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ABSTRACT

Corrosion damage has been found in a number of
nuclear power plant containment structures, and this
could degrade the pressure capacity of the vessel. This
has prompted concerns regarding the capacity of
corroded containments to withstand accident loadings.
For the low-carbon, low-strength steels used in
containments, the effect of corrosion on material
properties is discussed in this report, and a basis for
using finite element analyses to calculate the capacity
of a vessel with corrosion damage is developed. The
pressure capacity was calculated for two typical steel
containment vessels with no corrosion damage: a PWR
Ice Condenser containment and a BWR Mark 1
containment. The pressure capacity was also
calculated for two typical concrete containment vessels

il

with no corrosion damage: a PWR reinforced concrete
sub-atmospheric containment and a PWR prestressed
concrete containment vessel. Multiple analyses were
then performed with the location of corrosion and the
amount of corrosion varied in each analysis. A “lower
bound”, “best estimate”, and “upper bound” failure
level was predicted for each case. These limits were
established by: determining the amount of variability
that exists in material properties of typical
containments, estimating the amount of uncertainty
associated with the level of modeling detail and
modeling assumptions, and estimating the stress
concentration effect caused by a rough, uneven,
corroded surface.
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1 INTRODUCTION

Corrosion damage has been found in approximately
one-third of existing nuclear power plant containments,
with the number increasing steadily [Johnson et al,
1990; Shah and McDonald, 1989; Shah et al, 1994].
Analytical efforts, scaled model containment tests, and
tests on seals, gaskets, bellows, and electrical
penetration assemblies have demonstrated that
containment models without corrosion can resist static
internal pressures that are about two to six times the
containment's design pressure without significant
leakage [Bridges, 1987; Brinson and Graves, 1988;
Clauss, 1989; Fanous et al, 1993; Greimann et al,
1991; Horschel, 1988; Horschel, 1992a; Horschel
1992b; Julien and Peters, 1989; Jung, 1984; Koenig,
1986; Kulak et al, 1985; Lambert, 1993; Lambert and
Parks, 1995; Miller, 1990; Parks, 1989; Reese and
Horschel, 1985; Weatherby, 1990]. However,
corrosion found in containments of operating nuclear
power plants has prompted concerns regarding the
capacity of the corroded containments to withstand
accident loads.

Corrosion of containments can reduce the margin
between the design and failure pressure and thus could
mcrease the probability of containment failure under
severe accident loads. In this report, failure is
predicted when strains become large enough that a tear
could initiate in the steel shell or the liner. The strain
limits are discussed in detail in Section 4.
Comparisons of the shell thickness after corrosion with
the ASME Boiler and Pressure Vessel Code (ASME,
1992) minimum 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 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
ultimate capacity, while minor corrosion in a critical
area would lower the ultimate capacity.

For uncorroded containments, previous analyses [Pilch
et al, 1995, Appendix D] have shown that a few
containments have a margin of safety about five or six
times the design pressure, while many vessels have a
margin of safety around three times the design
pressure. Corrosion damage in a containment with a
higher margin of safety would not be as significant as
corrosion damage in a containment with a lower
margin of safety. However, in this report, no attempt is
made to determine a minimum required safety margin.
Rather, the focus of this report is to show how pressure
capacity is reduced as a result of corrosion damage.

Leak tests performed on operational containment
vessels verify that they can withstand internal design
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pressure, but these tests do not provide information
about the safety margin. Leak rate tests don’t provide
any information about the affect of corrosion or other
aging related degradation, unless a leak is detected.
For containments with corrosion, the amount of
reduction in the pressure capacity, and hence the safety
margin, can not be determined from these leak tests.

The NRC needs to assess the operability of a
containment when significant degradation, such as pits
in a shell or liner, has been identified by a licensee.
The staff has to determine whether the licensee can
continue to operate the plant until the next refueling
outage, or if repairs must be made immediately. Any
reduction in margin needs to be quantified, and the
containment must be able to withstand design basis
accidents during operation. In a risk-informed decision
making process, the staff need to evaluate the
licensee’s assessment, performed in accordance with
Regulatory Guide 1.174.

The primary objectives of this research program are to:

e Develop a basis and rationale for using finite
element methods to predict the ultimate capacity of
pressure vessels that have become corroded, as
well as understand the limitations and capabilities
of the finite element method when applied to
corroded structures. Obviously, any limitations
that exist when analyzing an uncorroded
containment would also be a limitation during the
analysis of a corroded containment.

e Use finite element analyses to predict how
corrosion found on a PWR Ice Condenser and a
BWR Mark I steel containment degrade the
pressure capacity,

e Use finite element analyses to predict how liner
corrosion in a reinforced concrete and a
prestressed concrete containment vessels degrade
the pressure capacity, and

¢ Develop methodology to generate fragility curves
for the PWR Ice Condenser and BWR Mark I steel
containments, and the liner of a reinforced
concrete containment, with varying amounts and
locations of corrosion. Results of the fragility
analyses are not included in this report. Fragility
curves were generated for the PWR Ice Condenser
containment, described in Chapter 5, by
Ellingwood and Cherry (1999). Similarly,
calculations were done to develop fragility curves
for the BWR Mark I containment described in



Chapter 6 and the reinforced concrete containment
in Chapter 7.

Three-dimensional finite element models have been
developed for a few steel and concrete containments,
and the pressure capacity has been calculated.
Corrosion damage was accounted for by removing
corroded material from the analysis model. Only
quasi-static internal pressurization loads, such as could
occur during a Loss of Cooling Accident (LOCA),
have been analyzed. Although these methods could be
used to investigate the response of aged containments
with corrosion damage that are subjected to other
loads, such as earthquakes or external missiles, those
other loads have not been studied.

The finite element analyses were stopped when large
strains indicated that a tear was likely to initiate in the
steel shell or steel liner, or when a significant leak was
expected from some other source. For example, some
BWR Mark I containments have pressure relief vents
that release pressure before a structural failure would
be expected. In other cases, seals or other penetrations
may leak and release the pressure. Leaks through
seals, gaskets, airlocks, equipment hatches, electrical
penetration assemblies, bellows, and drywell heads
have been studied extensively in the past, and are not
being analyzed in this program. However, the potential
“non-structural” failure modes that previous studies
have identified are considered when performing
analyses in this program. If a significant “non-
structural” leak is expected before a tear initiates, then
the analysis is stopped at that pressure and it is
assumed that no tear will initiate because the leak will
relieve the pressure. The analysis is not stopped until
the probability of the non-structural leak occurring is
almost certain, such as is the case with pressure relief
valves that are in the Mark I BWR containments.

Several studies of corrosion in containments were
completed before this program began (Johnson et al,
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1990; Shah et al, 1994; Shah and McDonald, 1989).
Most of the focus of these earlier studies was to
understand the corrosion issues that relate to nuclear
power plant containments, to examine where corrosion
had been found or might be expected to be found on a
containment, and to propose ways to prevent future
degradation. The NRC is continuing research to assess
state-of-the-art techniques to estimate the extent and
rate of progress of local degradation in containments.
Lehner et al (1995) performed a probabilistic
assessment to determine how corrosion affected the
safety of containments during various accident
scenarios. The work described in this report is an
extension of these earlier efforts.

The primary objective is to evaluate how well finite
element analyses can predict the pressure capacity of a
containment with corrosion damage. Obviously, any
uncertainty in the failure prediction of an uncorroded
containment would also exist, generally with a higher
degree of uncertainty, in the failure prediction of a
corroded containment. The principle thrust of this
report is to compare the relative capacity of corroded
versus uncorroded containments, subject to the
limitations inherent in predicting the capacity of an
uncorroded containment. A few scaled model tests of
uncorroded vessels, with accompanying analyses, have
been used previously to benchmark how well finite
element analyses codes can predict failure.

This report focuses on one type of containment
degradation, that is, corrosion of the steel shell or the
liner of a concrete containment. Other types of
containment degradation, such as loss of prestressing
due to corrosion induced failure of tendon elements or
anchor-heads, or degradation of bellows were not
included in the scope of this work. Issues related to
loss of prestressing are being studied, and will be
reported on in a future report. Likewise, bellows aging
issues are also being investigated and the results will be
reported in a future NUREG report.



2 BASIS FOR PREDICTING CAPACITY OF CORRODED
CONTAINMENTS USING FINITE ELEMENT ANALYSIS

A principal objective in this report is to compare the
relative capacity of corroded versus uncorroded
containments. Obviously, the accuracy of predicting
the response of a corroded containment is subject to the
same limitations inherent in predicting the capacity of
an uncorroded contamnment. The comparison of
relative capacities (i.e., a percent reduction in capacity)
of corroded versus uncorroded containments will be
valid, even if the actual predicted failure levels are too
high or too low. A summary of scaled model tests and
analyses are presented in Section 2.1, however, to help
the reader gage how well previous analyses have been
able to predict structural response.

Finite element analyses have been used extensively to
model and predict the response of steel and concrete
structures, such as automobiles, airplanes, bridges, and
nuclear power plant containment vessels. A number of
scaled models of containment buildings have been built
and pressure tested to failure at Sandia and elsewhere
over the last few decades (Hessheimer, et al, 1997a).
As discussed in Section 2.1, finite element analysis
methods have done a reasonable job of predicting the
ultimate failure pressure for these scaled models
(Clauss, 1985a; Luk, et al, 1998; Weatherby, 1990),
although in many cases the structures failed in modes
that were unexpected. In the cases where failure
occurred in unexpected locations, the vessels were
undergoing large inelastic strains, which were
predicted by the analyses, and were close to their
predicted failure levels. The actual failures occurred in
areas where small details were left out of the analytical
models, and those small details caused large strain
concentrations to occur. Tests of scaled models and
analyses have shown that there are many competing
failure modes when the containment vessels are
pressurized to several times their design pressure, and
that small details in the geometry or condition of the
vessel in local areas can effect the failure mode.

Analytical models have done a reasonable job of
predicting the global response of scaled model
containment structures, and if sufficient details are
included in the analytical model, have also been able to
predict the local behavior and ultimate failure.
However, there are some disturbing discrepancies
between scaled model tests and analyses, such as the
analyses consistently overpredicting the pressure at
which the steel shell yields, as discussed in Section 2.1.
In spite of these difficulties, however, the failure
predictions have generally been within 10% to 20% of
(failure pressures observed during the tests.
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The oil and gas pipeline industry has been using finite
element analyses to predict the leak and/or burst
pressures of corroded pipelines for more than a decade.
Localized damage, such as pitting corrosion, and a
general loss-of-section damage, have been considered
in their analyses. These analyses have been validated
through pressure tests of corroded pipes. This industry
has shown that the pressure capacity of a corroded pipe
made with low-strength, low-carbon steel materials can
be accurately predicted using finite element analyses
and carefully modeling the geometry to reflect the
reduced cross-section in the corroded area.

In low-carbon, low-strength steels that are used in
containment buildings, the primary effect of corrosion
is to reduce the cross-sectional thickness. In addition
to this thinning effect, the rough and uneven corroded
surface will cause stress and strain concentrations that
may cause a tear to initiate in the concentration region.
Other degrading mechanisms do not play a significant
role for the low-carbon, low-strength steels because the
material is resilient to the environment and/or the
environment is low enough to not cause a problem.
Corroded dog bone shaped coupons were tested to
failure in uniaxial tension, and it was shown that the
portion of the coupon that was not corroded maintained
virgin material properties. In those tests, the corroded
material was removed.

The basis for using finite element analyses to calculate

the structural capacity of an aged/degraded

containment is:

o TFinite element analyses have successfully
calculated the response of uncorroded containment
structures,

o The primary affect of corrosion on low-carbon,
low-strength steels is to reduce the cross-sectional
thickness, and

o Finite element analyses can account for corrosion
by reducing the material thickness in corroded
areas. This will create stress/strain concentrations
that are similar to concentrations caused by plate
thickness changes in an uncorroded containment.
Using reduced thickness in corroded areas, the gas
and pipeline industry has been successful in using
finite element analyses to predict the burst
pressure of corroded pipelines.



2.1 Scaled Model Tests and
Analyses of Uncorroded
Containments and Pressure
Vessels

Numerous tests and analyses have been conducted for
uncorroded containments and other pressure vessels.
Hessheimer, et al. (1997a) gives a summary of previous
tests and test results in Tables 2.1, 2.2, and 2.3.

The results of the 1:32 scale tests (Table 2.1) indicated
that simple shells, without significant perturbations
such as stiffeners and penetrations could withstand
pressures causing large strains up to the uniaxial
material test limits. The presence of even “minor”
perturbations or discontinuities resulted in a significant
reduction of free field stramns with some reduction in
the failure capacity. Pretest analyses gave good
comparisons with the global response and the observed
failure pressures. The calculated failure pressures of
SCO and SC! was 0.91 MPa with failure occurring at
mid-height; for SC2 the calculated pressure was 0.95
MPa with failure of the stiffener rings; failure of SC3
was predicted to occur at 0.84 MPa at the sleeve of the
equipment hatch (E/H). One interesting result of these
tests was that the initial observed yield was below the
calculated yield.

The 1:8 scale test was completed in 1984. Pretest
analyses indicated failure would occur due to
ovalization of the equipment hatch and leakage past the
seals at 1.45 MPa (210 psi). During the test, the vessel
failed catastrophically at 1.34 MPa (195 psi). Global
behavior compared favorably with the predicted
response, however, as with the 1:32-scale models, the
analysis over-predicted the pressure at which
generalized yielding of the shell occurred. Again, this
discrepancy was dismissed since post-yield response
approached the predicted behavior. Failure occurred
before expected hatch leakage could occur when a tear,
subsequently discovered as initiating at a stiffener
detail adjacent to the equipment hatch, resulted in
catastrophic rupture and fragmentation of the vessel.

The 1:10 scale test for NUPEC and the NRC was
completed at the end of 1996. This test included the
containment structure, as well as a “‘contact” structure,
which was intended to behave similar to a shield
building. Testing was termunated when a large tear
developed adjacent to the equipment hatch insert plate
weld seam at about six times the design pressure. At
the time when the tear developed, there was significant

contact between the containment model and the
“contact”  structure. If the gap between the
containment and the “contact” structure had been

somewhat smaller, then it is probable that complete
contact would have occurred such that the “contact”

structure would have supported the containment shell
and prevented the tear from occurring in the equipment
hatch insert plate region. Separate blind analyses were
performed by a variety of international agencies which
were provided with identical design, fabrication, and
material property data prior to the test. Pretest
predictions of failure (although criteria for failure were
not consistent) ranged from 5 to 15 times the design
pressure. Most analysts predicted rapidly increasing
plastic strains at the elevation of the equipment hatch;
however, those with high failure predictions assumed
that the vessel would contact the “contact” structure
before a tear developed, and that the ‘“contact”
structure would prevent additional plastic strains from
developing. If the contact structure had not been
included in the analyses, the rapidly increasing strains
near the equipment hatch would have caused failure in
all of the models which included plasticity, and the
largest predicted failure pressures would have been
much less than 15 time design pressure. The lowest
predicted failure pressures, which assumed a tear
developed before contact with the “contact” structure,
compared favorably with the test results.

One consistent problem with the analyses of steel
containments has been that the test models began to
yield below the predicted yield pressure. This is quite
disturbing. However, the predicted failure pressures
were a reasonable match with the test results, with the
exception noted in the previous paragraph. Many of
the analyses didn’t predict the actual failure mode
because the analytical models didn’t contain sufficient
details in local areas. However, during post test
analyses, when sufficient details were included in the
critical areas, the analyses were able to confirm both
the failure pressure and the failure location.

The 1:6 scale reinforced concrete model (Table 2.2)
was tested in July 1987, and failed by tearing of the
liner plate at a row of studs adjacent to a thickened
insert plate at 1.0 MPa. After the test, a number of
smaller liner tears and incipient tears were also
identified adjacent to thickened insert plates. Pretest
predictions of global response by a number of
independent analysts, compared favorably to the test
results; however, as with the previous steel
containment model tests, the mechanism which defined
the limit state of the model was not recognized prior to
the test by many of the analysts. Some analysts
presented a list of candidate liner tearing locations and
associated leakage pressure range and, in this way,
were able to reasonably predict the test failure
pressures. Posttest analysis confirmed the presence of
large strain concentrations at these locations which are
very similar to details used in prototypical plant
construction.

Table 2.3 shows some test results of prestressed
concrete model structures.



