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ABSTRACT

Corrosion damage to a nuclear power plant containment
structure can degrade the pressure capacity of the vessel. For the
low-carbon, low-strength steels used in containments, the effect of
corrosion on material properties is discussed. Strain-to-failure
tests, in uniaxial tension, have been performed on corroded
material samples. Results from the tests were used to select strain-
based failure criteria for corroded steel. Using the ABAQUS finite
element analysis code, the capacity of a typical PWR Ice Condenser
containment with corrosion damage has been studied. Multiple
analyses were performed with the locations of the corrosion on the
containment, and the amount of corrosion varied in each analysis.

INTRODUCTION

Corrosion damage has been found in a number of existing
containments (Shah et al., 1994), Tests conducted by Sandia
National Laboratories on scaled containment models and analytical
efforts have demonstrated that containments without corrosion can
resist static internal pressures that are well above the containment's
design pressure without significant leakage (Jung, 1984, Koenig,
1986; Reese and Horschel, 1985; Miller, 1990; Fanous et al,
1993). However, corrosion found in containments of operating
nuclear power plants has prompted concerns regarding the capacity
of the corroded containment to withstand accident loadings.

Corrosion of containments may reduce the margin between the
design and failure pressure and thus might increase the probability
of containment failure under severe accident loadings.
Comparisons of the shell thickness after corrosion with the ASME
Code mimmum allowable thickness gives some indication of the
reduction in containment capacity. However, the nature and the
location of the corrosion must be considered to determine how
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much the affected areas degrade the ultimate capacity of the
containment. For example, considerable corrosion in an area with
excess thickness may not affect the uitimate capacity, while minor
corrosion in a critical area would lower the ultimate capacity.

Three subjects have been examined in this paper. The first
topic consisted of understanding corrosion damage. and material
properties of corroded steel. Next, finite element modeling options
and associated “failure” criteria were examined. Finally, multiple
analyses were performed for a typical PWR Ice Condenser
containment, with the amount of corrosion and the location of
corrosion varied in each analysis.

MATERIAL PROPERTIES OF CORRODED

STEEL
ama chanisms

Corrosion and other types of degradation are usually
categorized according to the mechanisms that cause the damage.

For the low-carbon low-strength steels used in containment

structures, the categories of corrosion typically listed in

textbooks, handbooks, and other reports can be condensed to two

major types of da.mage These mechanisms (Fi ig. 1) are:
* Loss of section. General (uniform) corrosion, galvanic .actiom,
differential aeration, and chemical attack all cause a reduction in
the material cross-section. The section becomes thinner as the
shell corrodes, and this results in a reduction in strength because
of the reduced cross-section. Rough and uneven corrosion
surfaces cause strain concentration regions, and failure can occur
at lower-than-expected global strains because of tears that
initiate in the strain concentration regions.

* Local pits. Local pits can be caused by pitting corrosion, crevice
corrosion, or microbially influenced corrosion. This type of
damage consists of small holes in the metal surface. The amount
of metal that is actually corroded away by pitting is usually a
very small percentage of the cross-section, so there is no
appreciable reduction in strength. Failure can occur at lower-
than-expected global strains because of tears that initiate in the
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strain concentration regions at pit discontinuiries. However,
local pits can penetrate the steel shell and cause the vessel to
leak. .
If the density of pits becomes large enough, the pits can grow
together and result in a loss of cross-sectional area. These two
types of damage often occur simultaneously, so that damage is a
combination of both categories.

Corroded ‘material has virtually no strength and uncorrodec
material retains virgin material properties. A reduction in strength
of a corroded structural member is caused by a reduction in cross-
sectional area. Also, a reduction in ductility is caused by stress and
strain concentration regions at discontinuities such as pits or
rough’ surfaces.

Corroded
* Section Y ? 7m
Uncorroded _!Lt_i_e_qggs_t_git
Section
Loss of Section Local Pitting

Figure 1. Corrosion damage modes.

Degradation Mechanisms That Do Not Apply

Other types of degradation, such as intergranular and
transgranular  stress . corrosion  cracking and hydrogen
embrittiement, do not affect the low-carbon low-strength steels
used in containment structures. Radiation levels near the
containment wall are low enough that radiation embrittlement does
not occur.

