

---
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Each of these criteria has its proponents. They have been reviewed by- i

experts in the fracture mechanics field and compared [2.10, 2.11, 2.19,
2.20, 2.21, 2.22]. Each has an area of application and, yet, none is
completely satisfactory for the complete description of ductile crack'
growth. If .thef number of proponents can be used as a legitimate -
measure. of the validity of the criterion, the J integral and CT0D
approaches are more accepted _ [2.10, . 2.21]. The J. integral criteria ;

will be adopted herein. l

2.3 J Controlled Crack Growth
i

The J integral has been. defined in a number of ways but perhaps.the i

most physically appealing way is to define J as the generalized force j
associated with an increment of crack growth. The energy balance !
equations for an increment of crack area 6A is

-|
t

J 6A + 60 + 6V = 0 (2.1) !
!

where !

60 = 6J Wdv (2.2)
v j

c !
I W=fode (2.3) ]0

:..

is the increment in internal strain energy for the increment in strain [
6c which is associated with the 6 A growth. The quantity W is the }
strain energy density. The quantity, ;

;

6V = - F 6u (2.4) |
:

is the increment in external energy for the increment in. displacement !
6u associated with 6 A. The first term in Eq. 2.1 is the energy !

required to form the new crack with a surface area of 6 A. The applied
J integral can be calculated in a number of ways, as' will be discussed

iin Section 2.4. Crack growth is presumed to occur when J reaches some.
i critical value J , usually considered to be a material property. Theg

J . resistance is usually characterized by the JR vs. aa curve (Fig.
2$3) where aa is an increment in lech of crack growth. Hence, crack -- |

,

t '- growth occurs if i
!

J>J (2.5). ]R
:

The amount of growth is controlled by the JR curve. The J criteria j
applies to a limited amount of growth [2.1, 2.4, 2.5, 2.7): i

U I*yR
Cn (2.6)- |

J / (dJ ) ]R
p- da !

t

-

| t

| -
,

'
.

i
t

l' i
I t

. .- -- . -- - .. -
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where C is the remaining' ligament, i.e. the remaining portion of the
material ahead of the crack tip (Fig. 2.2}. j

r

|2.4 J - Applied

.. 2.4.1 Crack Idealization and Elastic Solutions :

a j
.

! As shown in Fig. 2.1, two crack shapes are envisioned 'as the crack l

grows--an initial surf ace crack and a through crack. The surface crack i4

can probably best be idealized as an eliptic crack. However, there are |

limited plastic solutions for this crack shape. If the crack is long |
(a < < c), the conditions at the base of the crack are approximated by :'

asingle edge cracked plate under tensi_on (ECPT) in plane strain.
After the crack has propagated through the plate, the conditions.

approximate a center cracked plate (CCP) in plane stress. For these .

conditions, the elastic solution for J can be written as [2.7] r

{2 2
!_ Y 50 ag

e E ;

!.,

*in which
(2.71

!1 - v ECPT ;1.12
Y= |

|sec f
* CCP ?

W
;

The above solution for the ECPT case is limited to shallow cracks j

(a ( < B). j
4

2.4.2 Analytic Elastic-Plastic Solutions !
>

The application of J in the nonlinear range depends upen the !
calculation of J and this has been the subject of many studies--both |$

analytical and numerical (finite element). Here, we will summarize - a ;'

. few solutions which seem to attract the most attention. Most of these -i
solutions use a Ramberg-Osgood approximation to the true stress-true j'

i strain curve from a uniaxial tensile test of the material
'

-|
" '

+a(o ) (2.8)c o
=

'y y y 3
'

i

are the material true yield stress and strain, |in which o and c
respectively[and 5nd are material constants which are selected Ia n

| to provide a good fit to the experimental curve [2.20]. For purposes i

! of presentation, the yield J will be oefined by j
,

l
2 2

i
' Yvo a

Y (2.9) lJ =

E |#
1

~ . . __ _ _ . - - _ . _ _ . . _ _ _. _. .



._ . _. - . ._ _

8 |

Turner [2.19, 2.22] gives, perhaps, the simplest approximation to J
as

2 2

, [(c
') [1 + 0.5 (c )] h < 1.2C

J y y y (2.10)
2.5(c' -0.2) > 1.2'Jy cy y,

This approximation is intended to 'be an upper bound .to most practical
cases, includkng surf ace and through. cracks. The above equation does
not include a correction for deep notches which Turner has suggested.

iParis [2.1] has presented an equation for surface and through cracks in -!A533 steel for the ductile range as i

i2

( )n + 1I 3. 3(" ) + 3.14 a Surface
|

= 1 )l
# YJ (2.11)2 +1J

( ," )n~ Through |

,
Y L-

4.3(,y )
+ 10.6 a

y ?