Table 2.1. Summary of Results of Experiments for Steel Containment Models

Test Scale | Shape R/t Pressure | Global Material | Remarks
Ratio Strain at
Failure
SNL SCO |1:32 | Cylinder w/ 450 0.93* 20% AISI 1008 | Catastrophic rupture andj
(12/2/82, hemispherical (R=549 fragmentation initiating
12/12/82) dome =1.22) ’ at vertical weld seam.
) [Horschel and Clauss,
1984; Horschel and
Blejwas, 1983]
SNL SC1 | 1:32 | Cylinder w/ 500 0.76* 6% AISI 1008 | Tearing and leakage
(4/20- hemispherical (R=546 next to vertical weld
21/83) dome =1 09)’ seam.[ Horschel and
’ Clauss, 1984; Horschel
and Blejwas, 1983]
SNL SC2 | 1:32 | Cylinder w/ 478 0.93* 2.7% AISI 1008 | Leakage and tears at
(7/21/83) hoop stiffeners | (R=546, cylinder-dome interface;
and t=1.17) repaired.
hemispherical
dome
(8/11/83) 0.97* 2.5% Retest; catastrophic
rupture and
fragmentation.
[Horschel and Clauss,
1984; Horschel and
Blejwas, 1983}
SNL SC3 | 1:32 |Cylinder w/ 478 0.83* 14.5% AISI 1008 | Catastrophic rupture
(11/30/83) penetrations (R=546 initiating at E/H.
and =1 17)’ [Horschel and Clauss,
hemispherical ’ 1984; Horschel and
dome Blejwas, 1983]
SNL 1:8 1:8 Cylinder w/ 448 49 3% SAS16, Catastrophic rupture andj
(11/15- stiffening rings, (R=2134 Gr. 70 fragmentation initiation
17/84) penetrations =4.76) ’ at stiffener near E/H.
and ’ [Reese and Horschel,
hemispherical 1985; Koenig, 1986;
dome Clauss, 1985a]
NUPEC 1:10 | Improved BWR | 135-161 | 6.0 2.0% SPV490, | Tearing and leakage at
SCV geom.;| Mark II w/ (R=2027 SGV 480 | vertical seam weld and
(12/11/96) | 1:4 contact 23900 at E/H insert plate weld.
thick. | structure ’ [Luk et al, 1997;
t=7.5- Matsumoto, 1997; Luk
9.0) and Klamerus, 1996;
Porter et al, 1999]

*Design pressure not specified, maximum pressure (MPa) given.
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Table 2.2. Summary of Experiments for Reinforced Concrete Containment Models and Liner Tearing and

Leakage
Test Scale | Shape R/t Pressure{ Global Liner Remarks
Ratio | Strain at | Material
Failure
SNL 1:6 PWR: 13.5 32 1.7% SA414 Tearing and leakage at
RCCV cylindrical (R=3353 Gr. D, penetration insert plate.
concrete shell w/ (=248) SAS516 [Horschel, 1988;,
steel liner and Gr. 60 Horschel, 1992a;,
hemispherical Weatherby, 1990;, Clauss,
dome and 1987;, Clauss, 1989b]
penetrations
CTL Spec. | Full | prestressed - 2.6* 0.2% Steel Several tears at wall-skirt
2.5 concrete wall- Juncture [Hanson, 1987]
base juncture
CTL Spec. | Full | prestressed - 2.4* 22% Steel Large tear at penetration
2.4 concrete wall [Hanson, 1987; Dunham et
with penetration al, 1985]
CTL Spec. | Full | Reinforced wall |- 2.9* 2.7% Steel Severe liner necking next
32 with penetration to anchorage [Hanson,
1987; Dunham et al, 1985]
CTL Spec. | Full | prestressed - - - Steel Ductile extension of Pre-
22 concrete wall existing flaw [Hanson,
with initial liner 1987; Dunham et al, 1985]
flaw
CTL Spec. | Full | Reinforced - - 1.6% Steel Strain concentration
3.3 measured near penetration
(4.3% strain) [Hanson,
1987; Dunham et al, 19835]

*best estimate based on global strains since models were not pressure vessels
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Table 2.3. Summary of Experiments for Prestressed Concrete Containment Models
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Test Scale | Shape R/t Pressure | Global Liner Remarks
Ratio Strain at | Material
Failure
Pressure Vessel Tests
Fort St. Vrain | 1:4.5 | Cylinder 5 35,25 0.22% Steel [Institute of Civil
G.A. Model 1, Engineers, 1967]
USA
Wylfa Vessel, |1:12 | Sphere 5 See 0.1% Rubber 2.7 pressure ratio
UK. remark reached with no leakage
[Institute of Civil
Engineers, 1967]
Oldburry 1:8 Cylinder 3 0.4% Steel [Institute of Civil
Vessel, U.K. Engineers, 1967]
" 1:12 | Sphere 5 2-3 0.4% Rubber
" 1:8 Cylinder 3.5 2-3 - Steel Shear-type failure
artificially induced
[Institute of Civil
Engineers, 1967]
1000 MWe 1:4 Cylinder 2.4 2 0.06% Steel
HTGR G.A.
Model 2, USA
Containment Model Tests
Polish Model | 1:10 | (CANDU) 20 1.9 - Imm steel | Liner tearing and
liner leakage esp. around
penetration {Donten et
al, 1979]
Canadian 1:14 | Gentilly-2: 4- | 12.6 8.6 - none Vertical and hoop
Model buttress w/ (hydrostat | tendon rupture.
ring buttress ic) [MacGregor et al,
1979]
Sizewell-B 1:10 | Sizewell-B 8.6 2.4 - Rubber Basemat bending
bladder failure {Palfrey, 1990]
(hydrostat
ic)
NUPEC 1:4 Large, dry 16.5 0.39% -~ SGV 410 | [Hessheimer et al,
PCCV PWR: 2- 1997b]
buttress
cylinder w/
hemispherical
dome
EPR Model ? Cylinder, 6.7 0.65* - unlined [Danisch, 1997]
. inner and
(Civaux Test) containment partial
composite
liner
*Design pressure (MPa).




2.2 Lessons Learned from
Corroded Pipeline Research

The National Bureau of Standards conducted corrosion
tests on buried sections of pipe from 1910 to 1955
{(Romanoff, 1957). More than 36,500 specimens,
representing 333 varieties of ferrous, nonferrous, and
protective coating materials, were buried in the soil at
128 test locations throughout the United States. Of that
total, 300 specimens were made of carbon pipe steel
and were buried at 15 different test locations. Half of
the specimens were 14 inches long and 1 1/2 inches in
diameter, and the other half were 10 inches long and 2
inches in diameter. Two specimens of each
configuration and at each location were dug up and
examined about every two and one-half years. The last
specimens were removed fourteen years after burial.
Weight loss data and information on the maximum
penetration of pits, along with pictures of the
specimens after 14 years exposure, help to quantify the
damage to the pipe specimens. Some of the specimens
were pressure tested before cleaning, and even though
corrosion had completely penetrated the thickness of
the wall, the pipes held design pressure.  After
cleaning, leaks occurred at pit locations. Note that
pitting lead to leaks, and not to structural failure.
However, the pipes were only pressurized to design
pressures, and not to several times the design pressure.

Microbially Induced Corrosion (MIC) has caused
significant pitting in a number of stainless steel pipes
(Deardorff et al.,, 1989; Poole, 1989). The structural
strength of the remaining pipe has been examined in a
crude way to ensure that the pipes can withstand
normal operating loads. These studies did not attempt
to determine the margin between ultimate failure
pressures and operating pressures. Although many “pin
hole” leaks have developed from MIC, the pipes have
not structurally failed due to the presence of the pitting
damage. Leaks occurred through the pits, but the pits
did not cause a tear to initiate, propagate, and cause the
pipe to burst. As before, the pipes were only
pressurized to design pressures, and not to “severe
accident” pressures that are several times greater than
the design pressure.

The oil and gas pipeline infrastructure is aging, and a
great deal of research has been conducted to
understand how to evaluate the remaining strength of
corroded pipes. Two main areas of study have been
growth of pits, which may cause a leak but probably
not structural failure, and a loss of cross-sectional area,
which may cause the vessel to tear and fail. Although
pit growth and the resulting leak in the containment are
of concern, a much more significant concern occurs if a
larger section of the structure becomes thinner due to
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corrosion, which can lead to reduced pressure capacity
and catastrophic failures.

The current technique used to assess corroded pipelines
is commonly referred to as the B31G criterion
(ANSI/ASME, 1986; CAN CSA, 1986). This
technique, which is based on fracture mechanics
considerations of a longitudinal surface crack in a
pressurized cylinder, has been effective in
conservatively estimating the remaining strength of
corroded pipes. This criterion is often conservative by
a factor of two or more (Chouchaoui and Pick, 1994),
which has lead the gas and petroleum industry to
search for an alternate method that is less conservative.
Much of the recent research for the pipeline industry
has been devoted to showing that finite element
analyses can accurately predict the burst pressures of
corroded pipelines. Some of the conclusions from the
pipeline research are:

e The 87 experiments on corroded pipe sections
tested by Kiefner and Vieth (1989) exhibited
ductile failure modes, and did not fail in a brittle
manner.

s Corrosion defects in pipelines are typically blunt,
having a radius of the same order of magnitude as
the wall thickness (Stephens and Bubenik, 1993).
Corrosion defects that are blunt have a stress
concentration factor that is close to one. Failure
occurs at these blunt defect locations in a ductile
manner through uncontrolled plastic flow and
material instability similar to necking in a tensile
test specimen.

¢ The structural response of a corroded pipeline can
be accurately predicted by finite element analyses.
A detailed section of corrosion on a pipe was
measured by Valenta, et al. (1996). The corrosion
consisted of a very irregular shape and depth, with
the length of corrosion about 629 mm long, and
the depth varying between 1 and 6 mm. The
deepest corrosion areas had a degraded thickness
of about 50% of the original thickness. The
corroded section was instrumented with strain
gages, and then pressurized until it burst at 13.4
MPa. The theoretical burst pressure of a non-
damaged section was about 16 MPa. The authors
performed finite element analyses of the corroded
section of pipe and compared their strain
predictions with calculated strains. The finite
element analyses were performed for pressures up
to 10 Mpa, but were not continued unti} the pipe
burst; therefore, failure predictions are not
available. At 10 MPa, the strains in the thinned
areas were about 5%, and up to these levels there
was quite good agreement between the tests and



analyses. A fairly coarse mesh of twenty-node
brick solid elements was adequate to capture the
structural response of the corroded section.

o The burst pressure of a corroded pipeline can be
accurately predicted by finite element analyses,
using stress and/or strain based failure criteria.
Chouchaoui and Pick (1992, 1993, and 1994)
performed large displacement, elastic-plastic finite
element analyses of single and multiple corrosion
“pits”, where the pits were 25 to 50 mm in
diameter, and the corrosion depth is up to 80% of
the wall thickness. In the finite element analyses
of these defects, high stresses and strains localized
in the damaged area. In these areas, the maximum
engineering stress from uniaxial tensile strain-to-

failure tests was a reliable failure criteria, and the -

calculated burst pressures were in good agreement
with the experimental results.  The authors
concluded that in the corroded area under the
thinned area, a three by three grid of second order
continnum elements (twenty node bricks) was
adequate to predict the failure pressures with an
accuracy of +10% or better. Similarly, an effective
plastic strain criterion also gave reliable failure
predictions.

e Stephens and Bubenik (1993) conclude that
“corrosion defects fail after the membrane stress
exceeds yielding and the defect strains sufficiently
to allow uncontrolled plastic flow.” When this
point is reached in a static finite element analysis,
the code goes unstable because the structure is no
longer stable. They explain that “bending stresses
have limited influence on ultimate failure.” In
local areas where high bending stresses are
present, local plastic bending results in a
redistribution of stress until the loads are carried
predominantly as membrane forces.

e  Popelar (1993) shows that stress in the pipe wall is
almost the same for metal loss from the inside or
the outside of a pipe.

2.3 Material Properties and Aging
Issues

2.3.1 Types of Degradation.

Most corrosion engineers are seeking to control or
prevent corrosion, and understanding the underlying
cause of the corrosion is the first step in corrosion
design.  Therefore, corrosion and other types of
degradation are usually categorized according to the
mechanisms that cause the damage. For the low-
carbon low-strength steels that containment structures
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are built of, the categories of corrosion typically listed
in textbooks, handbooks, and other reports are:

e General (uniform) corrosion. This type of damage
results in a more or less uniform loss of metal over
a large surface area. The net effect is that the
metal cross section is reduced and the remaining
surface is rough and uneven.

e Pitting corrosion. This type of corrosion produces
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.

s Galvanic (two metal) corrosion. Corrosion occurs
where two dissimilar metals are in contact with
water or an electrolyte. The resulting damage is a
loss of metal over a local area that is near the
dissimilar metal connection. The metal cross
section is reduced near the comnection, and the
surface is rough and uneven, while material a short
distance from the joint is not corroded.

e Crevice corrosion. This occurs in crevices or
cracks where moisture can be trapped and become
stagnant. The damage consists of small holes in
the metal surface, and is a form of pitting

corrosion.
e Microbially influenced corrosion (MIC). Some
microorganisms feed on chemicals in the

protective coatings on the metal shell and thus
eventually expose the metal to harmful
environments, allowing either pitting or general
corrosion to occur. Other types of microorganisms
accelerate corrosion by generating corrosive waste
products. MIC is simply a “catalyst” that
accelerates pitting and/or general corrosion.

e Differential aeration. This type of corrosion
occurs on metal surface where two adjacent sites
are exposed to two different concentrations of
oxygen, such as at the water line in a BWR
suppression pool. The result is damage from
general and/or pitting corrosion.

o Aggressive chemical attack. Chemicals that come
into contact with the metal surface and cause a
marked increase in the local corrosion rates are
termed chemical attack.  This environmental
condition causes pitting and/or general corrosion
damage to occur.

Several categories of degradation do not affect the low-
carbon steels used in containments. Except for the
stainless steel bellows, the steels used in containment



structures are not adversely affected by the types of
degradation discussed below. The important thing to
note about the types of degradation discussed in the
following paragraphs is that the strength and/or
ductility of material can be degraded without visual
warnings. These types of damage are difficult to see
with the naked eye; they are difficult to detect, and
extremely difficult to quantify. Fortunately, these types
of degradation will not affect the low-carbon steel
containment structure, except for the bellows.
Degradation of the bellows has been addressed under a
separate research project (Lambert, 1995), and
research for the NRC is still underway. Bellows issues
are not considered here.

o [ntergranular and transgranular stress corrosion
cracking. Low-carbon steels that are used in steel
containment structures are not subject to
intergranular or transgranular corrosion because of
the chemical make-up of the metal. Typical
environments that cause stress corrosion cracking
include: a large number of c¢yclic loadings (fatigue
issues), a long-term loading that causes significant
stresses, or large residual stresses. However,
containments see a small number of loading
cycles, the resulting stresses are small, and the

low-carbon steel is resistant to transgranular and -

intergranular stress corrosion cracking. These
types of corrosion have not been found on the low-
carbon, low-strength steel containments; carbon
stecls that are not subjected to long term tensile or
cyclic loads and that have a yield strength less than
100 ksi are not very susceptible to stress corrosion
cracking. Stainless steels, used in the bellows, are
susceptible to intergranular and/or transgranular
stress corrosion cracking. Bellows have large
residual stresses and the stainless steel is
susceptible to this type of damage; this type of
damage has occurred in bellows of operational
containments. Welds connecting stainless steel
bellows or piping to the low-carbon steel of the
containment structure are also susceptible to
intergranular corrosion. Corrosion of stainless
steel bellows have been studied previously
(Lambert, 1995); corrosion of the bellows is not
being considered in this study.

e Hydrogen embrittlement. Low-carbon steel is not
sensitive to hydrogen embrittlement at the low
temperatures containments are maintained at
{Gangloff, 1986; Loginow and Phelps, 1975;
Moody et al, 1990). When steel corrodes,
hydrogen is a by-product. High strength steels
become less ductile when subjected to hydrogen,
but the relatively low strength carbon steels used
in containment structures do not degrade. Tests on
A516 pressure vessels (Loginow and Phelps,
1975) report that the vessels did not degrade with
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respect to material ductility or strength after they
were subjected to 10,000 psi internal pressure of

hydrogen during long term storage tests.
Therefore, this type of degradation is not a
concern.

e Radiation embrittlement. Radiation embrittlement
does not occur in low-carbon steel at the low
neutron fluences that the containment structure is
subjected to.

2.3.2 Damage Mechanisms for Low-
Carbon Steel.

For the low-carbon, low-strength steels used in
containment structures, the categories of corrosion
listed in the preceeding section can be condensed to
two major types of damage. The degradation is caused
by different methods of attack, but the resulting
damage can be categorized as “loss of section”
damage, “local pitting” damage, or a combination of
the two. These mechanisms (Fig. 2.1) are:

e Loss of section. General (uniform) corrosion,
galvanic action, 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.

e 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 most likely
result of this type of corrosion is a “leak” in the
containment boundary if a pit becomes large
enough to penetrate the wall. 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 strain
concentration regions at pit discontinuities.
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
uncorroded material retains virgin material properties.
As a structural member corrodes, the cross-sectional
area of the undamaged portion decreases, and therefore
the load-carrying capacity of the member is reduced.
Also, a reduction in ductility is caused by stress and
strain concentration regions at discontinuities such as
pits or rough surfaces.

)
f ’ 1 Depth of
3 deepest pit

Local Pitting

Corroded
‘ section

‘ Uncorroded
section

Loss of Section Degradation
- Figure 2.1. Corrosion damage modes.

2.3.3 Fracture toughness.

The low-carbon, low-strength materials used in
containment structures have a high fracture toughness.
These materials are not prone to crack initiation, crack
growth, and brittle fracture. However, it is necessary
to make sure that pits and the rough, uneven surfaces
caused by corrosion don’t serve as a “flaw” where a
fracture crack can propagate.

General corrosion causes the surface of the steel to
become rough and uneven. Corrosion damage that has
been observed in pressure vessels made out of the low-
cartbon low-strength steels used in containment
buildings has not resulted in sharp cracks. However,
pitting has resulted in very local damage.

It is difficult to define a traditional fracture mechanics
“flaw” (i.e., a sharp crack) that represents the rough
uneven surface that has been observed in corroded
areas of containment vessels. The pits that have been
observed do not contain sharp cracks. Never the less,
the fracture mechanics method, which assumes a sharp
crack, can be used to make a conservative estimate of
how large a flaw can be before it will cause a brittle
fracture.

Fracture mechanics methods treat crack initiation,
crack growth, and brittle fracture separately. There is a
considerable amount of scatter in the amount of time it
takes for a crack to initiate, which is the first phase.
The second phase, after a crack has initiated, is to
predict the stable crack growth rate. Finally, the third
and last phase is to predict the crack size at which the
crack becomes unstable, leading to brittle fracture.

In the following two sections, corrosion damage will be
treated as a sharp crack, which is a worst case
assumption. This will allow the crack growth rates to
be estimated, and the critical crack size to be
determined. ‘Bear in mind, however, that sharp cracks
have not been observed in the rough, uneven, and
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pitted corrosion surfaces of steels used in containment
buildings.
2.3.3.1  Crack growth rate.

The ASME Code (1992) weld acceptance criteria in
Section 1II, subsection NE-5300 allows flaws up to
0.635 cm (1/4 inch) in length for weld sections under
1.905 cm (3/4 inch) thick. In the simple analysis that
follows, it has been assumed that a crack exists in a
containment that is 0.635 cm deep and 1.27 cm long.
These could be cracks that were undetected when the
containment was constructed, or subsequent damage
such as corrosion pits that developed after the plant
was constructed. Assuming that the plate section is
between 1.27 and 1.91 cm thick, and applying the
fracture mechanics approach defined in Section XI,
Appendix A of the ASME code (ASME, 1992), one
can calculate how much the crack would grow under
cyclic loading.

Most of the loads on steel containment buildings do not
result in significant stresses, except in the discontinuity
and thickness transition areas, where dead loads,
sustained thermal strain effects, and residual stresses in
heat affected zones could be significant. In reinforced
concrete containments, the liner is meridionally
strained to a significant level due to dead load, creep
and shrinkage of concrete, thermal gradients, and
residual stresses due to welding. In prestressed
concrete containments, the liner is additionally strained
due to prestressed, and additional concrete creep.
These loads on the liner are principally compressive,
except around the anchorage points. The major
applied load which results in extensive, widespread
tensile stresses in the steel is the pressure leak tests that
are performed periodically throughout the life of the
containment.

In this example, 24 cycles of stress have been applied
to correspond to an assumed 24 pressure leak tests.
The following crack growth rate curve is given as Eq. 1
in subsection A-4300

da/dN = C, (AK))" (Eq. 1)

with the constants defined in Equation 4 of subsection
A-4300 of

n=1.95,

Co=1.01X10"8 (8=1 for K;;;,=0) (Eq.2)
Be aware that these constants are for K; in units of
ksiVin. Also, the variable a in Equation 3 should be in
units of inches, ¢, and G, should be in units of ksi, and
the K; calculated will be in units of ksiVin. The stress



intensity factor is given in Eq 1 of subsection A-3300
as

KI = Om Mm \/T[ \](a/Q) + Gp Mb \jTt \/(a/Q) (qu)
Upon examining the tables associated with this
equation, it becomes apparent that a surface flaw gives
a higher stress intensity factor than an embedded flaw.
It can also be seen that a membrane stress will have a
higher stress intensity than the same magnitude
bending stress. Therefore, the 0.625 cm deep by 1.27
cm long flaw will be assumed to be a surface flaw, and
it will be assumed that the section is being stressed to
its yield stress of about 345 MPa (50 ksi) in membrane

tension. Using these assumptions, Figures A-3300-1
and A-3300-3 in the ASME code produce:

Q=24
M,, = 1.1
Using equation 3 with o, = 345 MPa (50 ksi) gives

K = (50 ksi) * (1.1) * (¥ ) * (Va/2.4)
=63 Va (Eq. 4)
Putting these values into equation 1 gives

da/dN = 1.01 X 107 * (63 Va)'*
=0.0003258 * 27

Assuming that the vessel undergoes 24 pressure leak
tests, N = 24. Using limits of integration of aj, =
0.635 c¢m (0.25 inch), and solving for ag,, produces
Afnat = 0.6401 cm (0.2520 inch). Remember that the
variables in the above equation must be input in
English units. Therefore, for a crack 0.635 cm deep by
1.27 cm long which is cyclically loaded between zero
and yield stress 24 times, the predicted crack depth will
increase from 0.6350 c¢cm deep to 0.6401 cm deep.
2.3.3.2  Critical crack length.