Corrosion fatigue is not a concern for containment vessels.
The ductile carbon steels used in containment structures are not
very susceptible to -low-cycle fatigue, and the few events which
could cause large stresses occur a very limited number of times.
Large siresses, but still well below yield, result from pressurizing
the vessel to perform leak tests. Several events, such as a large
earthquake, could cause a few cycles with elastic or even plastic
stresses in the containment structure. Other events that could cause
plastic behavior are severe accidents that result in large internal
pressure loads. In each of these cases, the number of cycles is small.
A fatigue curve in the ASME design code (1992) shows that the
ductile steels used in containment structures can be cycled up to
yield stress about 5000 times without failure. They can be cycled
past the yield stress to 1% strain about 40 times without failure,
and they can be cycled to 2% strain about 10 times without causing
a failure. These data are for uncorroded steel; Shigley (1983)
reports that corrosion reduces the fatigue life by as much as 40%.
For containment structures, it is very unlikely that the small
number of load cycles will be sufficient to cause fatigue failure or
fatigue-related damage.

Welded Properties

When subjected to severe loads, it is common for welded
structures to fail in the weld or in the heat-affected zone. However,
for the low-carbon low-strength steels used in containment
structures, testing has shown that failure occurs away from the weld
area. Based on test data (Structural Alloys Handbook, 1989), the
weld is not the “weak link” in structural failure of A516 or SA212

steels. During uniaxial tension tests, these materials failed in the
base metal and not in the weld zone. Of course, 2 significant crack
in the weld zone could cause brittle fizcture, just as a large crack in
the containment wall could cause brittle fracture. However,
corrosion damage found in actual containments has not shown this
kind of degradation along weld seams.

CORRODED COUPON TESTS

In order to experimentally measure the structural degradation
caused by corrosion, several 0.159 cm thick A516 Grade 70 steel
plate samples were corroded in a ~95°C magnesium chloride
solution and then tested to failure in uniaxial tension. The plates
were placed in a vertical position with about 6.5 cm of each plate
submerged in the hot solution; 16 cm was above the waterline with
a temperature of ~95°C and humidity levels near 100%. One plate
was corroded for a period of 1 week, another for 3 weeks, and the
last for 6 weeks. The corrosion products were then removed from
the plates by scraping, wire brushing, and using "Naval Jelly" rust
remover, so that only the uncorroded steel remained.

Damage to the first plate consisted of general corrosion and
pitting. The average thickness decreased by about 5%, but pits and
pockmarks were visibly deeper than the material surrounding them.
Damage to the second plate was similar, except that the average
thickness decreased by about 10%. In the third plate, the pits and
pockmarks were deeper and the surface was more irregular (Fig. 2).
The average thickness of this plate decreased by about 20%.

Figure 2. Photograph of coupon with 20% corrosion.

Five standard ASTM dog-bone-shaped tensile coupons were
cut from each of the corroded plates, and five coupons were taken
from an uncorroded control plate. All twenty coupons had a gage
length of 5.08 cm. To ensure uniformity among the coupons, they
were all oriented in the same rolling direction, and were all taken
from the same plate stock.

On each corroded coupon, thickness measurements were made
on a 3 by 17 grid (spaced 0.508 cm apart, in both directions), for a
total of 51 measurements per coupon. Initially, the coupons were
0.177 + 0.0003 cm thick. After corrosion, the coupons with about
5% corrosion were between 0.160 and 0.175 cm thick. The coupons
with about 10% corrosion had thicknesses ranging from 0.150 to
0.170 cm and those with about 20% corrosion were between 0.122
and 0.160 cm thick. For each coupon, the average thickness was
determined by averaging the 51 thickness measurements. The
average cross-sectional area was estimated to be the average
thickness multiplied by the width of the specimen.

The coupons were tested to failure in uniaxial tension in
accordance with ASTM Standards (1991). Data measured during the




tests consisted of applied force and percent-elongation-in-a-5.08-
cm-gage-length. Engineering stress was calculated by dividing the
measured force by the average cross-sectional area of the coupon.