Af ter several years of study, the EPRI [2.2, 2.3, 2.4, 2.23] presents t

4 J solutions as the sum of the elastic and fully-plastic cases

!

2
|

(P )n + 1 (2.12)
ah cJ

= (o ) i4

2J o w bY p,y y

in which the notation is as follows: f
i

ECPT CCP

t,

(
c (net width) b-a W/2 - a '=,

b (total width) = B W/2

P (load) oB oW=

|1/22 2

Py (limit load) = 1.46 oy [(c +a ) - a] o (W-2a)y ,

!

a=1) 21.7 4.62 I
hi( b

- =

8 ;
-'

3.02 2.86 Ia=1)
'

hi( b
- =

4
i.

P PY = y y

o B o Wy y

;>

f

,

.

. -
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|
t

-In this equation, h is dependent upon the specimen shape, crack size, |
iand material shape parameter n. It has been obtained for several .

icases by EPRI using numerical methods for the fully plastic solutions,
The values tabulated above are for a shape f actor- n = 10. The '

solution for the plane strain ECPT case are from [2.23]. (not [2.4]) and i

for the plane stress CCP are from [2.4].. The "RI correction for i

effective crack length in the elastic portion has nos been included. |

A modif *ad form of the R-6 assessment diagram has been suggested by i

Chell an; 'ilne [2.10] and is given by a parametric equation as |
:

E =8 in sec "-p !

J my 2 j
y i

!
4

- . - 1) ] ( 1 + gu!"y) |2p g p
=[p +(1-1 )(ou (2.13) .!

2 -

P J oy y
.

in which the parameter p ranges as

0<p<1

and o is the ultimate tensile stress. The term on the extreme right
ufollows their suggestion to use a flow stress (arithmetic mean of the

yield and ultimate) in the evaluation of the limit load. Equation 2.13 ;

is plotted parametrically as p ranges frcm 0 to 1. |
4

|

The above four solutions are plotted for a CCP case in Fig. 2.4. Note |

that, in order to plot the results on the strain abcissa, the 1

Ramberg-Osgood relationship, Eq. 2.8, was used in conjunction with |

Eqs. 2.11, 2.12, and 2.13 to find the strain corresponding - to any j

stress state. .

2.4.3 Finite Element Elastic-Plastic Solutions |
t

Most numerical solutions for the J integral are by one of two methods. |

In one method, the contour integral formulation of J is used directly |

[2.2, 2.3, 2.4, 2.7, 2.11, 2.23, 2.24, 2.25, 2.26, 2.27] by integrating _
along several paths around the crack tip. The virtual crack extension-
(VCE) method is a. second popular method [2.6, 2.28, ' 2.29, 2.30, 2.31,
2.32, 2.33,'2.34]. The VCE method, which will be- adopted here, !

basically uses the J definition in Eq. 2.1. The. crack is given a !
~

virtual area - growth 6 A. The virtual change in internal and external- |

energy caused by- this growth can be calculated. .This is equal to the j

amount of surf ace energy released during the growth. The generalized j

force J can then be calculated directly by Eq. 2.1. '|
r

The virtual crack extension is usually ~ accomplished _ by a series of :
.!

stress- free nodal shifts and ' releases as the crack propagates [2.3,
2.29, 2.30, 2.33,.2.34]. The virtual crack extension is accomplished |

!

|

'
:

H
1
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by a virtual change in the nodal . coordinates (stress-free) with ~no j
total volume change and is ' not the same' as a virtual displacement.. 1

Hence, in Fig. 2.5, node C is given 'a virtual stress-free coordinate-
shift of 6 a to C' . The nodes on the boundary are not permitted to move
during this virtual change. (The location. of the outer boundary 'is <-