The third phase of a fracture mechanics approach is to
determine if a specified flaw size will fracture or be
stable under a specified state of stress. Using Equation
4 with

a=0.635 cm (0.25 inch)
results in
K, = 35 MPaVm (32 ksiVin)
Tests performed on A516 steel that was 3.81 cm

(1.5 inch) thick measured fracture toughness, K.,
values of 99 MPavm (90 ksi\/in) for temperatures

below —65° C (-150° F), and 495 MPaVm (450 ksiVin)
for temperatures above 0° C (32° F) (Wellman and
Rolfe, 1984). Note that this material was not thick
enough to be in a plane strain condition. The
Structural Alloys Handbook (1994) shows A516 Grade
60 plane strain fracture toughness, K;., values of 27
MPavVm (25 ksivVin) at ~149° C (-300° F), 33 MPaVm
(30 ksivVin) at —107° C (-225° F) and 46 MPaVm
(42 ksivin) at —=52° C (-125° F). A516 Grade 70
critical stress intensity values range between 46 and 79
MPaVm (42 to 72 ksiVin) at -52° C (-125° F).
Loginow and Phelps (1975) tested AS516 steel
specimens that were 2.54 c¢cm (1 inch) thick. The
thickness requirements weren’t met to ensure that the
specimen responded in a plane strain condition, but the
thickness is fairly close to the thicknesses used in
containments. In their tests, they measured a K, of 84
MPavVm (76 ksivVin). Vanderglas and Mukherjee
(1981) report K, values of 30 to 36 MPaVm (27 to 33
ksiVin). Because of the crack sizes in the specimen
they expected their predicted K, values to be low.
This data all appears to be fairly consistent at the very
cold temperatures. The K. values for material that was
around 2.54 to 3.81 cm (1 to 1.5 inches) thick and not
in plane strain was consistently higher than the K.
values for thicker specimens that were in plane strain.

Steel shells in containment structures are generally
between 1.27 and 3.81 ¢m (0.5 and 1.5) inches thick,
which is too thin to be in a plane strain condition. Also,
containment structures operate at temperatures that are
well above 0° C (32° F). For material in this condition,
the K. value measured by Wellman and Rolfe is much
higher, as would be expected. The test data which most
closely matches the condition of a containment shell is
the Wellman and Rolfe testing, which found K. values
of about 495 MPaVm (450 ksiVin) for temperatures
above 0° C (32° F) and plates thinner than 3.81 c¢cm
(1.5 inches). The stress intensity for a crack that is
1.27 cm (0.5 inches) long is estimated to be 35 MPaVm
(32 ksiVin), and the capability to resist is around 495
MPaVm (450 ksiVin). For this size of a crack, brittle
fracture would not be expected.

2.3.3.3  Corrosion Pits and Fracture

It is unlikely that small pits will cause a pressure vessel
to catastrophically fail. As the pit grows through the
thickness, it will cause a leak to occur, but it won’t
Initiate a tear that leads to total structural failure. It is
conservative to evaluate the fracture potential of a pit
by assuming that it is a sharp crack. For example, a
1.27 cm diameter pit that is 0.635 cm deep could be
conservatively evaluated as a 1.27 cm long crack that is
0.635 cm deep. This was done in the previous section.
If the pit has grown through the thickness, then the
fracture potential can be estimated using appropriate



formulas. Assuming that a traditional sharp crack
length, 2a, is the diameter of the pit, and assuming the
section is at yield stress under membrane loading, the
following conservative estimation can be made.

For the case where the area of the pit is small compared
to the total cross-sectional area (i.e., Areay/Areag, <
0.1), the stress concentration factor can be calculated
as K; = o (na)”. The largest a that can be tolerated can
be estimated by selecting K; = Ky, and ¢ = Oy
Using a conservative value of X, = 35 MPaVm
(32 ksi Vin), and oy = 345 MPa (50 ksi), results in a
=0.33 cm (0.13 inches). Therefore, a 0.66 cm  (0.26
inch) diameter through-wall pit could be tolerated
without initiating a tear that leads to catastrophic
failure. (More information is given on K. factors in
the previous section.) This simple case is conservative.
2.3.34  Fracture Summary.

Pits, cracks, or other flaws that are smaller than the
postulated crack are stable, the crack growth rate is
acceptably small, and the damage will not cause the
section to fail in brittle fracture.

The parameters selected in the previous sections are
conservative because:

Fracture mechanics methods treat crack initiation,
crack growth, and brittle fracture separately, and
the simple analyses from the previous sections
assumed that the first phase, crack initiation, had
already occurred. In reality, a pit or the rough
uneven surface in a corrosion area provide a high
stress concentration region where crack initiation
is more favorable, but it still takes time for a crack
to initiate in those areas.

Corrosion damage, such as a pit or a rough uneven
surface in a corroded area generally have more
rounded edges and not sharp edges. The analyses
in the previous sections assumed the flaw was a
sharp crack. The stress intensity will be lower in
the vicinity of a pit or along a rough surface than
the calculated stress intensity at a crack tip.

The fracture toughness of the material is lowest
when the material is in a plane-strain condition,
which requires the plate thickness to be about 5 cm
(2 inches) or more. Since actual containments
have plate thicknesses that are smaller than 5 cm,
the plate section is in a mixed state between plane
stress and plane strain, and will be higher (by some
unknown amount) than the test data for material
that was in a plane strain condition. Also, the
operating temperature of containments will be
above 0° C (32° F), and at these warmer
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temperatures the critical stress intensity factors
increase significantly. Therefore, the critical stress
intensity of the material (K;.) will be much, much
higher than the 35 MPa(in)*® (32 ksi (in)*?®) that
would exist at the end of a 1.3 cm (0.5 inch) long
by 0.6 cm (0.25 inch) deep crack.

At design pressure, the stresses in the containment
wall will be about one-half of the yield stress. The
above examples assumed that the stress in the
containment wall was at yield stress. Lower
stresses in the containment wall will result in a
smaller stress intensity factor.

Therefore, fracture mechanics show that small pits and
the rough uneven surface in a corrosion area do not
cause brittle failure. The very tiny holes caused by
corrosion pits will have a negligible affect on the
strength capacity of a containment structure.

The corroded pipeline industry has performed a
number of tests on sections of pipes with holes that are
2.5t0 5.1 cm (1 to 2 inches) in diameter and up to 80%
corroded through-the-thickness. Chouchaoui and Pick
(1992) performed tests of single and multiple corrosion
“pits”, where the pit depth was up to 68% of the wall
thickness. The ultimate pressure capacity of the pipe
sections were reduced only a small amount. For
example, the largest degradation in pressure capacity
occurred for a 51 cm (2 inch) diameter pit that was
68% through the wall. In this case, the ultimate
capacity was reduced from 18.7 to 14.7 MPa. The
failure which occurred was to blow out the section that
was only 32% of the original thickness. A leak
developed, but the pipe section did not catastrophically
rupture. Several other tests were also run, with similar
results, except that the failure pressures were not
degraded as much as described above.

Fracture mechanics methods should be used to evaluate
the potential for a brittle failure if sharp cracks are
detected during future inspections. However, fairly
large “sharp” cracks will be required to initiate a brittle
failure.

2.3.4 Fatigue and Corrosion Fatigue.

Corrosion can significantly reduce the fatigue life of a
structure. The rough corroded surface, pits, or other
flaws cause stress concentrations that may cause crack
initiation.

However, the number of cyclic loads on containment
vessels is fairly small, and the associated stresses are
well below yield for design conditions. Temperature
transients during startup/shutdown, pipe reactions at
penetrations, and crane loads, result in small stresses
that are of little concern. Large stresses, 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.
These events could cause plastic deformation, but the
number of cycles would be small (i.e., one cycle for an
overpressure load, and less than 100 large strain cycles
for an earthquake). The ductile carbon steels used in
containment structures are not susceptible to low-cycle
fatigue, and the few events which could cause large
stresses occur a very limited number of times.

The fatigue curve in Appendix I (Figure 1-9.1) of
Section III of the ASME design code (ASME, 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
that has smooth surfaces; Shigley (1983) reports that
corrosion reduces the fatigue life by as much as 40%.

Bruneau et al (1997) performed monotonic and cyclic
tests on coupons that were cut from the web and
flanges of a decomissioned bridge girder that had
experienced up to 60% through-the-thickness
corrosion. The limited testing results led Bruneau to
conclude:

“Initial tests confirmed that the noncyclic ductility
of the few corroded structural steel specimens
considered here was not significantly affected by
the presence of rust, in spite of severe area loss,
when subjected to a monotonic tension loading
condition. However, cyclic flexural tests on
structural members revealed that, although stable
hysteretic behavior comparable with that of
unrusted specimens is possible, premature fracture
under alternating plasticity (i.e., low-cycle fatigue)
will typically develop. A considerable cumulative
hysteretic energy can be dissipated prior to the
development of fatal cracking, and it is sufficient
to provide adequate seismic resistance in most
applications.  However, the observed reduced
ductile behavior could be an issue in some
specialty applications, such as with some types of
passive energy dissipation devices in which steel
plates can be subjected to very high local flexural
ductility demands.”

If there were a significant number of higher-stress
loading cycles, the presence of corrosion would cause a
reduction in fatigue life. This would be especially true
if the loading cycles caused alternating plasticity.
However, under design loads, a containment should

2-12

remain essentially elastic so that it undergoes very few,
if any, plastic cycles. If earthquake loads were
significantly larger than the design values, the total
number of cycles, especially cycles which cause
alternating plasticity, would be small. In an accident
scenario that caused internal pressure loads that were
significantly larger than the design pressure, only a
monotonically increasing load would be applied.
According to the test data that is available, the small
number of high tensile stress loading cycles in
containment structures will not cause crack initiation,
and therefore fatigue failure or fatigue-related damage
is of little concern. In addition, if a small flaw did exist
(i.e., smaller than the allowable flaw sizes allowed in
the weld zones by the ASME code), the flaw would
grow a negligible amount. Corrosion fatigue could be
an 1important factor for other components that
experience a larger number of high-stress loading
cycles, however.

2.3.5 Welded Properties.

When subjected to severe loads, it is common for some
materials 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, the weld 1s 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, a significant crack
in the weld zone could cause brittle fracture, 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.

Welds have not become the “weak link” in containment
structures because:
in

e the low-strength, low-carbon steels used

containment vessels are very weldable,

¢ the material is very tough and resistant to flaws
propagating, and

¢ high quality welds are assured in containment
vessels through tightly controlled weld procedures
and 100% inspection of the welds for flaws.

The ASME Code (1992) weld acceptance criteria in
Section III, subsection NE-5300, allows flaws up to 0.6
cm (% inch) in length for weld sections under 1.9 cm
(¥= mch) thick. Flaws up to 1.9 ¢cm in length are
acceptable for weld sections over 5.7 cm (2% inches)
thick. At the time of construction, welds in
containment buildings are 100% inspected using
radiography for butt welds and ultrasonic, liquid



penetrant, and/or magnetic particle examination for
other welds. It was shown in sect 2.3.3 that a flaw that
is 0.6 cm (% inch) long will not grow significantly, and
will not lead to brittle failure.

2.3.5.1  Tests on welded specimens.

The Structural Alloys Handbook (1989) summarizes a

number of tests on welded specimens. Following are
excerpts from the Handbook:

“The crack-growth rate of AS516-70 steel was
determined by Ontario Hydro using thick compact-
tension specimens. The orientation of the
specimens was such that the plane of the fatigue
crack was parallel to the rolling direction, the
expected direction of weakest resistance. Tests
conducted in parent material, weld metal, and heat
affected zone showed the ASME Section XI
reference curves as a good representation of
fatigue-crack-growth properties (El Haddad et al,
1980).”

“The fracture characteristics of Delta specimens of
AS517-70 material were determined at Lafayette
College. These specimens were produced by
welding three segments into a triangular shaped
specimen which was then supported at three points
and loaded in the center. It was shown that the E-
7018 electrode produced satisfactory welds in the
one-inch thick material since all failures occurred
in the plate with none in the weld metal or in the
heat affected zone (McGeady, 1971).

“Wide-plate longitudinally-welded plates of one-
inch thick ASTM A212-B steel were tested at the
University of Illinois to determine the brittle
fracture characteristics of the material. Specimens
with a transverse notch thru the weld failed at less
than 10 ksi for temperatures of from -40 to 40F.
Unnotched specimens at -40F failed at from 10 to
22 ksi. Most cracks were arrested within a few
inches, however, some traversed the entire test
section. These latter specimens were seen to
correspond to the catastrophic failures observed in
some welded structures of A212-B steel. It was
also shown that for unwelded plate, a cycle of hot-
prestrain (400 to 600F) rendered material at the
root of the notch susceptible to cracking for loads
as low 87 percent of the yield strength for test
temperatures of from -80 to 80F (Kiefner and
Munse, 1967).

An earlier edition of the Structural Alloys Handbook
(1973) contained test data that was not included in the
later edition. Following are excerpts from the 1973
edition:
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“Fusion welded specimens of 1/2, 3/4, and 1 inch
thick ASTM A-201 Grade A steel plate were
tested at Convair. It was shown that weld
efficiencies of 100% were obtained for all
thicknesses of plate. It was also shown that all
weld joints, both free and guided bend, were
capable of being bent thru 180 degrees without
failure (Steir, 1959; Giutoli, 1960). «

Comments on the figures in the handbook show that all
specimens failed in the parent material, 1.3 to 2.5 cm
(1/2 to 1 inch) away from the weld joint.

Data is shown in the Structural Alloys Handbook
(1989) for tension tests of transversely butt-welded
plates, 1.3 cm (% inch) thick. A516-60 and A516-65
specimens welded using AWS E7018 electrodes were
tested, and in all cases failure occurred in the base
metal and the joint was 100% efficient (Melville,
1971).

During post-test evaluation of a 1:6 scale reinforced
concrete containment vessel at Sandia (Weatherby,
1990), questions arose about transition regions where
different thickness plates were welded together. To
answer these questions, four specimens were made of
A516 Grade 70 steel and tested to failure in uniaxial
tension (Fig. 2.2). Following is an excerpt from the
report (Spletzer et al., 1995).

“From this examination of the strain gage response
of the weld and thickness transition specimens, it
is apparent that the weld does not cause a strain
increase. Further demonstration of this fact comes
from the failure mode of the specimens. In total,
four specimens were tested to failure. Owing to a
machine malfunction, detailed data exist only for
the three that have been reported. Of the four that
were tested to failure, two of the specimens failed
through tearing of the liner in the central region
very far from the weld, and two specimens failed
through a tear near the weld and a tear running
across the width of the specimen. While this tear
started near the weld, it was influenced by the
strain concentration along the edge of the liner
plate.”

A 1:8 Scale Steel Containment Vessel, made of A516
steel, was tested at Sandia in 1984 for the NRC. It
underwent two pressure cycles before the final “severe
accident” test. The vessel was subjected to 1.15 times
its design pressure and the pressure was released. It
was then subjected to 1.0 times its design pressure, and
the pressure was released. Finally, it was subjected to
4.9 times its design pressure, which caused catastrophic
failure. A failure investigation was conducted after the
test, and the following summary is given in Appendix
B of the report (Koenig, 1986):



“Fractographic and metallurgical evidence from
this investigation indicate a failure sequence for
the model which occurred as a series of ductile
crack growth steps. Large displacements around
the equipment hatches caused high local strains in
the stiffeners, leading to ductile overload tear
cracking at weld joint locations. The initial
observed crack in the stiffener around EH1 was a
ductile fracture generating a crack which the
model structure was able to tolerate between 165
pst and 195 psi (4.1 to 4.9 times design pressure).
At the upper pressure the crack propagated
through the model wall, which for a short time
sustained this additional flaw size. As indicated by
increasing strain gauge readings and leaking for
the last one-half minute, some slow ductile crack
growth in the wall was likely. Final rapid failure
of the structure occurred at some unknown critical
flaw size, the high rate crack propagation was also
ductile.”

0.48 cm

2S5
cm

46 cm -4—0.16cm

Full-penetration
weld

0.48 cm

Not to Scale

Figure 2.2. Welded test specimens for 1:6 scale
concrete containment liner

As part of the failure Investigation, tests were
performed at Sandia on weld material and compared to
properties on the base plate material that were
measured by Chicago Bridge and Iron, who built the
vessel. This data, included in Appendix B (Koenig.
1986) is presented here as Tables 2.4 and 2.5. This
data shows how the strength and ultimate strain values
vary between base metal and weld material. [t also
shows the effect of strain hardening on base metal,
weld material, and material in the Heat Affected Zone
(HAZ).
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Table 2.4. Material properties of base metal and
weld material.

Base Material | Weld
Yield strength MPa 400 430-490
(kst) (58) (62-71)
Ultimate Strength MPa | 560 520-610
(ks1) (81) (76-88)
Uniform Strain 0.17 0.10-0.14
Fracture Strain 0.36 0.22-0.33

Table 2.5. Strain hardening of base metal. weld
material, and material in the HAZ.

Knoop hardness values
(300G load)

Fusion HAZ

Zone

Base

Virgin material 200
(material from “as
built” structure --
no strain

hardening)

Lo
|+

Strained material
(material cut from
structure after test
was completed --
considerable strain
hardening)

227+ 6 222 +6

DO o

Also as part of the failure investigation, four test
specimens were sectioned from an original equipment
hatch cutout with the weld running transverse to the
specimen tensile axis.  This information is also
included in Appendix B (Koenig, 1986}):

“Two samples were tested as-welded, and two
were tested with the weld bead ground flush to the
plate thickness. All were at room temperature at a
moderate strain rate. Each specimen broke in the
base metal well away from the weld heat affected
zone. . . . These tests show that the weld zone had
higher strength than the base metal and did not
exhibit regions of low ductility. In addition the



geometrical stress concentration at the weld bead
fillet did not affect the fracture location.”