Engineering stress versus percent elongation data is shown in
Figures 3, 4, and 5. The uncorroded coupons reached about 24%
elongation before significant necking began, and about 28% total
elongation before failure occurred.

Coupons that were corroded approximately 5% through the
thickness reached the same stress levels as the uncorroded
specimens, but necking of the specimen began at about 13% strain,
and total strains at failure were around 16% (Fig. 3). Three out of
the five coupons with this amount of corrosion experienced
necking that was outside the 5.08 cm extensometer length. These
three coupons show an abrupt drop in load with no further
elongation of the specimen. If necking had occurred inside the
gage length, then the stress-strain curves would have rolled over
gradually, as occurred for the other coupons.

The coupons that were corroded approximately 10% through
the thickness reached the same stress levels as the uncorroded
specimens, but necking began at about 12% strain (Fig. 4). Four
out of the five coupons with this amount of corrosion experienced
necking that was outside the 5.08 cm extensometer. Aithough all
five coupons were tested, the test data were accidentally lost on
three of the specimens. Therefore, only two curves are available;
both specimens necked outside of the gage length.

The coupons that corroded approximately 20% through the
thickness reached stress levels that were about 4% less than the
stress levels reached by the uncorroded specimens (Fig. 5). This
slight decrease in stress is a result of calculating stress using the
average cross-sectional area, while the cross-sectional area varied
along the length of the specimen; failure occurred in an area that
had a lower cross-sectional area than the average. The limited
number of thickness measurements, three across the width of the
specimen, were not enough to determine what the minimum - cross-
sectional area really was. However, the thickness measurements
nearest the failure locations averaged about 3% less than the
overall average that was used to calculate the stresses. Necking of
the specimens began at about 14% strains. All of the coupons with
this amount of corrosion necked inside the extensometer length.

The approximately 50% reduction in elongation for the
corroded coupons was not caused by hydrogen embrittlement
effects from the accelerated corrosion process. Low-carbon low-
strength AS16 steels are not susceptible to hydrogen
embrittlement in the low temperature range at which the coupons
were aged (Moody and Robinson, 1990; Gangloff, 1986; Loginow
and Phelps, 1975). Tests by Loginow and Phelps on AS16 pressure
vessels showed that this material did not become brittle when
exposed to hydrogen gas at 69 MPa (10,000 psi) for up to 5
months. In addition, examination of the failure surfaces of the
“corroded” coupons under a scanning electron microscope showed
ductile failure; no area(s) of brittle fracture were found.

Up to about 12% strains, the stress versus strain curve was
about the same for both the corroded and uncorroded coupons.
However, plate sections which had corroded were able to carry less
load because the cross-sectional area had decreased. The corroded
coupons failed at about 50% of the elongation that caused failure
in the uncorroded specimens. This reduction was caused by very
local stress and strain concentrations around pits and on the rough
uneven surfaces. In these “micro” concentration regions, the plastic
strains were larger than they were in areas outside of the
concentration region. Failure was initiated as a result of these local
plastic strains.
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Figure 3. A516 Gr. 70 steel stress-strain curve - 5% corrosion.
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Figure 4. AS516 Gr. 70 steel stress-strain curve - 10% corrosion.
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Figure 5. A516 Gr. 70 steel stress-strain curve - 20% corrosion.

ANALYSIS METHODS
Finite Element Modeling

Several scaled model containments have been tested and
analyzed over the last fifteen years (Horschel, 1992, Sammataro et
al, 1992, Weatherby, 1990, Clauss, 1985). The finite element
analyses of these uncorroded structures showed that failure is
related to local strains, and that a critical strain failure criteria can
be used to predict the onset of failure. As the material strains, voids




~Calesee into a flaw. At some critical strain level, the flaw reaches a
ical size and a tear initiates. Most analyses that have been
crifoymed fof containment structures have selected strain (or
r3535) based failure criteria.