!arbitrary but different J values will be obtained for each because: (1).
J is ' not totally path independent for inelastic materials and -(2) i

finite element mesh size will have a varying effect.) .. The virtual :

coordinate changes between C' and the boundary. are usually- taken to :

vary linearly [2.3]. |
|

To accomplish the virtual coordinate shift in an existing - general 3

purpose finite element program with a minimum of change, phantom |
elements are introduced. In the region depicted in Fig. 2.5, the j
phantom elements duplicate the real elements except they are connected '
to the node C', The phantom elements are.given a very small th.ickness,
say 0.0001 times the real thickness. Hence, as the structure is
loaded, these elements accumulate stress and strain, i.e., strain
energy density. However, the strain energy is insignificant since-
their volume is very small. Suppose the structure with the real and
phantom elements has been . loaded to same load level at which - the J
calculation is desired. At this point, the crack is given a virtual
crack extension, 6a, that is, the phantom elements became real elements
and vice versa. Since the boundary does not move, the change ' in
external potential energy is zero and, using Eq. 2.1,

J= 1 6U ~(2.14)
6A

or, using Eq. 2.2,

J= 1
(f 6W dV + f WdV) (2.15)

6A V 6V

If, for example, the constant strain triangle finite element is 'used,
i.e., W is constant within an element,

elements
1 (ej j c j + W aV )]J=- [ [ (,2.16)Va j j

AA j

volume of the real eleme$ are the stress, strain energy density and thein which aj, Wj and V
nt i, respectively. The' increments are-

Ac = cj ' cj (2.17)'

AVj'=.V ' - Vj (2.18)j

where c $ '- ' denotes the strain'in the phantom element corresponding to
the real element- i. The' volume Vj' is the volume of phantom element
using the real ~ thickness, i.e.,

.
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AVj = (Aj' - Aj) Bj (2.19)-

where Aj ' represents the area of the phantom element and _- Aj- and Bj l

are the area and the thickness of the real element, respectively, i

To check this approach and compare it to the analytical methods, it was'- ,

applied to the CCP specimen in Fig. 2.6. The finite. element -idealiza- !
tion was analyzed with ANSYS [2.35]. (Note the crude' mesh of constant !

'strain triangles.) The virtual crack extension was _0.6 inch. Phantom
- elements duplicated the real elements in the lightly shaded area except ,

node C was shifted up 0.6 inch. j
!

First a static analysis procedure was tried. In this procedure, the !

applied edge stresses .were increased in increments . and a sufficient j
number of iterations were run to permit convergence. In _the : ANSYS. i

program, convergence criteria are: (1) the charge in displacement {
between consecutive iterations must be less than 0.001 inch and, (2) t

the charge'in plastic strain divided by' the yield strain must be less !
'

than 0.01. It was found that the static analysis requires - several_ -
hours of computer time even when these convergence criteria were -|
relaxed somewhat. et

To reach a converged solution using a reasonable number of iterations,
the slow dynamic analysis procedure suggested in' Ref. [2.35] was used. ,

The dynamic solution within ANSYS permits an ' extrapolation procedure i

for plastic strains not available in the static solution. Hence, a -[
''converged solution can be- obtained more rapidly using _ a dynamic solu-'

tion. High damping was used to minimize the vibration response, j
Physically, this would correspond to placing the structure in' a viscous |

fluid during the loading process. Mass-proportional damping was used ;

to approximate the critically. damped case. The fundamental frequency ;

for the plate shown in Fig. 2.6 was estimated as 4300 rad./sec and, l
hence, the proportionality constant was taken as 8000/sec. -|

The applied edge stress was increased in steps. . For each step, the j

applied stress was first increased _ over a rise time of one second, ;

which is larger than several times the structure fundamental period.. ;

Next, the applied stress was held constant for several seconds. In i

each step a very small integration step size, At, was used (0.001 i
~

sec.). During the solution, At does not remain constant but changes . j
automatically as optimized .by the ANSYS program based - on the -third !

derivative of the displacement with respect to time (jerk).- |

The finite element results were used in conjunction with Eq. 2.14 to
c alculate _J- at different applied stress levels. This was accom-
plished _ using the MSYS postprocesser and a computer program written by .

the ' authors. The calculated J for the CCP specimen in: Fig. 2.6 are j

plotted in Fig. 2.4. For the elastic case (Linear Elastic Fracture 'j
Mechanics), the exact J for an. applied nominal . stress of 10 ksi is ]

J = 0'.0636 k in/inze

:

|

,

!
~ j

, . , +
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The finite element procedure using phantom elements give