Sandia recently completed testing a 1/10 scale Steel
Containment Vessel for NUPEC and the NRC. Tensile
tests were performed on welded specimens. Excerpts
from a memo summarizing these tests follow (Luk,
1997):

“Welded Plate No. 1 was composed of two 6 mm
SGV 480 steel plates welded together to represent
a section of the top head shell and Welded Plate
No. 2 was made of a 8.5 mm SGV 480 steel plate
welded to a 9.0 mm SPV 480 steel plate to
represent a section of the material change
interface. Two test specimens were
fabricated from each of the welded plates. . . . . .
In all four tests, tensile specimens were failed by
necking near the strain gage location and not at the
weld seam. For the two specimens from welded
plate number 2, necking occurred in the 8.5 mm
SGV 480 steel plate. As can be seen in the test
data plots . . . . the engineering stress - engineering
strain curves for these specimens from welded
plates are very similar to those from the parent
steel plate.”

The 1/10 scale SCV was tested pneumatically in Japan
by NUPEC to 1.25 times design pressure before they
shipped’ it to Sandia. At Sandia an initial
instrumentation check was done at 1.5 times design
pressure, and there were some indications that yielding
occurred during this test. One month later the SCV
was pressure tested to failure, which occurred at about
6 times the design pressure. The scaled model was
pressurized and depressurized two times before being
subjected to failure level pressures.

2.3.5.2  Welds in steel containments and liners.
Test data shows that for the low-carbon, low-strength
steels used in containment structures the weld is
stronger than the base material, although slightly less
ductile. Numerous tests on simple coupons indicate
that for a weld with no flaws or notches, the weld is not
the “weak link”. However, the data also shows that a
notch or significant flaw in the weld material can
severely weaken the joint so that premature failure
occurs in the weld region.

The ASME design intent is that a structure remain well
below yield stress at the design pressure. However, it
is possible that at design pressure small plastic strains
occur in very local regions. This could be caused by
stress concentrations, or by residual stresses in welds.
Structural discontinuities, such as plate thickness
changes and direction changes (i.e., where a stiffener
meets a cylindrical shell at an angle of 90°), almost

always occur at weld lines. Very often these geometric
changes cause a stress or strain that is larger than the
free field stress, and the weld zone is in the region that
18 experiencing stresses that are larger than free field
stresses. During a pressure test, the peak stresses are
less than the yield stress, except for very local stress
concentration regions. Residual stresses in the weld
zone, which could help to contribute to these local
stress concentrations, are self-limiting. Although high
residual weld stresses could result in very local
yielding during the first pressure test of a containment,
subsequent pressure tests would not cause additional
plastic yielding because of strain hardening which had
already occurred.

Both the 1:8 scale steel vessel tested for the Nuclear
Regulatory Commission in 1984 and the 1:10 scale
steel vessel tested for Nuclear Power Engineering Corp
of Japan and the U.S. Nuclear Regulatory Commission
in 1996 were subjected to two larger-than-design-
pressure cycles prior to the “severe accident” test that
caused failure. The repeated testing did not appear to
reduce the pressure carrying capacity of the vessels by
degrading the weld material. Both structures failed
considerably above their design pressures.

The work done by Ontario Hydro (El Haddad et al,
1980), indicates that the ASME Section XI reference
curves for fatigue-crack-growth properties apply to the
weld material and HAZ as well as the parent material.
Based on this information and the reference curves in
the ASME code, there is no reason to believe that
Appendix J pressure leak tests or initial Structural
Integrity Tests degrade the pressure capacity of a steel
containment by weakening the weld.

Based on test data available in the literature, there is no
reason to believe that pressurizing a containment vessel
up to design pressure a few dozen times in its lifetime
will degrade the pressure capacity by reducing the
strength of the welds. This conclusion is based on:

e test data showing that the ASME fatigue-crack-
growth curves are valid for base metal, weld
material, and the HAZ,

e test data showing that in the absence of a
significant flaw in a weld, failure occurs in the
base metal and not in the weld,

» good weld procedures and inspection criteria that
ensure that any initial flaws are small, and

e linear-elastic fracture mechanics (Section 2.3.3)
that show the crack grows only 0.05 mm (0.0020
inches) under 24 cycles of loading and that there is
a big margin between the applied stress intensity
factor at the crack tip and the fracture toughness of



the material. Note, however, that fracture
mechanics experts state that applying fracture
mechanics  techniques to weld areas is
questionable, and indicate that further work is
needed in this area (Barsom and Rolfe, 1987).

2.4 Corroded Coupon Tests

2.4.1 Uniform Corrosion.

In order to experimentally measure the structural
degradation caused by corrosion, several 1.588 mm
(1/16 inch) thick A516 Grade 70 steel plate samples
were corroded and tested to failure in uniaxial tension.
Three plate specimens were corroded by placing them
in a ~93° C (~200° F) magnesium chloride solution;
one plate was retained as a control sample and was not
corroded. The three plates that were corroded were
placed in a vertical position with about 63 mm (2.5
inches) of each plate submerged in the hot solution.
Since the glass jar containing the plates and solution
was covered and insulated, the 165 mm (6.5 inch)
section of the plates that was above the waterline saw
temperatures of ~93° C (~200° F) and humidity levels
near 100%. One specimen was corroded for a period
of one week, another for three weeks, and the last for
six weeks. The corrosion products were removed from
the plates by scraping, wire brushing, and using "Naval
Jelly" rust remover, so that only the uncorroded steel
remained.

After one week, the first specimen was removed from
the solution. Damage to the specimen consisted of
general corrosion and pitting, and these were a result of
differential  aeration, temperature, a  corrosive
environment, and so forth. Most of the corrosion
occurred in the middle third of the plate, and the weight
of the plate decreased by about 6 grams from its initial
weight of 391.5 grams. Since most of the damage was
in the middle third of the plate (portion just above the
waterline), this plate experienced about 5% reduction
in weight in the middle third, with mimimal reduction to
the rest of the specimen. Pits and pock marks that were
in the corroded area were visibly deeper than the area
that surrounds them. Although the average thickness
decreased by about 5%, local areas experienced more
degradation.

Damage to the second specimen was somewhat
different. The portion of the plate that was submerged
experienced less damage than the 2/3 of the plate that
was above the waterline. The portion above the
waterline experienced both general corrosion and
pitting, as a result of differential aeration, temperature,
corrosive environment, etc. Damage to the middle
third of the plate was predominately general corrosion
and was somewhat uniform. Damage to the top third of
the plate was significant and had significant pitting.
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Pits and pock marks that were in this area were
considerably deeper than the areas that surrounded
them. The weight of this plate decreased by 29 grams,
from an initial weight of 380 grams. Since most of the
damage occurred in the top 2/3 of the plate, the average
weight loss in the damaged areas was about 10%.

The last plate that was removed from the solution
looked much as the second plate, except more metal
had corroded. The weight of this plate decreased by 56
grams from an initial weight of 383 grams. Once
again, since most of the damage occurred in the top 2/3
of the plate, the average weight loss in the heavily
damaged areas was about 20%.

After removing the corrosion products, the uncorroded
control plate and each of the corroded plates were then
cut into five dog bone shaped coupons, as shown in
Figure 2.3. Therefore, five coupons had about 5%
degradation, five coupons had about 10% corrosion,
five coupons had about 20% corrosion, and five
coupons were uncorroded. The coupons were all
oriented in the same rolling direction in case material
properties of the plate varied in the longitudinal and
transverse directions. In the reduced section of the
corroded coupons, thickness measurements were made
on a 3 by 17 grid, as shown in Figure 2.4. Therefore,
the thickness was measured at a total of 51 places for
each of the corroded specimens. The grid shown was
marked on the coupons, and photographs were taken of
the corroded sections. Initially, the coupons were 1.77
+ 0.003 mm thick. After corrosion, the coupons with
about 5% corrosion were between 1.60 and 1.75 mm
thick. The coupons with about 10% corrosion had
thickness ranging from 1.50 to 1.70 mm and those with
about 20% corrosion were between 1.22 and 1.60 mm
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.

20.3¢cm |
572em — F——699cm 572 cm‘{
rem 1| n
: f127cm +/-0.025 q
——

Radius =1.27 cm

Figure 2.3. ASTM dogbone shaped coupons used in
tensile tests.

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-2-inch-gage-length.
Engineering stress was calculated by dividing the
measured force by the average cross-sectional area of
the coupon at the beginning of the test.
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Figure 2.4. Thickness measurement points.

The uncorroded coupon specimens reached about 24%
elongation before significant necking began, and about
28% total elongation before failure occurred. In
Figures 2.6, 2.8, 2.10, and 2.11 stress was calculated
by dividing the applied force by the original
(unstrained) cross-sectional area. The thicknesses of
the coupons for the uncorroded specimens are shown in
Table 2.6. Three coupons were from taken from one
plate, while the other 2 coupons were from a different
plate section. The percent elongation is equivalent to
engineering strain up to the point where necking began.
After necking began and as the specimen continued to
be stretched, additional plastic strain localized around
the necking region. At this point, the strains in the
necking region would be considerably higher than
those shown in the figures.

Table 2.6. Coupon Thicknesses of Uncorroded

Specimens.
Min. Max. Ave. Stand.
Thick. | Thick. | Thick. Dev.
(mm) | (mm) | (mm) (mm)
Coupons
4B, 4C 4D 1.76 1.78 1.770 0.003
Coupons
5A,5B 1.74 1.76 1.750 0.003

Photographs of a typical section of the specimens that
corroded approximately 5% through the thickness are
shown in Figure 2.5. These reached the same stress
levels as the uncorroded specimens, but necking of the
specimen began at about 13% strains, and total strains
at failure were around 16%, as shown in Figure 2.6.
Stress was calculated as applied force divided by the
average cross-sectional area, with the average of 51
thickness measurements being used on each coupon to
calculate the average area. Three out of the five
coupons with this amount of corrosion experienced
necking that was outside the 2 inch extensometer. The
stress-strain curves of the corroded coupons shown in
Figure 2.6 are all comparable up to the point of
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necking. The 3 specimens that necked outside the 2
inch extensometer region show an abrupt drop in load
with no further elongation of the specimen. This is
because the additional elongation that was occurring in
the necking region was outside the extensometer region
and was not measured. However, if necking had
occurred inside the 2 inch extensometer length, then
the stress strain curves would have rolled over
gradually, as occurred in the uncorroded coupons and
in two of the corroded coupons. The measured
thicknesses of the corroded coupons are given in Table
2.7. Before the specimens were corroded, they had the
same thicknesses as shown for coupons 4B, 4C, and 4D
in Table 2.6.

Photographs of a typical section of the specimens that
corroded approximately 10% through the thickness are
shown in Figure 2.7. These specimens reached the
same stress levels as the uncorroded specimens, but
necking of the specimen began at about 12% strains, as
shown in Figure 2.8. Stress was calculated as applied
force divided by the average cross-sectional area, with
the average of 51 thickness measurements being used
on each coupon to calculate the average area. Four out
of the five coupons with this amount of corrosion
experienced necking that was outside the 2 inch
extensometer. Although all five coupons were tested,
the test data was lost on 3 of the specimens. Therefore,
only two curves are available for these samples. The
specimens that necked outside the 2 inch extensometer
region show an abrupt drop in load with no further
elongation of the specimen. This is because the
additional elongation that was occurring in the necking
region was outside the extensometer region and was
not measured. However, if necking had occurred

Figure 2.5. Photographs of Coupons 2A and 2E
With 5% Corrosion.
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Figure 2.6. AS16 Gr. 70 steel stress-strain curve -
5% corrosion.

inside the 2 inch extensometer length, then the stress-
strain curves would have rolled over gradually, as
occurred in the uncorroded coupons. The measured
thicknesses of the corroded coupons are given in Table
2.8. Before the specimens were corroded, they had the
same thicknesses as shown for coupons 4B, 4C, and 4D
in Table 2.6,

Table 2.7. Coupon Thicknesses (t) of Specimens
Corroded Approximately 5%.

Mint | Maxt | Avet | Standard

(mm) | (mm) (mm) | deviation
(mm)
Coupon 24| 1.63 1.74 1.70 0.023
Coupon 2B| 1.61 1.76 1.71 0.036
Coupon 2C| 1.64 1.76 1.71 0.028
Coupon 2D| 1.69 1.76 1.72 0.015
Coupon 2E| 1.61 1.75 1.70 0.036
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Figure 2.7. Photographs of Coupons 1C and 1D
With 10% Corrosion.
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Figure 2.8. A516 Gr. 70 steel stress-strain curve -
10% corrosion.

Table 2.8. Coupon Thicknesses (t) of Specimens
Corroded Approximately 10%.

Mint | Maxt | Avet | Standard

(mm) | (mm) (mm) | deviation
(mm)
Coupon 1A] 1.50 1.70 l.ol 0.028
Coupon 1E| 1.51 1.69 1.63 0.028




Photographs of a typical section of the specimens that
corroded approximately 20% through the thickness are
shown in Figure 2.9. Stresses were calculated by
dividing applied force by the average cross-sectional
area, with the average of 51 thickness measurements
being used on each coupon to calculate the average
area. These specimens reached stress levels that were
about 4% less than the stress levels reached by the
uncorroded specimens, as shown in Figure 2.10. 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 three thickness measurements nearest the failure
location 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 2 inch extensometer length. The measured
thicknesses of the corroded coupons are given in Table
2.9. Before the specimens were corroded, they had the
same thicknesses as shown for coupons 4B, 4C, and 4D
in Table 2.6.

Figure 2.9. Photegraphs of Coupons 3A and 3C
With 20% Corrosion.
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Figure 2.10. A516 Gr. 70 steel stress-strain curve -
20% corrosion.

Corroded coupons had a reduction in strength that was
essentially proportional to the reduction in net cross
sectional thickness. In elastic regions and at low
plastic strains, the stress versus strain curve was the
same for both the corroded and uncorroded coupons.
In the plastic region, the stress versus strain curves for
corroded and uncorroded material was about the same,
except that the percent elongation in a two inch gage
length decreased for the corroded coupons. When the
plastic strains in the stress concentration region become
large enough to initiate failure, the "net" or"effective”
or "average" strain through the coupon cross section
was about half of the strain-to-failure levels of
uncorroded coupons.

Table 2.9. Coupon Thicknesses (t) of Specimens
Corroded Approximately 20%.

Mint | Maxt | Avet | Standard

(mm) | (mm) (mm) | deviation
(mm)
Coupon 3A; 1.37 1.55 1.46 0.043
Coupon 3B| 1.34 1.57 1.46 0.043
Coupon 3(] 1.37 1.60 1.47 0.048
Coupon 3D} 1.33 1.60 1.45 0.046

Up to about 12% strains, the stress versus strain curve
was about the same for both the corroded and
uncorroded coupons. However, plate sections that 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 very local plastic strains.
There is a large uncertainty associated with applying
the results to containment structures. Corrosion is a
random process and is heavily dependent on
environmental conditions such as temperature,
humidity. presence of chemicals such as chloride or
boron, and so forth; it is possible to get an infinite
combination of rough, pitted, uneven surfaces in a
containment shell.  Also, scaling effects could be
important since the coupons tested were quite thin
compared to the thicker sections that exist in
containment structures. While the limited number of
corroded coupons tested gave an indication of the
change in ductility, there were not enough samples to
get a good statistical picture of the potential extremes.
The stress and elongation in a two inch gage length for
the uncorroded coupons was quite uniform and
repeatable from test to test. As expected, the stress and
elongation in a two inch gage length for the corroded
specimens exhibit a bigger range of answers. In other
words, the uncertainty in when corroded material fails
is significant.

Uncertainty in the failure strains of corroded AS16
steel will lead to a similar uncertainty in finite element
predictions of the ultimate capacity of corroded
containment structures. However, variability can and
will occur in containment structures because of reasons
just discussed. There 1s a large combination of
corrosion possibilities in existing containments. For
example, the containments that have experienced
corrosion have done so for very different reasons (sand
pocket at Oyster Creek, torus at Nine Mile Point Unit
1, corrosion due to borated water at McGuire, etc.). If
the corrosion products were removed from the steel,
the remaining surface would be different for each of
these installations. Therefore, the ductility degradation
would also be different. The coupons that were tested
may not represent as wide of a range of variability as
exists in the real world examples just cited.

In section 4, the criteria that will be used to predict
failure in containment structures will be discussed.
The large uncertainty associated with the failure
criteria 1s due in large part to the uncertainties
assoctated with the variabilities just discussed.
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2.4.2 “Pitted” Coupon Tests.

Eight uncorroded dog bone shaped coupons (Figure
2.3) had small through-the-thickness holes drilled in
them to represent pits. Each coupon had one hole in
the middle. Near the hole, the strain concentration
regions were in a multi-axial stress state. These
coupons were tested to failure in uniaxial tension in
accordance with ASTM requirements. The size of the
heles 1s shown in Table 2.10 and stresses in the
coupons are shown in Table 2.11. The results from
these tests are shown in Figure 2.11.

Table 2.10. Through-the-thickness “Pitted”
Coupons.

Number of Diameter of | Reduction in
coupons hole in Cross-sectional

coupon (mm) | area
2 no hole 0.0%
2 0.15 1.2%
2 (.33 2.6%
2 0.48 3.8%
2 0.99 7.8%

As can be seen in Table 2.11, a 1.2% decrease in cross-
sectional area does not affect the ultimate ductility or
load capacity. (The slight increase in strength for
specimens with a 0.15 mm hole is likely caused by
scatter in the testing process, and would probably
disappear if enough specimens were tested to be
statistically significant.) When the “pitting” becomes
significant enough to reduce the cross-sectional area by
several percent, then the load capacity of the section
does begin to decrease, but by an amount that is less
than the percent reduction in cross-sectional area. For
the case with a hole large enough to reduce the cross-
sectional area by 7.8%, the reduction in strength of the
section was only decreased by 4.1%. The multi-axial
stress state around the hole causes the yield strength to
increase slightly, and this increased yield strength tends
to offset a portion of the reduction in area. This is
consistent with the von Mises yield criteria, which
stipulates that the yield stress of material under biaxial
stress is about 15% larger than the yield stress of
material under uniaxial stress.



Table 2.11. Stresses in “Pitted” Coupons.

Diameter of| Peak Eng. Stress | Peak Eng. Stress
hole based on Gross based on Net Cross-
(Reduction | Cross-Sectional Sectional Area
in Area) Area (Reduction | (Increase in Stress)
in Stress)
0.000 cm 513 +2 MPa 513 +2 MPa
(0.0%) (0.0%) (0.0%)
0.015 515+3 S21+3
(1.2%) (-0.4%) (1.6%)
0.033 506 + 1 520 +1
(2.6%) (1.4%) (1.4%)
0.048 505+2 S25+2
(3.8%) (1.6%) (2.3%)
0.099 492 +2 534+2
(7.8%) (4.1%) (4.1%)

The important point to note is that if pits are small in
diameter (relative to material thickness), and the net
reduction in cross-sectional area is less than a few
percent, the strength and ductility of the section is not
significantly reduced. The material reaches high
strains and stresses in very local regions around the
hole, but because of the multi-axial stress state, the
yield stress in the stress concentration region actually
increases slightly. Any net reduction in strength or
ductility is insignificant. -

If the pits become larger so that the reduction in cross-
sectional area is more than several percent, then the
strength and ductility of the “net” cross section is

2-21

reduced. Pits that have been observed on containment
structures have typically been small in diameter, and
the net reduction in cross-sectional area has been much
less than 1%. Therefore, these pits have no significant
impact on the failure of containment vessels unless the
pit completely penetrates the thickness and a leak
results.