Linear elastic fracture mechanics have often been used to
predict critical flaw sizes in piping, in pressure vessels, and in
other situations. This method has been proven and is reliable for
linear, ¢lastic problems. However, it is very difficult to apply
fracture .nechanics methods to highly ductile materials which
undergo high strains and gross plasticity. Furthermore, it is
difficult to define a traditional fracture mechanics “flaw” that
represents the rough uneven surface that has been observed in
corroded areas of containment vessels. Strain based criteria have
been used successfully in the past, and fracture mechanics methods
are difficult to apply to the corrosion damage. Therefore, a strain
based failure criteria has been selected for use with finite element
analyses. Sharp cracks of significant size have not been observed
in corroded areas of containment structures. However, fracture
mechanics methods should be considered if sharp cracks are
detected during future inspections.

Strain-based failure criteria, which have been successfully
used in past containment analyses, have been modified to account
for corrosion effects. In the finite element model, a corroded area is
modeled using the average thickness of the degraded section; the
surface in the model is not rough or pitted, but is smooth. Local
stress and strain concentrations that are caused by the reduced
thickness and the surrounding geometry are calculated by the
analysis code; the stresses and strains increase in the degraded
area. The stress-strain curve used in the reduced thickness region is
identicai to the curve for uncorroded material, except that the
critical elongation of the corroded material is decreased in
accordance with the corroded coupon tests.

In the finite element model of a large structure, it is not
practical to model] the uneven surface of a corroded plate because of
the large number of elements that would be required. Pitted and
rough surfaces consist of “micro” discontinuities that are much
smaller than the elements in the mesh. These “micro”
discontinuities are accounted for by applying a knockdown factor
to reduce the critical elongation for material in the degraded area.
Stress concentrations that result from geometry changes, such as a
locally thinned area or a penetration, are calculated m a finite
element analysis, the concentrations that occur in “micro” areas
along the pitted and rough surface are accounted for by the
knockdown factor.

Eai Criteria

Failure is predicted to occur when calculated strains exceed a
critical value. After a tear initiates, the failure criteria will not
predict whether the tear will be unstable and propagate, resulting in
catastrophic failure, or whether the crack will self-arrest and not
propagate, resulting in a leak. Determining whether a crack will
propagate has been fried in the past, and the results were not
conclusive (Irvine and Gardner, 1983; Greimann et al,, 1993).
However, it appears likely that if the fear injtiates in a region of
high membrane strains, the tear will propagate rapidly and result in
catastrophic failure. If the high strain is in a local region and the
surrounding area is at a much lower strain, the failure may not be
catastrophic.

Another failure criteria which is being considered, but has not
been incorporated in this paper, is a displacement based criteria.
Many penetrations exist in the walls of the containment structure,

and excessive displacements could cause either a failwve ia the
penetration seals, or break pipes and other items which pass
through the penetrations. Many items, such as overhead cranes, are
supported by the containment walls. Excessive displacement could
cause these items to fall onto critical items below. However, this
additional displacement failure criteria was not used in this paper.
The strain-based failure criterion that has been selected
consists of applying “knockdown” factors to adjust uniaxial
strain-to-failure test data. The first three factors are consistent with
previous analyses (Miller, 1990, and Weatherby, 1990) and are not
related to corrosion. These factors relate to the ability of the
analysis model to correctly predict the structural response and to
material property differences that exist in actual containments. The

fourth factor has been added to account for the random effects of

corrosion degradation.

Hancock et al. (1976), Mackenzie et al. (1977), Mangoine
(1982), and others have shown that the critical failure strain varies
as the stress state changes. The first “knockdown™ factor is the
Hancock and Mackenzie relationship between the triaxial stress
statc and the failure strain. This relationship was based on test
results. The second “knockdown” factor accounts for how detailed
the finite element model is. For example, the element mesh size and
details missing in the model affect the accuracy of the finite
element prediction. This factor approaches 1.0 as the mesh size
becomes small and includes all structural details. The third
“knockdown” factor accounts for the fact that in an actual structure
the material properties often vary from the mean by a significant
margin. For example, test data from 489 specimens used in the
Sequoyah containment had yield strengths that varied from the
mean by + 12%, ultimate strengths that varied from the mean by
+ 7%, and elongations that varied from the mean by * 22%. These
variations are based on a normal distribution, with 90% of the test
results falling inside of the specified limits. The last “knockdown”
factor accounts for corrosion degradation, and is based on the
limited set of corroded coupon tests. The pitted and rough surface
“micro” discontinuities are accounted for by this factor. When
extrapolating corroded coupon test data to full scale containments,
there is a considerable amount of uncertainty.