J = 0.0643 k in/inze

which is certainly a favorable comparison considering the coarse mesh.
As can be seen from Fig. 2.4, the proposed analysis gives results below )
the results predicted by Paris, EPRI ' and Turner in the high strain .!
region (several times yield). This discrepancy is mostly caused by the >

coarse mesh around the crack. i

2.5 J-Resistance

As in Eq. 2.5 and Fig. 2.3, the resistance of the material to crack
extension is characterized by the J resistance. The material in the
Sequoyah containment is A516, Gr. 60 steel. Typical properties of the !
steel in this particular ' containment are listed _ in Table 2.1.- (Note:-
these are " typical", i.e., from a very small sample and do not neces .
sarily represent the mean values.) As usual, properties such as yield- *

strength and Charpy values degrade with increasing thickness. No Jg
values were available for this material when this study was conducted

,

i

To establish an estimate of the J-resistance, similar: steels were
considered. Figure 2.7 is a plot of the Charpy value versus the - J
resistance, which is a measure of J-resistance defined by Paris [2.I3 1

'

for reactor steel -( A533B). Attempted correlations by Paris' [2.1] and i
Kussmaul [2.8] are illustrated. Using a very gross extrapolation and ;

the Charpy values in Table 2.1,2one could estimate the J value to be i3o z ;in the. range of 1 to 2 K in/in fer _3-inch plate and. 3 to 6 K in/in
tfor 3/4-inch plate at -30' F. Data presented by Rolfe [2.36] for J

versus Aa curves for structural steel and others [2.8, 2.37, _2.38] -i
suggests that : these values are, at least, the correct order .of magni- !
tude (Fig. 2.8). !

r

For use in both the analytical and finite element - analyses to follow, j
the stress-strain curve for the steel is idealized as in Fig. 2.9. The :
true stress-true strain curve approximates that found for the steel in j
much thinner plate [2.39]. The_ Ramberg-Osgood equation, Eq. 2.8, is

'
-

used to approximate the true stress-true strain curve for the analyt-- ,

ical J calculations. The piecewise linear, engineering strain curve !
is used in the finite element analysis. }

'i
!,

:
I

!

!
i

i
i

!

'

'I
,

l
i

a
:|

,
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3. SEQUOYAH CONTAINMENT

3.1 Previous Results |

As listed-in Sec.1.1, three regions have been selected in the Sequoyah ;

containment as locations. at which through cracks could . develop and. i

leakage occur. The results of previous- analyses, summarized here, have j

indicated that high strains occur in these regions: j

!
Containment shell, near springline. The maximum membrane-

strain at 60 psi is. greater than- 0.0025 -in .the 1/2-inch plate
(Fig. 3.1). The results were obtained from an axisymmetric
approximation to the containment [3.1].

.t
;

Penetration at El ev. 767', AZ. 260*. A three-dimension al - |.

finite analysis [3.1]_has.shown that the maximum membrane. i

strain for this penetration is about 0.003 at - 60 psi (Fig. f

3.2). .j

):Equipment hatch sleeve. A membrane strain of about 0.004.

occurs in the 3-inch plate in the sleeve and in the 11/2-inch ;

reinforcement of the Sequoyah equipment hatch- assembly- (Fig. ;

3.3), according to a three-dimensional finite element analysis |
[3.2].

:i
3.2 Postulated Crack j

J

Following Sec. 2.1 and Fig. 2.1, an initial surface crack is postulated 1
in each of these regions. It is not clear what !is a most' realistic'. '!
crack shape and size. Probably a sensitivity study of dif_ferent possi-. !

Ibilities should be done. For this study, the crack ' is assumed to- be'.
long and shallow, i .e. , ECPT case in _ Sec. 2.4.1. With reference to i

ASME acceptance standards for radiographed welds in containment vessels - -i

[3.3], this is a linear indication with length limits, 1, as listed in- j

Fig. 3.4. Since 1/a is greater than 3 for linear indications, -the -!
maximum crack depth, a, is also listed, j

!3.3 Surface Crack to Through Crack Propagation

I|
| The maximum depth surf ace crack' listed in Fig. 3.4 is postulated to-

occur in each of the high strain regions of Figs. 3.1, 3.2, and 3.3, as j

listed in Table 3.1. As described in Sec. 2.4.1, this case is approxi-- :

mated by a flat plate in plane strain with an edge crack- (ECPT). Using -)

the analytic solutions summarized in _ Sec. 2.4.2 - for this _ case, the .;

calculated value of the applied J can be obtained for.various levels ~of !
nominal' true strain (as was done in Fig. 2.4 for the CCP case). Using'