Necking of the specimens without holes began at about
24% strain. The coupons with a 0.15 mm diameter
hole experienced very little decrease in elongation.
However, as the hole size increased from 0.15 mm to
0.99 mm, the elongation decreased significantly.
These specimens had the same thicknesses as shown
for coupons SA, and 5B in Table 2.6.
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Figure 2.11. Stress vs. Elongation for Coupons with
“Pits”.



3 OBSERVED CORROSION DAMAGE

Corrosion degradation has been found in about one-
third of the containment structures in operational
nuclear power plants. The inside surface of the torus at
Nine Mile Point has experienced general corrosion and
pitting (MPR Associates, Inc., 1989; Jordan, 1988;
USNRC, 1988). The Fitzpatrick plant experienced
local corrosion caused by degradation of the coating on
the inside wall of the torus (Jordan, 1988; USNRC,
1988). The Oyster Creek drywell had significant
corrosion in local areas in the sand pocket region (Shah
and McDonald, 1989). Significant coating damage and
base metal corrosion on the outer surface at the base
near the containment floor were observed at McGuire
Unit 2 (USNRC Information Notice 89-79, 1989;
McGuire Nuclear Station, Licensee Events Report
369/89-20; Catawba Nuclear Station, Docket No. 50-
413, 1990). McGuire Unit 1 and two Catawba units
experienced similar damage. Table 1 gives brief
descriptions of damage, compiled by NRC personnel
(Norris, 1994), that has been observed in operating
plant steel containments.

Several NUREG publications (Shah et al, 1994; Shah
and MacDonald, 1989; Johnson et al, 1990) give a
thorough listing of BWR and PWR plants and typical
design parameters, the materials used in the
containment 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 already occurred in
containments of operational nuclear power plants. The
information in these reports was used in selecting the
location of corrosion in sections 5, 6, 7, and 8.

Although a number of containments have experienced
corrosion, few analyses have been done to determine
the ultimate capacity of corroded containments that are
subjected to accidents that are beyond the design basis
(Vora, 1993). Limited analyses have been done for
corroded containments subjected to design basis
accidents, such as in the case of Oyster Creek
degradation (Miller, 1991) and the pitting that occurred
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at Nine Mile Point. Both of these cases focused on the
effects of corrosion on the design margins relative to
the ASME code allowable values. In these studies,
corrosion was characterized as a loss of metal thickness
for structural considerations and there was no
discussion of the effects of corrosion on ultimate
behavior or failure modes.

For uncorroded containments, significant efforts have
gone into performing scaled model tests and computer
analyses to predict the ultimate capacity; no such tests
or detailed three-dimensional and non-linear finite
element analyses have been performed for corroded
containments. For containments that have corroded,
limited analyses using axisymmetric and linear-elastic
models have been performed. In a few cases,
axisymmetric and elastic-plastic analyses were done on
corroded containments (Lehner et al., 1995; Tan and
Bagchi, 1996). One obvious limitation of an
axisymmetric analysis is that the corrosion damage
must also be axisymmetric. Depending on the actual
corroded geometry, an axisymmetric representation
could be either conservative or non-conservative. The
point is that analyses of corroded containments have
not been performed with nearly the same level of detail
that has been done for uncorroded containments.
Corrosion damage to containments will generally not
be axisymimetric, and large plastic strains will occur
when the containment is subjected to beyond design
basis accidents.

Similarly, work has been done in the shipping industry
(Eric Green Associates, 1992) [54 -- bibliography
listing hundreds of articles and abstracts], for off-shore
structures, waste storage facilities, and for buildings
and bridges (Kayser and Nowak, 1989). For these
cases, significant efforts have been made to select
corrosion resistant materials, estimate corrosion rates,
allow excess material to account for the degradation,
and take necessary steps to eliminate or reduce the
effects of corrosion. However, efforts to calculate the
degraded strength have been minimal and have
consisted of thinning the cross section proportional to
the amount of corrosion.



Table 1. Occurrences of Structural Degradation at Nuclear Power Plants

Plant

Monticello

Oyster Creek

Nine Mile
Pomt |
Fitzpatrick
Milistone 1
Pilgrim

Cooper

Dresden 2

-

Hatch 2

Dresden 3

McGuire 1 & 2

McGuire 2

Fort Calhoun
Trojan

Ginna

Farley 1
Farley 2

Crystal River 3

Salem 2

Beaver Valley 1

| BWR-Mark 1

Type

steel drywell
& wetwell

| BWR - Mark |

© steel drywell
& wetwell

. BWR -
steel drywell

& wetwell

" BWR - Mark I

" BWR -Mark1

. steel drywell
- & wetwell

© steel drywell
& wetwell

P BWR - Mark i

steel drywell

| & wetwell

Quad Cities 1 & 2

Catawba 1 & 2

" BWR - Mark1

. steel drywell

1 & wetwell

Mark [

| Degradation Damage

Polysulfide seal at the floor to shell interface had become
brittle allowing moisture to reach the steel shell

Defective gasket at the refueling pool allowed water to
- eventually reach the sand cushion region which corroded the
i drywell shell
. Corrosion of the torus

Degradatron ofthe torus coatmg w1th assoc1ated plttmg

Degradation of the torus coating

: Spot plttmg corrosion on the inside ofthe torus

Peeling and discolored interior shell coatings; degraded
electrical cables and valve operator components due to
| excessive operating temperature

" BWR - Mark 1

| steeleylinder

| steel cylinder

, steel drywell

| & wetwell

BWR - Mark 1
. steel drywell

 &owetwell

PWR - Ice
i Condenser;

" PWR -Ice
! Condenser;

PWR Post-

Three Mile Island 1 l tensioned

| concrete

| Brittle fractures of 54-inch and 66-inch vent headers Nltrogen
inerting system line may have exposed material to below nil
ductility temperature o

i Two-ply containment penetratlon bellows leaked due to
transgranular stress corrosion cracking (TGSCC)

Corrosmn on n the out51de ofthe steel cylmder in the annular
region

l Bare metal found in lower contamment at various locatlons
i general vessel corrosion and some pitting in lower annulus

Grease leakage from tendon sheathmgs atjomts between
conduit lengths, at tendon anchors, or through cracks in
contarnment walls, as well as leachmg

Turkey Point 3 |

‘ PWR pOSt—
i tensioned
i concrete
. PWR Post-
tensioned

i
|

| concrete

PWR Post-
tensioned

i PWR Post—
¢ tensioned
_gconcrete

PWR -

| ¢

_concrete

e

|

Excesswe tendon relaxanon

Anchor head corrosion, , free water n grease caps

i Dome delammatlon due to low quahty coarse aggregate

Mmor corrosion on the liner

| Rusted areas and peelmg pamt on the liner

! Subatmospheri |
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4 FINITE ELEMENT MODELING

4.1 Modeling Considerations

Four steel and concrete containment buildings have
been modeled and analyzed, assuming large internal
pressure “severe” accident loading conditions. Finite
element models were generated, and failure pressures
were predicted for two typical steel vessels: a PWR Ice
Condenser and a BWR Mark I containment. Two
typical concrete vessels were also analyzed: a
reinforced concrete sub-atmospheric containment, and
a prestressed concrete containment. These
containments were selected because of previous studies
that have been performed for them (Miller, 1990;
Mokhtarian, 1987; NUREG 1150; Sharma et al, 1985,
Butler and Fugelso, 1982, IDCOR, 1983, Pananos et
al, 1984). First, the capacity of the vessels with no age
related degradation was calculated, and then the
analyses were repeated with varying levels of corrosion
in locations where corrosion has been observed, or in
inaccessible regions that have a high potential for
corrosion.

The primary objective of these analyses has been to
show the relationship between the pressure capacity of
a “new” containment, and the reduction in capacity that
could result from corrosion. Internal pressure and
thermal expansion are the primary loads that have been
included in the finite element analyses, and they give a
good indication of how the capacity is degraded with
corrosion. However, for large areas of corrosion and
significantly reduced cross-sectional thickness, it is
possible to affect the stability of the structure (i.e.,
cause buckling) under seismic, dead, external pressure,
and/or thermal loadings. These other loading cases
have not been investigated.

The failure predictions for these typical containments
should not be extrapolated to operational containments
because of differences in important details. For
example, the designs and geometry varies within each
major class of containment. Also, the location and
amount of corrosion that is observed in an operational
plant is probably different than has been assumed in
this study. Last of all, many load combinations must
be evaluated to ensure that an operational containment
meets its design requirements, while internal pressure
was the primary loading investigated in this report. If
significant corrosion is found in an operational
containment, then each containment must be carefully
evaluated on a case-by-case basis.

However, general trends can be identified, and these
trends will apply to many types of containments. The
method used to represent corroded material in the finite
element analyses can be used for any containment.
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Containment buildings include many potential leak
paths, and only structural failures or leaks in the
containment structure itself have been included in the
analyses.  Individual penetrations have not been
included in the finite element models, with the
exception of very large penetrations, such as vent lines
and the upper head in BWR Mark I containments, or
equipment hatches in the concrete containments. In
addition, it has been assumed that weld material and
material in the heat affected zone (HAZ) have identical
properties to the base metal.

Although all potential failure modes have not been
analyzed in this report, they have been considered
when developing the models. For example, previous
studies of steel PWR Ice Condenser containments have
considered the possibility of anchorage failure at the
basemat, seal leaks, and other failure mechanisms.
Results from those reports indicate that the most likely
failure mode is tearing of the shell wall. Therefore,
that is the primary “failure” mode considered.

A previous study of a typical BWR Mark I concluded
that one very likely leak mode is the seal at the upper
head. In addition, operational plans call for venting
when the pressure reaches a level that is considerably
larger than the design pressure. In the unlikely event of
a severe accident, the first expected pressure release
would be venting through the hardened vent valve,
followed by a seal leak in the upper head, and finally a
tear in the ‘containment vessel itself. Although not all
of the potential leak paths have been evaluated in this
report, those that have been identified in previous
studies have been considered and the results from
previous studies incorporated. A few of the potential
leak paths that have been considered at great length in
previous studies are discussed below.

Past analyses and tests on bellows (Greimann et al,
1991; Miller, 1990; Lambert and Parks, 1995) have
shown that the bellows reach full compression at about
the same pressure loading that failure is predicted to
occur. Most of the “like-new” bellows that were tested
did not fail even after being 100% compressed;
however a few of the tests resulted in leaks in the
bellows at slightly less than 100% of full compression.
Therefore, it is expected that an uncorroded bellows
will not develop leaks until the pressure loading gets
large enough to cause the containment shell to fail due
to large strains. Unfortunately, not enough corroded
bellows have been tested to draw conclusions about
what displacement level a corroded bellows will leak
at. In any event, corrosion of bellows was not
investigated as part of this research, and therefore is
not accounted for in the finite element analyses.



Test results from electrical penetration assemblies,
various seals. and a personnel airlock (Julien and
Peters, 1989:; Clauss. 1989a; Brinson and Graves,
1988: Parks, 1989) show that these components can
withstand severe accident loads, and that failure is not
likely at these penetrations. Based on previous tests of
individual components, and the many scaled model
tests discussed in section 2.1, it has been assumed that
these penetrations and seals do not fail before a
structural failure initiates.  These details are not
included in the finite element model,

Analyses of “typical” containments have not explicitly
modeled the weld because it is assumed that weld
material behaves the same as the parent material.
Often, the highest stresses occur in areas where the
plates of two thicknesses join. Generally, typical
details taper the edges of the thicker plate, on a 4:12
slope, so that the transition from thick plate to thin
plate is gradual. However, none of the governing
subsections of Section III of the ASME Code require
tapering at the transition. If a plate thickness change is
abrupt, without a thickness transition region, then this
could cause a stress concentration to occur in the weld
zone, which may need to be considered in an analysis.
As shown during the Separate Effects Tests described
in the first section, a gradual transition did not cause a
significant stress or strain concentration in the weld or
transition region. Large stresses often result because of
the specific geometry and discontinuities of the
structure, but are not usually a result of welding.
However, the peak stresses which occur in these
transition regions are usually in the weld region joining
the thick and thin plates.

Neither the weld nor effects of residual stresses in
welds have been modeled. Under past programs,
Sandia has coupled thermal and stress finite element
codes so that the weld process can be calculated. This
requires the capability to handle:

e phase changes of metal, since steel is liquid in the
“fusion” melt zone and becomes solid as it cools,

e thermal heating and cooling with very high
gradients in the weld region, mcluding the phase
change as the metal solidifies, and

e the buildup of residual stresses, including material
creep and relaxation at high temperatures.

The material properties such as yield stress, ultimate
stress, and elongation, vary throughout the fusion and
HAZ. These past state-of-the-art calculations have
been very intensive for simple “laboratory specimen”
sized models. Because of the number of welds in a
containment structure, and the amount of detail to
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model even a small and simple weld, this level of detail
in the analysis of a containment is not practical.

In a 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. Usually, this amount of detail about
the condition of an existing structure is not available,
and if 1t was, the amount of time to generate a finite
element model that contained these details would be
prohibitive. A model which contained this amount of
detail would be far to large to solve using computers
commonly available to industry. Because the exact
location and number of pits or other “micro”
discontinuities is not known, the effect of these is
smeared across the entire element. For a number of
reasons, it is not practical to model “pits” or other
small discontinuities. Finite element analyses of a
large containment structure will not be detailed enough
to determine local strains caused by pits and other
“micro” discontinuities. However, stress concentrations
that result from geometry changes, such as a locally
thinned area, plate thickness change, a penetration, or
other “macro” discontinuities are calculated in a finite
element analysis; the concentrations that occur in
“micro” areas along the pitted and rough surface are
accounted for by a knockdown factor. The knockdown
factors are nothing more than simple observations
about how omitted details typically reduce the
calculated response.

Fatlure often initiates in regions of discontinuity
because of large stresses and strains that exist in the
local area. If a finite element mesh is modeled in
sufficient detail, the finite element method is able to
calculate many of the stress and strain concentrations
that occur in the area of the discontinuities. However,
pitted and rough surfaces consist of ‘“‘micro”
discontinuities that are much smaller than the elements
in the mesh, and the method does not calculate stress
and strain concentrations that form around these
“micro” discontinuities. These “micro” discontinuities
are accounted for by applying a knockdown factor to
reduce the critical elongation for material in the
affected area.

Damage can be grouped into the two categories
discussed earlier. General corrosion damage degrades
the surface of the metal containment structure
somewhat uniformly, and can be handled in a finite
element analysis by thinning the wall in the area(s) that
have corroded. In order to model corrosion in a plate
section, the shell thickness will be selected as the
average thickness in the selected area, and the rough
corroded surface will be approximated as a smooth
surface. A knockdown factor is applied to account for
the difference between a uniform thickness plate with
smooth sides, and the degraded section that varies



somewhat in thickness and has a rough, uneven surface.
The rough and uneven surface induces stress/strain
concentrations that cause tears to initiate in the
concentration regions.

The second category of damage is local pits that are
scattered and cause stress concentrations. In areas
where there is pitting, the thickness of the shell will not
be reduced, but the ductility of the steel will be reduced
to account for the strain concentrations around the
discontinuities.

Obviously, each finite element analysis will be tailored
to the specific plant geometry and corrosion area(s)
that are being investigated. More detail is required in
the corrosion area(s) to capture local effects, such as
strains that result because the cross section is thinner
than surrounding areas.

4.2 Failure Criteria of Steel

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 criterion
can be used to predict the onset of failure. As the
material strains, voids coalesce into a flaw. At some
critical strain level, the flaw reaches a critical size and
a tear initiates. Most analyses that have been performed
for containment structures have selected strain (or
stress) based failure criteria, although fracture
mechanics methods and. failure criteria have been used
in a few cases.

Linear elastic fracture mechanics (LEFM) have often
been used to predict critical flaw sizes in piping, in
pressure vessels, and in other situations where brittle
fracture is expected. This method has been proven and
is reliable for linear elastic problems. Similarly, elastic
plastic fracture mechanics (EPFM) have also been
proven for cases of moderate plasticity around the
crack tip area. However, EPFM methods are not well
proven in areas where the entire cross-section is
experiencing high strains and gross plasticity.
Furthermore, there is not a traditional fracture
mechanics flaw or crack on the rough uneven surface
that has been observed in corroded areas of
containment vessels.  Although cracks could be
conservatively postulated, there is no basis for
selecting the size or extent of cracks.

Finite element analyses, using strain based failure
criteria, have been used successfully for uncorroded
containments and for corroded pipelines. Fracture
mechanics methods are difficult to apply to the
corrosion damage. Therefore, finite element analyses

described in this report have relied on strain based
failure criteria. 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 a
corroded region, the metal loss region is typically very
irregular in both depth and extent. Therefore, the
shape of the metal loss region must be idealized. In the
finite element model, a corroded area is modeled using
the average thickness of the degraded section. 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 identical
to the curve for uncorroded material, except that the
critical elongation of the corroded material is
decreased, as described in the following section.

4.2.1 Failure criteria used in previous
containment analyses.

In order to predict failure of a containment structure
using finite element analyses, a failure model or other
type of failure criteria must be established. A wide
range of failure criteria have been used at Sandia and
elsewhere for previous containment analyses. Failure
criteria have consisted of selecting: maximum principal
strains, maximum principal stresses, maximum
effective plastic strains, maximum von mises stresses,
fractare  mechanics  criteria  (Kj), maximum
displacements, and so forth. Failure criteria have been
based on global values, local values, membrane values,
and/or bending stresses or strains. Following are a few
cases and the methods that were used:

¢ German risk study (Hofler, 1985): In section 8.5
of the German Risk Study, a number of competing
failure criteria were used. One criteria defined
failure by comparing an equivalent plastic strain to
a critical strain value; the critical strain was
determined by multiplying a uniaxial failure strain
by three knockdown factors. The three factors are
similar in magnitude to the knockdown factors
discussed in section 4.3 of this report. Another
failure criteria used in this study was to compare
the equivalent stress to an allowable stress. The
allowable stress was selected by averaging the
yield and ultimate stresses, and adjusting this value
using a knockdown factor. A third criteria used in
the report was to compare the maximum principal
stress to an allowable value. The last method
described in the report was a linear elastic fracture



mechanics  approach  which  examined the

possibility of brittle fracture.

Electric Boat Corp. {(Sammataro et al, 1992;
Solonick. 1996): The recommendations in these
papers were to use equivalent plastic strain-based
criteria to predict failure.  They recommended
different critical failure strains for general plastic
membrane strains, local plastic membrane strains,
concentrated plastic membrane strains, general
plastic surface strains, local plastic surface strains,
and concentrated plastic surface stramns.  The
recommended failure limits range from 0.2¢, for a
general membrane to 0.5g,
concentrated membrane strain; €, is the minimum
ultimate strain for the metal.

strain for a

Pretest predictions for 1.8 scale steel containment
(Clauss. 1985): Failure criteria used was 15%
equivalent strain for global behavior that occurred
over a large gage length (meaning several inches),
and 20% strains for local strains or bending
strains.