The critical effective plastic strain at which failure is predicted
to occur is determined as: _

Egilure = Euniaxial * f1 * 2 * 3 * {4 (1)
where
Enilwe = effective plastic strain level at which failure is
predicted to occur.

Euiaxial = elongation from uniaxial tensile strain-to-failure tests.

fi = knockdown factor to account for multiaxial stress state,
= 1.648 * e-(cl + 02 + 03)/ 2 Ovon (2)
fy = knockdown factor to account for the sophistication of
the analysis model.
f3 = knockdown factor to account for variable material
properties.
f = knockdown factor to account for corrosion

degradation.
Gven = Von Mises effective stress.

G123 = principal stresses.
The fi, f3, and f4 factors were estimated before analyses were
performed. The f; factor was estimated after the analyses had
completed. It was based on the amount of detail included in the
finite element model in the critical failure region, and on analytical
results such as strain gradients in the critical region. For each of
the factors f3, f3, and fs, a best estimate has been selected, along with




an upper and lower bound estimate. An upper and lower bound were
not selected for the f factor, which is defined by Eq. 2. These
factors (Table 1) are based on engineering judgment and the data
aiready presented. Because the stress-strain curve is fairly flat at
high plastic strain levels, a large change in strain only results in a
small change in the stress. Therefore, predicted failure pressures are
not very sensitive to changes in the plastic strain failure criteria,
and hence to the knockdown factors.

Table 1. Knockdown Factors Used in Failure Criteria.

Factor | Lower Best Upper

bound estimate bound
Analysis sophistication f, 0.40 0.50 0.60
Material properties £, 0.78 1.00 2122
Corrosion fa 0.25 0.50 0.75

Finite element analyses that were performed are described in a

later section. However, two cases required analyzing a submodel in
a local region where large bending strains existed. This submodel
used a fine mesh with four continuum elements through the
thickness. Because of the detail, the sophistication factor (f;) was
increased to 0.9 for the lower bound, best estimate, and upper
bound values for those analyses.
Minimum uniaxial strain-to-failure values for elongation in a 20.3
cm (8 in.) gage length are given in the ASME code as 21% for A516
Grade 60 steel. For actual specimens, the elongation at failure is
well above the 21% minimum; however, the load carrying capacity
of the specimens began to decrease significantly around 21%, with
total failure occurring at higher levels. Using umiaxia = 21%, and the
knockdown factors from Table 1, the failure curves for AS16 Grade
60 steel were calculated (Fig. 6) using Eqgs. 1 and 2. Since only a
small portion of the total surface of a containment was corroded in
the analyses, the failure strains are given for both the corroded and
uncorroded states. In the analyses, the uncorroded failure strains
were used to predict failure of the portions of the containment that
were not corroded, and the corroded failure strains were used to
predict failure of the corroded sections.
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Figure 6. Failure Curves for A516 Grade 60 Steel

ANALYSES OF A “TYPICAL” PWR ICE
CONDENSER CONTAINMENT

A US. Muclear Regulatory Commission report (Shah et zi,
1994) gives a thorough listing of nuclear power plant contaimnment
structures, typical design parameters, the materials used in the
structures, environmental operating conditions, types of corrosion
that can be expected for the materials involved, and the locations
on the containment structures where the corrosion is likely to
occur. They also provide detailed descriptions of corrosion
degradation that has been observed in containments of operational
nuclear power plants.

Geometry

The typical PWR Ice Condenser containment (Fig. 7) is a
circular cylinder capped with a hemispherical dome, and is
constructed entirely from A516 Grade 60 steel. The cylindrical
section has a diameter of 35 m, and the height from its base to the
top of the dome is about 53 m. The shell thickness varies from 3.49
cm at the bottom, to 1.11 cm at the top of the cylinder, and then
increases back to 2.38 cm at the top of the dome. The shell is 3.81
cm thick in the vicinity of pipe penetrations, airlocks, and other
openings. Welded to the exterior of the shell is a web of vertical
stringers, horizontal stiffeners, and other miscellaneous structures.
The vertical stringers are spaced every four degrees
circumferentially, and the horizontal stiffeners are about 2.9 m
apart. The shell is embedded in and anchored to a reinforced
concrete basemat.