'
the Ramberg-Osgood constants ' for the true stress-true strain curve in-
Fig. 2.9, the applied J values were obtained for .a crack depth of:1/8 -- (

the thickness and plotted in_ Fig. 3.5. The Turner values are repre- !

sentative and ~. easier to calculate and, hence, 'will be used in the j
following. j

1

Lf

:

1
-

|

. - --.
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The J resistance of the material is probably the most uncertain !
quality . in this analysis but the bounds presented in Sec. 2.5 and ;
listed as J in Table 3.1 are appropriate. Upon setting the appliedg
J values (Eqs. 2.9 and. 2.10) equal to the material resistance 'R, the !

nominal strain cR for surf ace crack propagation is _ found anc' listed
;

in Table 3.1. Returning to the pressure versus membrane strain curves ;
in Sec. 3.1, the pressure pR corresponding to the strain cR IS !

obtained for each of the three high strain regions. The pressure pR jrepresents the pressure at which the postulated surf ace crack propa--
gates to a through crack and leakage begins. Note that the previous
analyses were not extended to sufficiently high strains so as to permit ;

determination of other than a lower bound to pR. However, one can note !

that, because of the " flattening" of the pressure versus strain curves, ;
the relative uncertainty in pR will not be as large as the uncer- !
tainty in J- IR.

3.4 Propagation of Through Crack |
,,

The results of the previous section (Table 3.1) indicate that the
postulated surf ace crack will become a through crack at some pressure

.

,

beyond 65 psi. One area, the 1/2-inch plate at springline, was !'

selected for further study--both to extend the analyses into the high j
strain regime so that the p in Table 3.1 can be refined and also !
to estimate the extent to whick the through crack will propagate. In !
this regard, the finite element model illustrated in Fig. 3.6 was !

f ormul ated. The model includes the 1/2-inch plate near the Sequoyah ;
springline and extends into the hemispherical head and into the !

*

5/8-inch plate below (refer to elevations in Fig.1.1). Stringers and }
-

rings are included in the model and the material properties of Table |
2.1 and Fig. 2.9 are used. Symmetry boundary conditions are imposed on !

<

both vertical boundaries. The top boundary is constrained in the i
tangent pl ane of the hemisphere, but permitted free motion perpen- i
dicular to this pl ane. The meridional forces induced by pressure j
loading are applied to the lower boundary, which is constrained -to move :

uniformly in the vertical direction. Internal pressure loading is !
applied to the shell elements which represent the containment shell. A
total of 308 elements and 158 nodes are included in the model.

.

! As illustrated in Fig. 3.6, the finite element model has provisions for
a 12-inch and 72-inch crack. Phantom. elements, as described in Sec.
2.4.3, are associated with each of these cracks.

!

! During the first phases of loading, there is no crack in the model.
: The pressure is increased from zero in increments and the analysis was

accomplished using the s'ow dynamic approach described in Sec. 2.4.3. i

At each load increment, the load was increased and then held constant
over periods of time equal to 1 and 3 seconds, respectively. An
initial integration time step size of 0.001' second was specified.
During the solution, this time step size was changed automatically by ,

the program according to third derivative of the displacement (see Sec.
2.4.3). At a pressure of 78 psi, the maximum membrane strain in the.

entire model was 6.5 percent. This occurred in the 1/2-inch plate at
,

|
,

4

g- - ne p ~- r--, , - ,-
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Elev. 783' 5/8". Figures 3.7 and 3.8 are plots of the maximum membrane
strain and the radial displacement at Elev. 783' 5/8" (see Fig. 3.6).
Figure 3.9 shows the deformation along a meridian at different pressure'

levels.

At a membrane strain of 6.5 percent, the postulated surface crack I

(Table 3.1) is assumed to propagate through the 1/2-inch plate forming
a crack with a length of 12 inches. The node at the center of this

i crack was released and the solution was continued at a pressure level !
of 78 psi until a converged solution was reached. Using the VCE method j

as described in Sec. 2.f.3, the value of the applied J was calculated i
'

as about 120 k in/in This is much larger than any conceivable |.

1 J-resistance of the material. One murt conclude, therefore, that at a j
pressure of 78 psi, a through crack of 12 inches . will continue to :

propagata-in the meridional direction in the 1/2-inch plate. |
,

The solution was continued to investigate whether this crack would be }.

arrested at the 5/8-inch plate below and the ring above at Elev. 788' i
'

5/8". A 72-inch crack was simulated by releasing all nodes along the (

left vertical edge in the 1/2-inch plate between these elevations. The ,}
,

| solution was continued until convergence. Agai n, the VCE method was |
implemented and an applied J of 3860 k in/in was calculated. Ag ai n, ,

this unrealistically high value of J indicates the crack will continue j'

to propagate through the ring stiffeners at the top and the' 5/8-inch
plate at the bottom, i.e., there will be an overall failure. !.