Analysis of Sequoyah, done in 1989 (Miller,
1990): Failure criteria used in this analysis was
15% equivalent strain, and then the 15% value was
reduced using knockdown factors.

Post-test analysis of 1:6 scale RCCV  liner
{Weatherby, 1990): Failure criteria in this report
were obtained by adjusting uniaxial pull-to-failure
data. which was 30% for the liner material, to
account for multi-axial stress state. The equation
used to modify the critical strain limits based on
the multi-axial stress state was Mangoines (1982).
Using this model, no adjustment was made for
material In a uniaxial stress state, while the critical
strain limits were reduced by a factor of two for
material m pure biaxial tension. Therefore, for
material in a biaxial stress state, the critical failure
level used in this study would have been 15%.

Mark I analysis by CBI (Mokhtarian, 1987): This
analysis used local membrane failure strain limits
of 1%, surface (bending) failure strain limits of
2%, and local (concentrated) strain limits of 3%.
The report states that these limits are conservative,
and failure will probably occur at somewhat above
the predicted values.

Containment  analyses  techniques  report
(Greimann, 1984): This report summarizes
analyses completed by a number of organizations
and authors prior to 1983, Failure criteria used in
these studies varied considerably, with the analysts

using  failure  criteria  such  as Gy,

(Gyie]d + Guhimate)’/2> Gultimate» 2 times strain at first
yield, 5 times strain at first yield, fracture
mechanics criteria (K;.) , and so forth. Some of
these reports intentionally selected conservative
criteria, while others tried for a “best estimate”
failure criteria. Much of the scatter in predicted
results 1s because of: a) amount of detail in the
analysis (i.e. hand calculations vs. axisymmetric
analysis vs. 3D analysis), and b) the degree of
conservatism in failure criteria.

o  NUREG-1150 (1989). For ecach containment
considered, a number of failure modes not related
to tearing of the steel were considered. For
example, pullout of the anchor bolts from the
concrete basemat was considered in Sequoyah.
Leaks in seals at equipment hatches, leaks through
clectrical penetrations, and so forth have been
considered. In Mark I BWR’s, vents have been
added which release pressure well below the
critical values where structural failure is likely.
Pressure unseating hatches or covers, such as the
Mark I drywell head, can leak due to bolts
stretching and opening a gap. Seismic failures,
buckling concerns, and so forth have been
considered in many of the studies.

A number of different empirical failure criteria have
been used in previous analyses. Most of the criteria
were based on a stress or strain criteria, such as a
critical von mises stress, maximum principal stress,
critical equivalent plastic strain, or maximum principal
strain. The German Risk Study also included a fracture
mechanics failure criteria. Because of the relationship
between stress and strain (i.¢., the stress — strain curve
relationship) the stress or strain based criteria all
provide similar predictions. However, stress based
criteria tend to correspond to a “load control” result,
while strain based criteria tend to relate to
“displacement control”. In some cases, one is more
appropriate than the other.  Generally speaking,
however, there is not much difference if the failure
limit is selected so that it corresponds to a value that is
less than or equal to the maximum engineering stress
for the material. For example, the predicted failure
pressure would change very little for failure criteria of
1% effective plastic strain, 1% maximum principal
strain, the von muses stress that corresponds to 1%
effective plastic strain, or the maximum principal stress
that corresponds to 1% maximum principal strain. The
fracture mechanics failure criteria used in the German
Risk Study, however, can yield results that are
somewhat different from stress or strain based criteria.

For the static, monotonically increasing pressure loads
considered in this report, relatively simple stress or
strain based failure criteria do as good of a job at
predicting failure of ductile steel as more complex



failure models. For cyclic behavior, large strain rates,
or significant temperature changes, newer material
models and failure models may perform considerably
better. Also, concrete material models have
significantly improved in the last 15 years, and it is
essential to obtain a robust concrete material model in
order to predict response and failure limits for concrete
vessels. However, for steel vessels and the liners of
concrete vessels that are loaded quasi-statically with a
monotonically increasing loading, the simple stress or
strain based failure models are as good as are available.

A failure criteria based on effective plastic strain gives
very similar failure predictions to a criteria based on
principal strains, principal stresses, von mises stresses,
or similar criteria. Brittle fracture is not a concern for
the low-carbon, low-strength steels used in
containments at operating temperatures above 32° F.
Reports in the literature that model ductile failure using
fracture mechanics (J-integral methods) have not given
any better results than the simple strain or stress based
failure criteria. For static, monotonically increasing
loads, and well-behaved materials, basing failure on
effective plastic strains works as good as or better than
other methods. Of the many analyses referenced
throughout this paper, all of the analysts used either
stress or strain based failure criteria. In addition to
several different stress and strain based failure criteria,

the German Risk Study (Hofler, 1985) aiso used a

fracture mechanics criteria.

4.2.2 Failure criteria in the literature.

There are numerous failure theories that have been
developed that can be used to predict structural failure
in a finite element analysis (Mangoine, 1982; Hancock
and Mackenzie, 1976; Mackenzie et al., 1977,
Brownrigg et al., 1983; Oyane, 1972; Sammataro et al,
1992; Hofler, 1985). These models are empirical, and
are based on fitting a curve through test data. Much of
the failure data that is available has been obtained from
uniaxial pull tests. Many of the models were calibrated
using test data from ome or two materials, such as
7075-T6 aluminum or 3041 stainless steel, and the
shape of the curve does not fit other materials very
well. There is no consensus among experts about what
failure model(s) are best, and in fact there is often
strong disagreement. Some believe that a model
should be based on micro-mechanics, while others
argue for macro-mechanics. Despite the disagreement,
several of the models appear adequate for thin shell
pressure vessels that are subjected to a one-time only
monotonically increasing load.

One of the simplest and most common methods that
has been used to predict failure is to assume that failure
occurs when the plastic strain exceeds some number.
There is a large variation in the strain limits selected to
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predict failure, based on the conservatism needed for
each individual structure that is analyzed.

Failure models that are a little more complicated
predict failure levels that vary with the multi-axial
stress state. It is a well-known phenomenon that the
failure strain, when subjected to biaxial or triaxial
stresses, varies significantly from the failure strain of a
uniaxial test (Mangoine, 1982; Hancock and
Mackenzie, 1976, Mackenzie et al., 1977; Brownrigg
et al., 1983; Oyane, 1972). These models relate failure
in any stress/strain state to the stress/strain value from
uniaxial strain-to-failure tests. This is generally done
by calculating a ratio between the hydrostatic stress and
the effective von mises stress, and then using the ratio
to adjust the failure strains from uniaxial test data.
This type of failure model handles static,
monotonically increasing, non-cyclic loads reasonably
well. However, when loads are cyclic, this type of
model does not account for material damage which
accumulates as the loads are repeated. As already
mentioned, the small number of load cycles in a
containment structure aren't enough to cause failure, so
this type of a failure criteria is adequate. These
relatively simple failure theories usually rely on data
published in handbooks, such as yield stress, ultimate
stress, and ultimate uniaxial strain.

More complex material and failure models have been
developed that account for cyclic loading and damage
accurnulation, varying temperatures, strain rates, and so
forth. Usually, they are concerned with following the
correct stress/strain curve and maintaining cumulative
damage criteria through hysteresis loadings (i.e. load
reversals that cause yielding in tension, then yielding in
compression, then yielding in tension, etc.). These
models often require test series to empirically fit failure
parameters. The containment structures are not
cyclically loaded. They are pressurized and
depressurized several times during leak testing, but the
loadings are not large enough to cause plastic yielding,
except perhaps in very local areas. Containment
structures would only be loaded well into the plastic
range one time, and then only if they are subjected to a
severe accident in which the reactor vessel releases
pressure into the containment building. Therefore, the
extra bells and whistles in many of the complex failure
models are not needed for our case.

4.2.3 Fracture Mechanics VYersus

Effective Plastic Strain.

In Section III of the ASME Boiler and Pressure Vessel
Code (ASME, 1992), design criteria for containment
structures consist of limiting the stresses to allowable
levels. However, Section XI of the code, Rules for
Inservice Inspection of Nuclear Power Plant



Components. 1s based on a fracture mechanics

approach.

Both LEFM and EPFM approaches have often been
used to predict critical flaw sizes in piping, in pressure
vessels. and in other situations where repetitive
loadings occur on a structure that is stressed below its
yield point. Using the fracture mechanics approach. a
flaw can develop and then grow in a stable pattern
under long term static or fatigue loadings. If the flaw
develops into a critical flaw, then failure can occur at
nominal stresses that are well below the vield stress of
the material.

LEFM i1s well established. If the stress intensity factor
around a flaw is greater than the critical stress intensity
factor (K,.). then the crack can be unstable and
propagate. The method is based on the assumption of
an elastic stress field, and that there are no plastic
strains except for the very small plastic strain region at
a crack tip. The material dependent K, factors are
selected so that they are conservative, and failures are
very unlikely to occur at stress intensity factors below
the critical values. However, it 1s common for failure
to occur at stress intensity factors that are well above
the K, factor.

EPFM is an established methodology for analyzing
cracks with moderate plasticity around the crack tip. If
the strain energy release rate, calculated using the J
Integral. exceeds the critical value, J, which is
determined according to the ASTM standard. then
failure 1s predicted to initiate at the flaw location.

Large plasticity fracture mechanics, based on the
assumption of significant plastic strains and yielding in
the “gross’ section, are not well established. Greimann
et al (1993) states:

“No single parameter or combination of
parameters have been found which satisfactonly
characterize the growth of cracks through regions
of high strain and with gross plasticity of highly
ductile materials. Currently, the state-of-the-art in
fracture mechanics permits the reliable prediction
of small crack growths in regions of limited
plasticity.”

LEFM and EPFM methods have been “proven™ and are
reliable. but large plasticity fracture mechanics are still
being developed. There is not agreement between
experts concerning the use of large plasticity fracture
mechanics, and these evolving methods are not yet
suitable for the analyses of containment structures..

A containment structure will not experience a large
number of fatigue cycles, but will only see significant
stresses during a few events. such as during leak testing
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or after reactor failure during a severe accident. The
steels used in containment structures are very ductile
and resistant to fracturing at flaw locations. Even after
corrosion degradation, the containment membrane
would experience significant plastic strains before
failure initiates. Therefore, the well-established LEFM
and EPFM approaches do not apply. Because
containment models that were tested experienced gross
plasticity before failure, large plasticity fracture
mechanics would be required to evaluate containments.
As stated previously, large plasticity fracture
mechanics  methods are not well established.
Furthermore, there isn’t a crack or traditional fracture
mechanics flaw in a corroded region. For all of these
reasons, fracture mechanics methods and failure
criteria were not used.

4.3 Steel failure criteria used in this
project.

The criteria used in this report to predict potential
containment failure differ significantly from criteria
that would be acceptable for design. Contamment
structures are conservatively designed so that the
probability of failure is very, very small under design
loads. The design criteria are selected so that the
vessel remains elastic, with a comfortable safety factor,
under all design loads. However, when predicting
failure, previous tests on scaled models have
demonstrated that large plastic strains occur before the
pressure boundary fails. The criteria used to predict
failure are suitable for use in risk studies. but are
clearly unacceptable for design. For example, mn
design, stramns are typically linuted to about 2/3 of the
elastic imit. However. scaled model tests have failed
when global free-field strains were 7 to 20 times larger
than the elastic limit (1.e., free-field strains of about 196
to 3%). Near the failure regions, local strains in the
models were typically 50 times, or more, than the
elastic limit (i.e., local strains were 10% or more). A
badly corroded containment can have plastic strains
below limits where failure would be anticipated, but
strains that are well above the elastic limit at design
loads. Although the probability of failure may be low
for this case, the level of conservatism necessary to
ensure safety would be lacking. To ensure a
conservative design, it 1s necessary to keep stresses and
strains 1n corrosion areas from exceeding ASME code
allowable limits.

However, the intent of the analyses discussed in
Sections 5 - 8 is to predict when failure would actually
occur. The analysis method that has been used to
predict the ultimate capacity of corroded containments
is to limit the effective plastic strains. Failure criteria
that limit the effective plastic strain have been
developed to simulate void growth in high stress
intensity regions (Mangoine, 1982; Hancock and



Mackenzie, 1976; Mackenzie et al., 1977). As the
material strains, voids coalesce into a flaw. At some
critical strain level, the flaw reaches a critical size and
a tear initiates. Therefore, the effective plastic strain
analysis method will predict failure in high stress
intensity regions caused by a critical flaw. In order to
predict failure at a flaw location, the finite element
mesh must be detailed enough to capture local strain
concentrations. The strain-to-failure levels can vary
considerably between material samples of different
geometric  configuration, different material lot
numbers, and so forth. There will be a corresponding
uncertainty in any analysis that predicts the ultimate
capacity of a structure.

Because the objective of this report has been to
understand how corrosion degrades the containment
structure, non-structural failure modes have not been
evaluated. If previous studies have concluded that a
non-structural failure mode may occur before the
structural failure mode, then that has been noted. In
this report, it has been assumed that failure will occur
at the lower pressure of the predicted structural failure
(tearing of steel shell or liner) or at the non-structural
failure pressure identified by previous studies.

For example, a prior analysis of the Sequoyah concrete
basemat by Ames Laboratory showed that the anchor
bolts could pull out and cause catastrophic failure at a
pressure load of 0.54 MPa (79 psi). Analyses
described in this report predict shell wall tearing
between 0.43 MPa (62 psi) and 0.51 MPa (74 psi),
with a “best estimate” at 0.47 MPa (68 psi). Therefore,
it was concluded that the shell wall would tear before
the anchorage failure could occur.

On the other hand, the BWR Mark I’s have two failure
modes that occur before the shell wall tears. One
failure mechanism is a leak around the drywell head
due to bolts stretching and relieving the load in the
seal. The other mechanism is not an actual failure
mode, but rather is intentional venting through the
suppression pool when the pressure reaches a pre-
determined limit that is well above design pressure.
For the Peach Bottom containment, failure in the shell
walls is not predicted to occur until the internal
pressure exceeds 1.3 MPa (195 psi), while the pressure
relief vents are set to vent at 0.69 MPa (100 psi).
Therefore, it is assumed that an uncorroded structure
will not fail, but that the vents will release pressure at
0.69 MPa. A significant amount of corrosion could
cause the shell walls to rupture at pressures below 0.69
MPa, however. Failure modes other than tearing of the
steel have been incorporated into these predictions,
based on prior work. However, no effort has been
made to degrade materials other than the steel shells.
The seals, electrical penetrations, bellows, anchor
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bolts, or other items have not been degraded in this
study.

Another failure criterion that was considered, but has
not been incorporated in this work, is a displacement
based criteria. Many penetrations exist in the walls of
the containment structure, and excessive displacements
could cause either a failure in the penetration seals, or
break pipes and other items that 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 criterion was not used in this

paper.

The failure criteria will be based on the effective
plastic strain that the structure experiences. 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 tried in the past, and the results were not
conclusive (Irvine and Gardner, 1983; Greimann et al.,
1993). However, it appears likely that if the tear
initiates 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.

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.

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

Efailure  — Euniaxial * fl * f2 * f3 * f4 (l)
where
€ tailure effective plastic strain level at which

failure is predicted to occur,

Euniaxiay — e€longation from uniaxial tensile strain-

to-failure tests,



f) =~ knockdown factor to account for
multiaxial stress state,

= ] 648 * e—ml © g2« G3v 2 ovon (2)

fs = knockdown factor to account for the

sophistication of the analysis model.

f = knockdown factor to account for
variable material properties.
£, = knockdown factor to account for

corrosion degradation,

Ton von Mises effective stress.

o principal stresses.

The 5. and f; factors are selected before analyses are
performed. The f; factor is estimated after the analyses
are completed. It is 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
fi, £, and f,. a best estimate has been selected, along
with an upper and lower bound estimate. In the
analyses 1n the following section, failure occurred in
the cylindrical section of the containment. A few f)
factors tfor typical shapes are given in Table 1.
However, the actual f) factor is calculated at each point
m the analyses. and so the value of this factor can vary
from point to point as the stress field varies.

The factors (Table 1) are based on engineering
Jjudgment and the data already presented. Because the
stress-strain curve 1s 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 stramn failure criteria, and hence to the
knockdown factors.

4.3.1 f1 (stress triaxiality) factor.

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 f, knockdown factor used in this report is the
Hancock and Mackenzie relationship between the
triaxial stress state and the failure strain. This empirical
relationship was based on test results, and the empirical
curve and test data points are shown in figures in the
papers just referenced.

Many similar empirical equations that account for
multi-axial stress states are available in the literature
{Ju et al, 1984, Wellman et al, 1992). These empirical
equations have been utilized not only for steels, but
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also for aluminum and beryllium (Priddy et al., 1979,
Benzley et al, 1980, and Soo Hoo et al, 1980). There
1s some scatter between the wvarious empirical
equations, but most of them are within about 10% of
the Hancock and Mackenzie relationship that has been
used 1n this report.

Table 1. Knockdown Factors Used in Failure
Criteria.

* Factor | Lower | Best | Upper

- bound | estimate! bound
Biaxialsess - £, | 060 069 | 0.69
ina cylinder | ‘
Biaxial stress | £~ 0.61  0.61 - 0.61
inasphere , i
Analysis i f 040 | 050 060
sophistication’ ;
Material | £ 078 100 | 122
properties ! ;
Corrosion fy 2025 | 0.50 - 0.75

; |

The sheet metal industry has used formability diagrams
for many years. A formability diagram is made by
stretching smooth sheets of material under biaxial
strain until a tear develops. The strain in one of the
directions at which a tear first developed is plotted
versus the strain in the second direction. The test is
repeated many times with different combinations of
biaxial strain in the two orthogonal directions, and each
test determines one point on the curve. A line is then
drawn such that the strain components on one side of
the line do not cause a tear, and the strain components
on the other side of the line will cause a tear to initiate.

A formability curve was generated for one US
containment steel (either Ad441 or AS516, it wasn’t clear
from the report) based on test data (Eibl et al, 1988).
The formability diagram shows that a plate that fails at
20% uniaxial strain will not fail under biaxial strain
(two equal components of strain) until around 40-50%
equivalent plastic strain. In contrast, the Hancock-
McKenzie models show that a material that fails under
20% untaxtal strain should fail at about 12% biaxial
strain (two equal strain components).

Both the formability diagrams and the Hancock-
McKenzie type models are based on test data and
appear to be valid. The primary difference is that the
formability diagrams are based on smooth specimens
with no geometric or discontinuous sections to cause



significant stress concentrations, while the Hancock-
McKenzie model is based on a notch or other
discontinuity causing a significant stress concentration.
Since most tears initiate around holes, plate thickness
changes, imperfections, or other discontinuities that
lead to stress concentrations, the Hancock-McKenzie
model has been chosen. However, in an area where a
plate is smooth and there are no imperfections or other
discontinuities to cause a stress concentration, the
Hancock-McKenzie model will be fairly conservative.