Three areas that were degraded in the finite element model
were: the region around the ice basket, a ring area near the basemat,
and a ring area at the upper floor level. In actual containments, the
region around the ice basket has a high potential for corrosion, but
the status is unknown because the area is inaccessible for
inspections. During inspections, corrosion damage has been
observed near the basemat and at the upper and lower floor levels
(Figs. 8 and 9).
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Figure 7. “Typical” PWR Ice Condenser containment.
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The ABAQUS finite element model (Fig. 10) consisted of
10125 four-node quadrilateral shell elements (S4R) and 10325
nodes. It included a 53° circumferential segment of the
containment, and went from the concrete basemat to the top of the
dome. This segment, which had symmetry boundary conditions
applied to it, was representative of a typical containment. Vertical
stringers and the horizontal stiffeners were included in the model.
The smallest elements had a side length of about 10 cm, while the
average element had a length of about 30 cm (1° circumferentially).
The concrete basemat was not modeled since it had been studied
previously (Fanous et al, 1993). The penetrations were not
explicitty modeled either. In previous analyses (Miller, 1990;
Greimann, et al, 1984) it was found that containment failure
occurred where thin wall sections met the thicker plate sections
that the penetrations passed through (Clauss, 1985, Greimann et
al., 1987). In these studies, plastic yielding occurred in the thinner
plate sections, and not in the thickened plates. Bellows were
addressed under a previous program (Lambert, et al., 1995).

The containment was modeled to determine failure level and
iocation under several different degraded conditions. Three areas
on the containment surface that were degraded (Fig. 10) correspond
o the damaged or susceptible areas identified at nuclear power
plants. In these areas corrosion was modeled by thinning shell
clements and reducing the critical plastic failure strains (Fig. 5).
The depth of the corrosion was selected to ensure that failure
occurred in the degraded area. Greater than 50% through the
thickness damage was required at two locations to cause a failure
the degraded area. The containment was analyzed in seven different
configurations, with:

« No corrosion present.

+ Corrosion near the top of the ice basket, with a 10% through the
thickness corroded area of 1.09 m high by 091 m
circumferentially. In operational containments, this area is
susceptible to corrosion, but is inaccessible and does not get
inspected. Analyses show this is the area of highest strains on an
uncorroded containment, and the expected failure location.

« Corrosion near the top of the ice basket, as described above,
except the damage is 25% through the thickness.

+ Corrosion in the steel shell at the upper floor level, with a 50%
through the thickness corroded area of 0.81 m high by 11.94 m
around the circumference. Corrosion has been found in this
location during inspections at the Catawba and McGuire plants.

+ Corrosion at the upper floor level, as described above, except the
damage is 65% through the thickness.

* Corrosion in the steel shell near the concrete basemat, with a
50% through the thickness corroded area of 0.102 m high by
3.99 m around the circumference. Corrosion has been observed
here during inspections at the Catawba and McGuire plants.

» Corrosion in the concrete basemat region, as described above,
except the damage is 65% through the thickness.

Material Properties

Previous finite element analyses have been performed for the
Sequoyah containment building (Miller, 1990). To support that
and similar efforts, work-hardening data was obtained by testing
A516 Grade 70 steel at 22, 93, 149, and 204°C (Fatigue
Technology Inc., 1988). A516 Grade 60 temperature-dependent
material properties were estimated (Fig. 11) by adjusting for the
difference in yield strength between Grade 70 and Grade 60 steel.
The coefficient of thermal expansion of the steel was determined to
be 11.3 X 10%/°C over the range from 22 to 204°C.