:

; Note that only one cracking sequence has been studied in this work. |
If, for example, the postulated surface crack was assumed to propagate ;
through the 1/2-inch plate at a membrane strain of, say, 1 percent !

(about 60 psi), the resulting through crack could possibly have been ,

arrested. I,
'

!

!'

(
1 ;

f
:
i

!

! !
| [
t ,

i
!

I

i

f

,

,

)
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!
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4. SUMMARY

The rate of-release of radioactive materials from a containment during i

a severe accident has a significant impact on the consequences of the |
accident. One hypothesis for a containment leakage model states- that !

the containment will develop a controlled, relatively small leak before |
the pressure reaches the point where a general rupture of the shell !

occurs. Another hypothesis states that an overall failure will occur ~ !
-

with total release of the vessel contents almost instantaneously. As |

part of the Containment Performance Working Group (CPWG) and other [
studies, the Sequoyah ice condenser containment _ vessel has been studied {
for some time .to predict the possible location and extent of leakage !
which could occur during a severe accident.- In this work, three |

critical high strain locations were studied to predict crack ,

propagation from an initially small defect. -f

Several criteria are presented in the literature for . predicting crack
growth in highly ductile materials such as containment steels. The
J integral approach is adopted herein. In simple idealized cases, the
J-applied value is given by curve-fits of numerical. results that have
been developed by others. In this work, a virtual crack extension
method for calculating J has been developeo for use with .a general
purpose finite element programs. The various methods are compared ;

herein. Approximate values of the material J-resistance are t

tabulated. |

An initially small surf ace flaw is first postulated in' sach of the i

critical high strain regions. By comparing the J-applied value .to the [
J-resistance, the pressure at wh_ich this surface crack propagates is j
estimated for each of these regions. The 1/2-inch plate near the 3'

Sequoyah springline is then selected for further study. A detailed !

finite element model of the region was prepared and analyzed with .the {
ANSYS program. The pressure in the model was increased up to 78 psi i

which produced a maximum membrane strain of 6.5 percent. At this point'
the surf ace crack was assumed to propagate through the plate and leak- |
age began. Using the virtual crack extension method, two through ;

cracks with different lengths were found to be unstable at this _j
,

| oressure. ;

f
4.1 Conclusion

i

If the critical membrane strain is about 6.5 percent, the Sequoyah !

containment vessel will begin to leak at about ' 78 psi. The resulting i
!through crack will not- be stable and general failure will occur with

the almost instantaneous release of the vessel contents. |

4.2 Recommendation
!

This . study should be considered very preliminary. El astic-pl astic i
fracture mechanics has _ clearly been pushed beyond the acknowledged i

st ate-of-t he- art. However, the above conclus_ ion for this application I

will, most likely, not change, j
|

:
i

!
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Table 2.1 ~ Typical Steel Properties, Sequoyah A516, Gr.60-

Plate % CVN

Thickness- o (ksi) u(ksi) elong. @ -30*F(ft-lb)y
|

7/16" 48.3 66.0 25 'N.A.

1/2" 47.3 66.6 33 N. A'. I
i

5/8" 49.2 68.3 29 240 -j

1" 46.6 62.0 N.A. N.A. |

1 1/4" -45.5 N.A. N.A. N . A .-

1 1/2" 45.5 67.1 28 N.A.

3" 42.0 62.0 34 -57
t

Specification 32.0 60-80 30 -{

!

N.A. - Not Available -;

-!
I

.

;

Table 3.1- Surface Crack to Through Crack Propagation
.

I
JP1 ate Crack R c p I

2 R R |Location Thickness Depth k.in/in
!

.|
Springline 1/2" 0.083" 3.0 1.0 9 3% >'65 psig

,

Penetration 5/8" 0.083" 3.0 1.0 812% '> 65 psig- .,

i

Hatch 1 1/2" 0.17" 2.5 0.5 411% > 82 psig ;

Sleeve 3" 0.25" 1.5 0.5' 2 1% '> 82 psig
i

l
>

.

;

-

|
:

'

. .. ..
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