Although there are many competing failure models that
are presented in the literature, none of them seem to
capture the effect of multi-axial stress states any better
than the Hancock-McKenzie method (Eq. 2 in Section
4.3). There is considerable scatter in actual test data,
but this model describes the general trend fairly well.

4.3.2 {2 (model sophistication) factor.

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.

Many details are left out of an analysis, such as welds,
small holes, and so forth. Element size is also critical
in the ability of a model to capture stress and strain
gradients. A shell model generally does a good job of
predicting failure at the maximum measured
engineering stress or strain, but can miss strain or stress
concentrations if the plate goes through an abrupt angle
change, such as in an area where a rib stiffener is
welded to a cylindrical section. In addition, many shell
elements can give poor results if the element edge
length becomes smaller than the thickness of the
element. However, continuum elements can produce
accurate analysis results in areas where there are abrupt
angle changes, or around discontinuities that are too
small to be modeled with shell elements. However,
shell elements are used when possible because the
resulting model is considerably smaller. It is not
practical to build a complete model of a containment
using finely meshed solid elements because the model
would be too large to run on today’s computers.

Based on types of elements used, size of elements, the
amount of detail included in the model (i.e., does the
model include all details of the actual structure, or has
it been simplified), and the stress and strain gradients
calculated, an appropriate failure criteria can be
selected. For example, a very detailed mesh can
calculate thinning and local necking around the failure
region, with associated failure strains that are larger
than the elongation value measured in a simple tensile
test. As the element size increases, the failure strains
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would decrease so that the strain in a 2 inch element
would be equal to the measured engineering strain in a
two inch test specimen. As the element size increased
further, the failure strains would decrease so that the
strain in a 8 inch element would be equal to the
measured engineering strain in an eight inch test
specimen. Therefore, element size has an important
impact on selecting appropriate failure criteria.

In addition, if there is a large stress or strain gradient
across the element (generally caused by a hole, or some
other discontinuity), then the mesh may not be fine
enough to completely capture the stress concentration.
In that case, it is necessary to reduce the “failure”
criteria to account for the concentrating effect of the
discontinuity that is not calculated.

Determining appropriate failure criteria is subjective.
However, it is very important to evaluate the amount of
detail in the model, and select criteria that are
consistent with the model. Miller (1990) discusses
selecting appropriate failure criteria that is consistent
with the amount of detail in the finite element model.

4.3.3 f3 (material variability) factor.

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
within the specified deviations.

Material properties varied considerably even for plate
sections of the same thickness. The scatter in the
strength was large enough that it was not possible to
identify a trend toward higher or lower strengths as the
thickness changed. Therefore, the same material
properties were used for all of the plates, even though
they weren’t the same thickness. Not enough data was
found to account for material variability based on
temperature. However, temperature curves from the
Structural Alloys Handbook (1989) show there is
certainly scatter associated with temperature as well.
AS516 Grade 70 specimens sent to Fatigue
Technologies, Inc. of Seattle don’t show much scatter,
but this is probably because they were from the same
lot of material.

4.3.4 f4 (corrosion variability) factor.

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.

This reduction factor was based on the simple corroded
coupon tests described in Section 2. and on the test
data of Bruneau and Zahrai (1997). The test data
showed a reduction in ductility because of the very
local stress concentrations that occurred at the rough.
uneven corroded surface. After removing the corroded
material, the average stress of the uncorroded section
was the same as for virgin material that had not been
subjected to corrosion. The coupons tested in Section
2 of this report were fairly thin and were corroded
artificially, while the test data of Bruneau and Zahrai
were cut from the web and flange of a bridge girder.
Those specimens were originally about 2.5 cm thick,
and had been corroded about 50% through the
thickness. Both sets of data gave simular reductions in
elongation for corroded steel.

4.3.5 Application.

Minimum uniaxial  strain-to-failure  values  for
elongation in a 20.3 cm (& 1n.) gage length are given in
the ASME code as 21% for AS16 Grade 60 and as
17% for AS16 Grade 70 steel. For actual specimens,
the elongation at failure is well above the 21%
minimum; however. The average elongation used for
AS16 Grade 60 steel was 28%. while the average
elongation used for A516 Grade 70 was 26%. Using
these strain values, and the knockdown factors from
Table 1. the “lower bound.” “best estimate,” and
“upper bound” fatlure strain limiuts for a cylindrical
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section for A516 Grade 70 steel would be about 5.6%.
9.0%, and 13.1% for uncorroded matenial.  For
corroded areas, the strain limits would be 1.4%. 4.5%,
and 9.8%. Similarly, the strain limits for Grade 70
material were also estimated. The critical wvalues
allowed for bending strains were increased by 30%. 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.

This damage/failure model will only predict the
location(s) where the strains are high ¢nough to cause a
tear to initiate. [t 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. This has been tried in
the past, and the results have not been conclusive
(Greimann et al. 1993, Irvine et al, 1933]. However. it
appears likely that if the tear initiates in a region of
high membrane stramns. that the tear will propagate
rapidly and result in catastrophic failure. 1f the strain is
in a local region. the failure may not be catastrophic.

4.4 Concrete Material Model.

The material model used for the concrete was the
ANATECH concrete material model (ANACAP,
1997). which is a modern version of the classic
smeared cracking model (Rashid, 1968). A summary
of the capabilitics and details in this model are given in
Appendix A of NUREG/CR-6639 (James et al. 1999).



5 ANALYSIS OF TYPICAL PWR ICE CONDENSER CONTAINMENT

The finite element model that has been developed is
typical of PWR Ice Condenser containments in the
United States. Although the analytical model was
selected to be similar to the Sequoyah containment,
there are several important differences. Therefore,
throughout this report, the model is referred to as a
PWR Ice Condenser containment, and not as the
Sequoyah containment.

The dimensions, plate thicknesses, and vertical and
horizontal stiffeners were modeled based on drawings
of the Sequoyah containment. Although material
properties of the Sequoyah containment were
extensively reviewed, the material properties used in
the analyses in this report are typical of A516 Grade 60
steel, and vary somewhat from the measured material
properties in Sequoyah.

Furthermore, the postulated corrosion that is included
in these analyses has not been observed in the
Sequoyah containment.  With the exception of
postulated damage in the Ice Basket region, the
location of the corrosion, but not the depth of
corrosion, is representative of damage that has been
observed in other PWR Ice Condenser containments,
such as McGuire or Catawba.

To reduce the time required to complete an analysis, a
section of the containment that is deemed to contain the
largest stresses and strains has been modeled, and
symmetry conditions have been assumed. The portion
of the containment that is modeled, and the
accompanying symmetry conditions, were carefully
chosen so as to give realistic predictions of the stresses
and strains in the selected area. However, it must be
noted that these symmetry assumptions result in
differences between the actual Sequoyah containment
and the analysis model that has been developed.

Previous analyses of the Sequoyah containment
indicate that largest stresses and strains occur at shell
thickness discontinuities. The shell is 3.81 cm (1.5 in.)
thick in areas where there are a large number of
penetrations, and only 1.27 c¢cm (0.50 in.) thick in
adjacent areas that don't include penetrations. For this
reason, and because the locations selected to place
corrosion in the analyses were not by penetrations such
as equipment hatches and personnel air locks, the
penetrations were not modeled in the analyses.
Penetrations such as equipment hatches, personnel air
locks, and Electrical Penetration Assemblies were not
modeled, but the varying plate thicknesses, and
associated stress concentrations caused by the
geometric discontinuities, were included.
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Previous studies have examined possible failure modes
for the Sequoyah containment. The failure mode
deemed most likely has been tearing of the shell wall in
the vicinity of a plate thickness change. Previous
reports have dismissed other potential failure modes as
less likely to cause failure.

One of the potential failure modes that was examined
previously was the possibility of anchorage failure at
the basemat. (The cylindrical steel shell is anchored to
the basemat around the circumference.) This was
examined extensively in previous studies, and it was
concluded that tearing of the shell wall would occur
before an anchorage failure. Therefore, the concrete
basemat and associated anchorage details were not
included in the finite element model generated for this
report.

Containment vessels are designed to withstand many
different loads, such as seismic or internal pressure.
Although code requirements stipulate combinations of
loads that a containment must be designed to resist,
only internal pressure and loads caused by thermal
expansion or contraction have been analyzed in this
study. For free standing steel containments, buckling
of the shell wall under load conditions such as seismic
may be the worst case loading that dictates the wall
thickness for the lower portion of the containment.
The analytical results discussed in this chapter have not
been evaluated during seismic or other load conditions
that could cause buckling. When evaluating the effect
of -corrosion damage on an actual containment, it is
important to remember that all code required load
combinations must be evaluated to ensure that other
failure modes, such as buckling, won’t cause failure
before the vessel fails due to internal pressure.

At pressures well above the design limit, the finite
element mode!l experiences large plastic strains; as the
strains increase the shell wall becomes thinner.
Eventually, the code fails to converge, indicating that a
stability limit has been exceeded. However, in most
cases, a tear will initiate before this stability limit is
reached. After each analyses was completed, the
calculated strains were examined to determine if local
strain concentrations were large enough that a tear may
have initiated. If high plastic stresses and strains are
very local to the tear location, the tear may arrest itself
such that the vessel will depressurize due to the tear in
the wall. However, if the high stresses and strains
cover a large enough area, then the tear is likely to
propagate and result in total catastrophic failure.



5.1 Geometry

The typical PWR lce Condenser containment (Fig. 5.1)
is a circular cylinder capped with a hemispherical
dome, and is constructed entirely from A516 Grade 60
steet. The cylindrical section has a diameter of 35 m
(115 ft). and the height from its base to the top of the
dome is about 53 m (174 ft). The shell thickness varies
from 3.49 cm (1 3/8 in) at the bottom. to 1.11 cm
(7/16 1n) at the top of the cylinder. and then increases
back to 2.38 cm (15/16 in) at the top of the dome. The
shell is 3.81 cm (1 1/2 in) 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 (9.5 ft) apart. The shell is embedded in
and anchored to a reinforced concrete basemat.

For the PWR Ice Condenser (Figure 5.1). analyses

were  performed  with corrosion in the following
locations:
e The steel containment shell in the concrete

basemat region, similar to the damage caused in
McGuire and Catawba units by borated water
(Figure 5.2).

e The steel containment shell in the vicinity of the
upper floor and in the vicinity of the lower floor.
similar to damage found in McGuire and Catawba
(Figure 5.3).

e The steel containment shell around the area of the
ice basket (susceptible area with a high potential
for corrosion because of the presence of water. but
in an area that is not accessible for inspection).

5.2 Finite Element Model

The ABAQUS finite element model (Fig. 5.4)
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, contained steel plates of several different
thicknesses. In areas where the plate thickness
transition occurred, the largest stresses and strains
would be expected. This section was representative of
a portion of an actual 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
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previously (Fanous et al., 1993). The penetrations were
not explicitly 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).
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Figure 5.1 “Typical” PWR Ice Condenser
containment.
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Figure 5.2 Observed damage to steel shell near
basemat.
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Two submodels were generated to examine local HHHH
response in more detail. A submodel of the upper floor
corrosion is shown in Figure 5.5. Displacement
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boundary conditions from the global model were 5

applied to the local models, as well as the temperature Corroded
and pressure loadings used in the global model, and the region around
submodel was analyzed. The predicted stresses and ice basket
strains were up to a factor of two higher in very local

stress concentration regions in the submodel. This

increase in strain concentration was because of smaller : 5
elements used in the submodel. The stresses and [

strains near the edges of the local models were about H

the same as the corresponding stresses and strains in

the global model. This indicates that the strain Corroded
concentrations in the submodel were local to the e region at
submodel and did not affect the response in locations é»:"ét upper floor
not adjacent to the local concentration.

The containment was modeled to determine failure THH
level and location under several different degraded

conditions. Three areas on the containment surface that f

were degraded (Fig. 5.4 and 5.6) correspond to the wsis &
damaged or susceptible areas identified at nuclear H H
power plants. In these areas corrosion was modeled by H
thinning shell elements and reducing the critical plastic ==
failure strains. The depth of the corrosion was selected Corroded

to ensure that failure occurred in the degraded area. region at
Greater than 50% through the thickness damage was basemat
required at two locations to cause a failure in the e
degraded area. In the actual containment design, the H

wall section was thickened near the basemat to prevent
buckling of the shell wall under compressive loads.
This extra thickness was not needed to withstand the
internal pressure loads. In the vicinity of the ice basket Figure 5.4 Finite Element Model.
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Figure 5.6 Finite element model shell thickness and
stringer and stiffener locations.

region, the load that was worst for the vessel was
internal pressure, and there was no excess thickness.
Therefore. any reduction in thickness due to corrosion
would be expected to reduce the pressure capacity of
the vessel. However, in locations nearer the base
where the wall thickness was increased to withstand
buckle loads. the excess thickness could be corroded
without substantially affecting the pressure capacity. If
the area of corrosion is reasonably small, the buckling
loads would not be adversely affected -either.
However, if the area of corrosion is significant, then
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buckling should be evaluated to ensure that the
degradation does not cause buckling fatlure.

The containment was analyzed in seven different
configurations, with:

e No corrosion present.

e Corrosion near the top of the ice basket, with a
10% through the thickness corroded area of 1.09
m high by 0.91 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.

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

e 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.

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

e 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.

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

5.3 Material Properties

The material properties used in the analyses in this
report are typical of AS516 Grade 60 steel. and vary
somewhat from the measured material properties in
Sequoyah.  Under ambient temperature conditions,
AS516 Grade 60 steel typically reaches yield at about
315 MPa, and the maximum engineering stress is about
460 MPa at 15% strain. ABAQUS requires that the
material property stress-strain curves be true stress and
true strain. and not engineering values. True stress and
strain were estimated from engineering stress and strain
values by the relationships

Orue = (1 + 8cnginecring) Gcnginccring
e = lOg(1 + 8cnginecring)-



Fatigue Technology Inc (1988) measured engineering
stress-strain curves for A516 Grade 70 test coupons at
temperatures of 22, 93, 149, and 204°C. The ambient
temperature stress-strain curve used in the analyses in
this report (Figure 5.7) is proportional to the Fatigue
Technology data, but has been adjusted to pass through
the true yield stress and true ultimate stress points for
typical A516 Grade 60 material. The stress-strain
curves at other temperatures is also proportional to the
Fatigue Technology test data. ABAQUS linearly
interpolates between the stress-strain curves shown in
Figure 5.7 for other temperature values. 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.

700
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300 -
200 4
100 - 204 C

0 T T
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True Strain (cm/cm)

22C 93Cn

149 C

True Stress (MPa)

0.3

Figure 5.7 A516 Grade 60 temperature dependence.

5.4 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 Vvs.
temperature relationship (Fig. 5.8). An initial stress-
free state was assumed to exist at 22°C. As the pressure
was increased, the temperature at every node in the
model that was above the concrete basemat was
increased to correspond to the saturated steam
relationship.

5.5 Analysis Results

Analyses were performed using the ABAQUS/Standard
finite element code. As the internal pressure load in
the containment was increased beyond the design
pressure, the finite element analyses first predicted
local pockets of plastic strains developing. Then, as
the pressure continued to increase, the code predicted
global plastic strains. As the steel shell plastically

strained, it became thinner, and eventually the code
failed to converge, indicating that a failure limit had
been exceeded. This failure limit should be considered
an upper bound on the solution, since local strain
concentrations could cause a tear to initiate in the shell
wall before this stability limit is reached.

Predicted results were examined after each analyses
was completed to determine if local strain
concentrations were large enough that a tear may have
initiated. Elements in the model did not automaticaily
fail when they reached the strain value where a tear
could initiate. Instead, failure predictions were
assessed during post processing. Failure was predicted
when any element in the model reached the strain limits
discussed in section 4.  Although the analyses
continued running until the code failed to converge, as
discussed in the previous paragraph, experience has
shown that containment vessels will fail in stress
concentration regions at strains well below the levels at
which the code fails to converge. No attempt has been
made to predict the structural response after a tear is
predicted to initiate at the strain limits discussed in
Chapter 4.

In some cases, if the high plastic stresses and strains
are very local to the tear location, it is likely that the
tear will arrest itself and the vessel will depressurize
due to the tear in the wall. However, if the high
stresses and strains cover a large enough area, then the
tear is likely to propagate and result in total
catastrophic failure.

For each analysis, failure predictions consisted of a
“lower bound”, “best estimate”, and “upper bound”
failure pressure. Several different locations were

200
160 +
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o_ temperature-pressure
E 120 ~ relationship
=
g 80 + l Assumed
g temperature-pressure
= 1204 relationship
0 } { t } i
0 02 04 06 08 1
Pressure (MPa)

Figure 5.8. Saturated steam temperature-pressure
relationship.



examined to determine where the

locations were.

likely failure

Three locations were chosen where there was a high
potential for corrosion, and each of these locations was
analyzed with two different amounts of assumed
corrosion.  For each of the corrosion areas. enough
degradation was selected to cause the structure to fail
in the corroded regton at about the same pressure that
would cause failure at the highest stress region of an
uncorroded containment.  The assumed degradation
was then increased about 15% more. and the analyses
were repeated.

The largest strains in an uncorroded containment
occurred in the vicinity of the ice basket region, where
a plate thickness change caused significant stress and
strain concentrations.  Figure 5.9 shows the largest
plastic membrane strains that occurred in the ice basket
region for an uncorroded vessel, a vessel with about
10% corrosion in the stress concentration region. and a
vessel  with about 25% corrosion in the stress
concentration region.  Although thermal gradients
around the ice baskets (reduced by insulation around
the ice baskets. but not eliminated) would cause large
elastic strains, as internal pressure increased the vessel
would plastically strain and the significant portion of
the load would be carried through membrane action.
Including thermal gradients in an elastic analysis would
have a significant effect on the elastic strains, while
including the same thermal gradients in a plastic
analysis would only have a minimal impact on the
plastic strains.  Therefore, thermal gradients were not
included in these analysis. At strain levels that were
near the first yield strain, the surface strains (caused by
bending) were slightly larger than the membrane
strains. However, as the strains became plastic, the
vessel carried the internal pressure almost entirely
through membrane action, and the surface strains were
nearly identical to the membrane strains. Therefore,
only the membrane strains are shown for this location.

The largest strains that occurred in the corroded upper
floor region are shown in Figure 5.10. As discussed
previously, the predictions about the response in the
upper floor region were based on a finite element
submodel! that had a much finer mesh; a finer mesh
allowed the model to predict stress concentrations
more accurately than could be achieved by the global
model. The calculated strains in the stress
concentration region were about two times bigger in
the submodel than they were in the global model.
Once again, the largest stresses and strains occurred in
a stress concentration region caused by a change in
plate thickness. The surface strains were about the
same as the membrane strains, again indicating that the
pressure loads were resisted by the vessel through
membrane action. When the upper floor region is

corroded to about 50%. the analyses predict that failure
will occur at about the same pressure that would cause
failure in the uncorroded containment in the vicinity of
the stress concentration near the ice basket. The strains
in the ice basket region of an uncorroded containment
are shown n Figure 5.10 for comparison purposes.