Loads

Each model was loaded with quasi-static internal pressure that
increased monotonically. During many postulated accidents, the
pressure is caused by water turning into steam. Therefore, a thermal
load was simultaneously applied to all steel parts above the
concrete basemat, the temperature of the containment shell
followed a saturated steam pressure vs. temperature relationship
(Fig. 12). An initial stress-free state was assumed to exist at 22°C.
As the pressure was increased, the temperature at every node in the
mode] that was above the concrete basemat was increased to
correspond to the saturated steam relationship.

Analysis Results
Analyses were performed using the ABAQUS finite element
code. Elements in the model did not automatically fail when they
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Figure 11. A516 Grade 60 temperature dependence.

reached the critical strain values. Instead, failure predictions were
assessed during post-processing. Failure was predicted when any
element in the model reached the critical strain level.

In each of the analyses, failure was predicted to occur in a
cylindrical section, and in each case the triaxiality factor (Fig. 6)
was very close to 1.73. As the loads were increased and the material
plastically strainéd, the triaxiality factor varied only a small
amount. This was because each of the critical failure locations was
i a cylindrical section. If a point on the spherical dome had been
selected, the triaxiality factor would have been close to 2. An
element in uniaxial tension, such as a bolt, would have had a
triaxiality factor of 1. However, at the three locations where failure
was predicted to occur, the friaxiality factor was 1.73.

For each analysis, failure predictions consisted of a “Jower
bound™ failure pressure, a “best estimate™ failure pressure, and an
“upper bound” failure pressure. With a triaxiality factor of 1.73 and
the failure model shown in Fig. 6, the lower bound, best estimate,
and upper bound critical membrane strains for uncorroded material

were 4.5, 7.3, and 10.6%, respectively. For material that was
corroded, the lower bound, best estimate, and upper bound critical
membrane strains were 1.1, 3.6, and 8.0%, respectively. The critical
values allowed for bending strains were increased by 50%.

The effective plastic strains for the uncorroded containment
(Figs. 13 and 14) showed a few areas that experienced large plastic
1:embrane strains. For the uncorroded containment, failure would
be expected to occur at the high strain location around the ice
basket. At this location a 3.81 cm thick plate protruded into a 1.59
cm thick area and caused large membrane strains in the thinner
plate. A few other locations on the model with a thick section
protruding into a thinner area also showed a region of large
membrane strains in the thinner plate near the discontinuity. These
strains were considerably larger than free field strains in the thin
plate. However, many areas where thick plates transitioned to thin
plates did not experience larger-than-free-field strains in the region
near the weld joint. From Fig. 13 it can be seen that large plastic
strains were only reached in a few regions, and that the global, free-
field strains were considerably lower.

200 +
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Figure 12. Saturated steam temperature-pressure relationship.

The analyses that included “corrosion” had higher strains in
the locally thinned areas than corresponding strains in the
undegraded case. Although the strains were higher in the locally
thinned areas, the global responses were very similar to the
response of a containment with no corrosion damage.

Because of significant bending near the basemat, a finely
meshed submodel of the area was analyzed. Since the finite element
mesh was much finer, the “sophistication™ knockdown factor (fz)
was increased to 0.9 for the lower bound, best estimate, and upper
bound cases. This resulted in critical values for bending strains in
the submodel of 3.8, 9.8, and 18% for the lower, mid, and upper
bound criteria. Predicted failure results (Table 2) show that
corrosion in the area of highest strain will significantly reduce the
pressure capacity of the vessel, while considerable corrosion in
other areas can be tolerated without reducing the pressure capacity.
The design pressure for the containment modeled was 0.074 MPa
(10.8 psi).

The structural response of the first five cases (Table 2) was
primarily membrane. Membrane forces in the cylindrical portion of
the structure were twice as large in the circumferential direction as
they were in the vertical direction. This is a known behavior of
cylindrical sections. In the first three cases, internal pressure
caused the structure to radially expand until failure occurred in the




Table 2. Predicted Failure Pressures

Failure Pressure
Case | Description Lower Best Upper
No. bound estimate bound
1 no corrosion 0.43 MPa | 0.47MPa | 0.54 MPa
{63 psi) (68 psi) (78 psi)
2 10% corrosion at ice basket | 0.40 0.43 .48
(58) (63) (39)
3 25% corrosion at ice basket | 0.39 0.43 0.45
(56) (62) (65)
4 50% corrosion at upper | 0.43 0.47 *
floor (62) (68)
5 65% corrosion at upper | 0.35 0.44 0.47
floor (51) (64) (68)
6 50% corrosion at basemat 0.30 * *
. 43)
7 65% corrosion at basemat 0.28 0.47 *
(4D (68)

*  Failure is not predicted to occur at the corroded location.
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Figure 13. Plastic membrane strain (uncorroded containment) at

s

IV R,

highest strain region by Ice Basket.

SECTION POINT 3 SECTION POINT 3
VALUE VALUE
+0. 00E-00 . 0BE-00,
+1.65E-03 10E-03]
+3,31E-03 20E-03
+4.97E-03 +23E-02|
+6.63E-03 < 6AE~02
+8.29E-03 .05E-02
+9_94E-03 .46E-02:
+1.16E-02 .BTE-02
+1.32E-02 +2BE-02
+1.49E-02 .69B-02
+1,65E-02 -10B-02
+1.82E-02 .51E-D2
+1.98E-02 .52E-02
«2.158-02 .33E-02
0.42 MPa 0.44 MPa
(61 psi) (64 psi)
153° C 155° C

SECTION POINT 3

V)
= +0.008-50
% +B.49E-02
+1.69E-02
+2.54B-02
+3,35E-02
«4.24E-02
+5.09E-02|
*5.94E-02
+6.79E-02
+7.64E-02|
+8.49E-02
+9.34E-02
+1.01E-01
+1.30E-01

VALUE
+0 . 00E-00|
+§.15E-D3
+1.23E-02
+1.84E-02|
2.46E-02
3.07E-02]
3.69E-02]
+4 .30E-02]
4.92B-02;
5 .54B-02|
§.15E-02
+6.77E-02
+7.38E-02
+8_00E-02

0.50 MPa _ .
(73 psi) 0(35 ::g)a
1]
159° C 162° C

Figure 14. Plastic membrane strain (uncorroded containment)
with displacements magnified by a factor of 5.

circumferential direction. Even while the structure was plastically
flowing in the hoop direction, there was minimal plastic growth in
the vertical direction. For these three cases, failure was predicted to
occur near the top of the ice basket as a result of large hoop strains.
In cases 2 and 3, the corrosion was located in the area of highest
plastic strain. As expected, even small amounts of corrosion in
high strain regions caused failure to occur at lower pressures. In
cases 4 and 5, the thinned section was only 0.81 m high, but
extended 11.9 m in the circumferential direction. The thicker
sections above and below this degraded area were stiff enough that
they did not undergo large hoop strains, and this. support
prevented the thinned section from experiencing large plastic hoop
strains. It was not until the thickness of the corroded section was
decreased by a factor of two that the vertical component of stress




cesamne large enough to cause large plastic membrane strains in the
vertical direction, and failure was predicted at this location. For
cases § and 7, the steel shell was relatively thick near the basemat
and was embedded in the concrete floor. Circumferential straining
in the thinned section at the basemat was limited because of
support from the basemat and the thick plate above the reduced
area. It was not until the thickness of the corroded section was
decreased by a factor of two that the vertical component of stress
became large enough to cause large plastic strains in the vertical
direction. In this case, however, the peak strains were a result of
membrane and bending in the vertical direction.

CONCLUSIONS

The corrosion damage in existing containments has often been
in a horizental plane, such as along the upper and lower floors and
at the basemat level (Figs. 8 and 9). For a cylindrical structure, a
narrow band of thinned material that extends around the
circumference can often be tolerated because the surrounding
structure is often stiff enough to prevent the degraded area from
large plastic hoop strains. However, if a narrow band of corrosion
occurred in the vertical direction on a cylindrical containment, the
reduction in capacity would be more severe. This is because
internal pressure causes a larger membrane force in the hoop
direction than in the vertical direction. In the corrosion that was
modeled around the ice basket, failure occwred through large
plastic strains that grew circumferentially. The geometry of the
structure caused large membrane hoop strains in the thinned area,
and the structure expanded in the radial direction. Therefore, any
amount of corrosion near the ice basket high strain region
degraded the load-carrying capacity.
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