0.15
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0.12
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£ 0.09
&
g 25% Corrosion 3
% 0.06
= No
B 0.03 Corrosion

0.00 - |

0.00 0.20 0.40 0.60

Pressure (MPa)

Figure 5.9 Largest Equivalent Plastic Membrane
Strains in Ice Basket Region.
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~ |
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0.00 0.20 0.40 0.60
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Figure 5.10 Largest Equivalent Plastic Membrane
Strains in Upper Floor Region.

Figure 5.11 shows the equivalent plastic surface strain
at one high-stress point in the corroded region near the
basemat. At pressures above about 0.4 MPa. the
plastic strains in Figure 5.11 are the largest in the
basemat region. However, for pressures below 0.4
MPa, other nearby elements had larger plastic strains.
The predictions about the response in the basemat
region were based on a finite element submodel that
had a much finer mesh. Local stress concentrations
were calculated more accurately in the submodel
because of the finer mesh. Calculated surface strains in



the stress concentration region were about 25% larger
in the submodel than in the global model.

Because the shell wall is embedded in the concrete
basemat, radial displacements of the shell wall are
small, and membrane strains in the circumferential
direction are also small. For this location, large surface
strains are caused by bending. Since the surface strains
are significantly larger than the membrane strains in
this location, Figure 5.11 shows the largest surface
strains in the corroded basemat region for several
different corrosion levels. Once again, the membrane
strains in the ice basket region of an uncorroded
containment are shown for comparison. Figure 5.12
shows typical inner surface, membrane, and outer
surface strains in the basemat region for a case with
50% corrosion in the basemat. The plastic strains
shown in Figure 5.12 are the largest in the basemat
region for pressures above about 0.4 MPa. However,
at pressures below 0.4 MPa, other nearby elements
have larger plastic strains than shown in the figure.

0.15 - Ice basket
region,
0.12 - Basemat region : Membrane
= No Corrosion strain,
'E 0.09 50% Corrosion No Corrosion
& | 65% Corrosion
2
g 0.06 -
-
0.03 -
0.00 B T T T 1
0.00 0.20 0.40 0.60 0.80
Pressure (MPa)

Figure 5.11 Typical Equivalent Plastic Surface
(Bending) Strains in Basemat Region.

0.09 - Ice basket region, .
Membrane strain, \,'
No Corrosion .
!
£ 0.06 - , i
= Basemat region
177] Quter surface
-é Membrane
E_c: 0.03 | Inner surface
0-00 1 T T h
0.00 0.20 0.40 0.60
Pressure (MPa)

Figure 5.12 Typical Equivalent Plastic Strains in
Basemat Region that has 50% corrosion.
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Bending strains in the basemat region can be quite
large if corrosion reduces the thickness around a
significant portion of the circumference, and over a
small height. This is the situation that was analyzed in
the basemat region. High local bending does occur as
the cylindrical wall transitions from its anchorage
boundary condition to the free field condition, where
loads are resisted primarily through membrane action.
The bending stresses in the basemat region are limited,
however, because when radial displacements become
large enough, any additional pressure load will be
resisted through membrane action. As can be seen in
Figure 5.12, the bending strains are significantly higher
than the membrane strains. As discussed in Chapter 4,
the surface “failure” strain limit was 1.5 times larger
than the membrane “failure” strain limit. However,
because the bending strains in the basemat region are
limited, a minimum surface “failure” limit of 5% strain
was selected. No failure was deemed to occur unless
the surface plastic strains exceeded 5%.

Predicted failure results (Table 5.1) 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
5.1) 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 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
became large enough to cause large plastic membrane
strains in the vertical direction, and failure was
predicted at this location. For cases 6 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.

Von mises stresses for the uncorroded containment are
shown in Fig 5.13. The effective plastic strains (Fig
5.14) showed a few areas that experienced large plastic
membrane strains. For the uncorroded containment,
faiture would be expected to occur at the high stress
and strain location around the ice basket (Figs. 5.15
and 5.16). At this location a 3.81 c¢m thick plate
protruded into a 1.59 cm thick arca 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 Figs. 5.13 and 5.14 it
can be seen that large stresses and plastic strains were
only reached in a few regions, and that the global. free-
field stresses and strains were considerably lower,

The analyses that included corrosion areas 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.

Von mises stresses and equivalent plastic strains for the
submodel around the upper floor area are shown in
Figs. 5.17 and 5.18. Once again, these figures are for
the containment in an uncorroded state.  When
corrosion was modeled in the upper floor region. the
calculated stresses became larger than shown in Figs
5.17 and 5.18, but the stress concentration points
remain in the same location.

The criteria used in this report to predict potential
containment fatlure differ significantly from criteria
that would be acceptable for design.  Containment
structures are conservatively designed so that the
probability of failure is very. very small under design
loads. The design criteria are sclected so that the
vessel remains elastic, with a comfortable safety factor.
under all design loads. However. when predicting
failure. previous tests on scaled models have
demonstrated that large plastic strains occur before the
pressure boundary fails. The criteria used to predict
faifure are suitable for use in risk studies. but are
clearly unacceptable for design. For ecxample. in
design, strains are typically limited to about 2/3 of the
elastic limit. However. when predicting failure. strains
that were 7 to 50 times larger than the clastic limit were
selected.  Some of the badly corroded containments
that have been analyzed in this report had plastic
strains below limits where failure would be anticipated.
but strains that were well above the elastic limit at
design loads. Although the probability of fatlure under
design loads is low for some of the corroded
containments that were analyzed, the level of
conservatism necessary o ensure safety was lacking.
To ensure a conservative design, it is necessary to keep
stresses and strains in corrosion areas from exceeding
ASME code allowable limits.



Table 5.1. Predicted Failure Pressures

Case
No.

Failure Limit

Description " Lower bdund Best estimate 'Upper bound
Pressure Membrane Pressure Membrane Pressure Membrane
Strain Strain Strain
‘no corrosion | 0426 MPa | 0.065 "'%0.472 MPa 0.102 0512MPa | 0.148 |
(61.8 psi) (68.4 psi) (74.2 psi)

10% 0.365 0.015 0410 0.049 0.462 0.108
corrosion at (52.9) (59.5) (67.0)

ice basket

25% 0.357 0.015 0.401 0.048 0.441 0.108
corrosion at (51.8) 68.1) (63.9)

ice basket

50% 0.393 0.015 0414 0.051 0.455 0.106
corrosion at (57.0) (60.0) (66.0)

upper floor

65% 0.382 0.015 .0.402 0.051 0.430 0.107
corrosion at (55.4) (58.3) 62.4)

upper floor

50% 0.407 0.015 * *

corrosion at (59.1)

basemat

65% 0.168 V 0.015 0.398 ** 0.074** *

corrosion at (24.3) 57.7)

basemat

* Failure is not predicted to occur at the corroded location.
** Surface strain (bending) was the “failure” limit at this point.
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Figure 5.13 Von mises membrane stress (MPa) in global model with no corrosion,
displacements magnified by a factor of 5.
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Figure 5.13 Von mises membrane stress (MPa) in global model with no corrosion,
displacements magnified by a factor of 5. (continued).
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Figure 5.14 Equivalent plastic membrane strain in global model with no corrosion,
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Figure 5.16 Equivalent plastic membrane strain in ice basket region with no corrosion,

displacements magnified by a factor of 5.
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Figure 5.18 Equivalent plastic membrane strain in local model of upper floor region with 50% corrosion,
displacements magnified by a factor of 5.




6 ANALYSIS OF TYPICAL BWR MARK I CONTAINMENT

The finite element model that has been developed is
typical of BWR Mark I containments in the United
States. Although the analytical model was selected to
be similar to the Peach Bottom containment, there are
several important differences. Therefore, throughout
this report, the model is referred to as a BWR Mark I
containment, and not as the Peach Bottom containment.

The dimensions, plate thicknesses, and other details
were modeled based on drawings of the Peach Bottom
containment. However, the material properties used in
the analyses in this report are typical of AS16 Grade 60
steel, and vary somewhat from measured material
properties of Peach Bottom.

Furthermore, the postulated corrosion that is included
in these analyses has not been observed in the Peach
Bottom containment. Symmetry assumptions,
penetrations not modeled, and other simplifications to
the model could result in differences between the
calculated response of a “typical” BWR Mark 1
containment, and the actual response of the Peach
Bottom containment.

In most accident sequences, an operator would
intentionally vent the containment when it reached an
internal pressure level that is well above the design
level. Since the Peach Bottom containment would be
vented at 0.69 MPa (100 psi), this is the value where
venting is assumed to occur in this study. Unless the
vessel is severely corroded, it is very unlikely that
failure would occur below this pressure level.

Previous studies have examined other possible failure
modes for BWR Mark I containments (Mokhtarian et
al, 1987). One likely leak path is through the drywell
top head gasket, between about 0.72 and 1.20 MPa of
pressure. The exact pressure at which leakage would
begin is difficult to determine because of uncertainty in
the preload level in the top head bolts, and because of
the uncertainty in the amount of springback in the
gasket material. Based on hand calculations, a gap
begins to open between the top head and the bottom
portion of the drywell at about 0.72 MPa. The, top
head gasket, which was compressed when the top head
was bolted on, will expand as the gap opens. The
amount that the gasket will expand is dependent on the
age of the top head gasket, the temperatures it has been
exposed to, the amount of time it has been compressed,
how rapidly the gap is opened, and numerous other
factors. At 1.20 MPa, the gap between the top head
and the drywell would be about.1 mm, and leakage
would be quite likely. Further work was not performed
to better understand when a leak through the top head
gasket would begin because:
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e Operational plan calls for venting at 0.69 MPa
(100 psi) (design pressure is 0.39 MPa (56 psi)),
and for a containment with no corrosion or other
aging damage, venting is expected before any
failure could occur.

e Venting is expected before leakage through the
seal at the top head. However, if the containment
was not vented for some reason, the next expected
leak path would be through the seal at the top
head. An entire test program could be devoted to
better understanding gasket leakage issues.
Indeed, many gasket and seals programs have been
performed previously that have evaluated some
aspects of this problem.

e The primary focus of this project was structural
failure modes, specifically structural failure that
relate to corrosion.

If the containment vents or leaks through the gasket at
the top head, the internal pressure would be relieved,
and therefore a structural failure would not occur.
However, if sufficient corrosion occurs, a weakened
shell wall could tear in the corroded location before the
vent releases pressure, or pressure leaks through the
top head seal, and a catastrophic failure could result.

Containment vessels are designed to withstand many
different loads, such as seismic or internal pressure.
Although code requirements stipulate combinations of
loads that the vessel must be designed to resist, only
internal pressure and - loads caused by thermal
expansion or contraction have been analyzed in this
study. For free standing steel containments, buckling
of the shell wall under load conditions such as seismic
may be the worst case loading that dictates the wall
thickness for some portions of the containment.

The analytical results discussed in this chapter have not
been evaluated for seismic or other load conditions that
could cause buckling. When evaluating the effect of
corrosion damage on an actual containment, it is
important to remember that all code required load
combinations must be evaluated to ensure that other
failure modes, such as buckling, won’t cause failure
before the vessel fails due to internal pressure.

6.1 Geometry

The typical BWR Mark 1 containment (Fig. 6.1)
consists of a drywell and a suppression pool. The
drywell has the shape of an inverted light bulb, and is
connected to the torroidal-shaped suppression pool via
vent lines. Bellows in the vent lines absorb differential
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Figure 6.1 *Typical” BWR Mark 1 containment.

movement between the two vessels. Both the drywell
and suppression pool are constructed from AS16 Grade
70 steel.

The drywell is surrounded by a reinforced concrete
shield wall. with a gap between the concrete shield wall
and the freestanding steel containment of about 5 to 7.5
cm. Originally. the gap was filled with polyurethane
foam. fiberglass., or other insulation-like materials.
However, because of the fire hazard that exists if this
material catches fire, it has been removed on some of
the operational containments. The finite element
model assumes this gap is air, and not an insulation
material.

The spherical section of the drywell has a diameter of
about 20 m, the cylindrical section has a diameter of
about 12 m. and the height from its base to the top of
the top head is about 34 m. The shell thickness varies
from 3.18 ¢m in the lower portion of the spherical
section to 1.91 c¢m in the upper portion of the spherical
section. In the sphere-to-cylinder transition region, the
shell wall is 7.30 cm thick. The cylindrical section
varies from 1.91 to 3.18 c¢m thick. The elliptical-
shaped top head is also 3.18 cm thick. The spherical
shell is embedded in a concrete basemat.

The torus of the suppression pool 1s about @ m in
diameter. The bottom half of the torus is filled with



water. Below the waterline, the thickness of the shell is
1.71 cm. Above the waterline, the thickness is 1.53
cm, except for the section where the vent lines connect,
which is 2.86 cm thick. Ring stiffeners are included
between sections of the torus, and at these stiffener
locations the torus is supported by saddle-shaped
structures. The saddle support structures are pinned at
the base to prevent uplift or twist, but holes are slotted
so that they won’t restrict radial movement. The base
section is teflon coated to minimize friction forces and
allow the torus to expand or contract radially.

Although underwater locations near the strainers where
debris accumulates, as well as several other locations,
could have been analyzed, for the BWR Mark I
containment, (Figure 6.1), analyses were performed
with corrosion in the following locations:

e The spherical section in the sand pocket region,
similar to the damage found at Oyster Creek

3-in. annular space
with filler material

Caulked joint

Corroded area

(Figure 6.2). However, the depths of corrosion
that were analyzed were postulated.

At the water line, in one bay of the torroidal
shaped suppression pool. Corrosion has been
found over very large areas in the suppression pool
of operational containments, such as the corrosion
damage found at Nine Mile Point.

In the sphere-to-cylinder knuckle region. This is a
susceptible area with a high potential for
corrosion, because water from leaks can be
trapped by the insulation-like material between the
containment shell and the concrete building. Since
the outside of the shell is not accessible for
inspection, it is not known if corrosion has actually
occurred at this location in~ operational
containments.

, Downcomer to
pressure suppression
chamber

O, rich area

Sand pocket
O, depleted area

Og rich area N9

Figure 6.2 Observed damage in sand pocket region.



6.2 Finite Element Models

The anaiyses approach used in Chapter 5 was 1o
analyze a global model to get the overall response. and
then apply boundary conditions obtained from the
global model to a finely meshed submodel.  That
approach was selected because of computer limitations.
both in terms of memory, disk space. and the time
required to complete the analysis. After the analyses in
Chapter 5 were completed. a new and much faster
computer was obtained.  This made it possible to
include a finely meshed region (i.e., the submodel) n
the coarser-meshed global model. This is the approach
that has been used for the analyses discussed n
Chapter 6.

Two ABAQUS finite element models were constructed
tor the drywell, and one model was constructed of the
suppression pool.  The first drywell model contained
an area with very fine meshing arcund the sphere-to-

cylinder knuckle region (Fig. 6.3). and consisted of

5824 first order shell elements, with 5978 nodes. It
included a 45° circumferential segment  of  the
containment, and went from the concrete base to the
top of the top head. Symmetry boundary conditions
were applied along both wvertical edges. A 22.5°
segment of the drywell. with appropriate boundary
conditions. could have represented an  uncorroded
containment. but the assumed corrosion area required
analyzing a larger segment of the vessel.  Corrosion
was modeled in the knuckle region in the finely meshed
area. The drywell shell was rigidly fixed at the bottom
of the sand pocket. which is a good approximation for
a containment that has had the sand removed from the
pocket, such as occurred at Oyster Creek.

The second drywell model contained an area with very
fine meshing around the sand pocket region (Fig. 6.4,
and consisted of 4830 first order shell elements with
5050 nodes. It also included a 45° segment of the
containment.  with symmetry boundary conditions
applied along both vertical edges. - Corrosion was
modeled in the finely meshed basemat region.

The model of the suppression pool (Fig 6.5) consisted
of 3684 four-node quadrilateral shell elements, with

3788 nodes. This model included a 22.5% segment of

the suppression pool.  Symmetry boundary conditions
were applied along both edges where the torus was
discontinued.  Because of the corrosion pattern that
was selected. a 22.5% segment was adequate, and the
larger 457 segment that was analyzed for the drywell
wasn't needed. A model with a finely meshed region
was generated. but the coarser model gave almost

identical results. Theretore, the model with the area of
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fine meshing wasn't used in subsequent analyses.
Corrosion was modeled along the waterline in the bay
that does not contain the vent line.

The drywell contained steel plates of several different
thicknesses.  In areas where the plate thickness
transition occurred. the largest stresses and strains
would be expected. The smallest elements had a side
length of about 2.5 cm. while the average element had
a length of about 30 cm.

The concrete basemat was not modeled. The vent line

penetrations  and the top head were the only
penetrations that were explicitly modeled.  Although
the bellows themselves were not modeled. the

penetration holes in the drywell and the suppression
pool were included. Appropriate forces were applied
along the edges of the vent line penetration holes (o
represent the force of deforming the bellows.  This
force was determined based on a lincar spring constant
and the calculated displacements.
addressed under a previous program (Lambert. et al..
1995). In addition, the NRC has an on-going program
to evaluate how corrosion degradation in bellows
affects the containment capacity.

Beilows have been

In previous analyses (Miller. 19900 Greimann. et al.,
19843 11 was found that containment fuilure occurred
where thin wall sections met the thicker plate sections
that the penetrations passed through (Clauss, 1985:
Greimann et al.. 1987).  In those studies. plastic
vielding occurred in the thinner plate sections. and not
in the thickened plates.

Previous of the PWR lIce Condenser
containment. as well as analyses that were done by
other people. indicate that large stresses and strains can
occur at shell thickness discontinuities.  The BWR
Mark [ drywell model includes a vent line hole, and a
small section of the vent pipe. The suppression pool
also includes a vent line hole. and a small section of the
vent pipe. A previous analysis (CB1 reference) showed
that the drywell and wetwell very loosely
coupled. This is intuitively obvious since the bellows
are designed to accommodate differential movement,
so that movement in one of the structures does not have
a significant effect on the structural response of the
other. This loose coupling was achieved in the models
by:

analyses

were

o analyzing the drywell with no attachment to the
suppression pool.

e analyzing the suppression pool with no attachment
to the drywell. and



s repeating both analyses with an applied force on
both the drywell and suppression pool models
(equal in magnitude, opposite in direction) based
on the relative displacements between the two
uncoupled responses.

This gives the same result as connecting the drywell
and suppression pool in the analyses via a spring to
represent the vent line and bellows. By splitting the
model into two independent parts (drywell and
suppression pool), it was possible to add considerably
more detail into each of the models. The models could
be split in this manner since they were only connected
via the vent lines, and the vent line bellows absorbed
the differential movement between the structures so
that displacements in one vessel had a minimal affect
on the other.
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Figure 6.3 Finite Element Model around Sphere-fo-
Cylinder Knuckle Region.

Figure 6.4 Finite Element Model around Sand-

Pocket Region.
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Figure 6.5 Model of Suppression Pool.




During the analyses performed in this report. the
temperature of the wetwell shell and the temperature of
the drywell shell increased as a function of pressure,
and the pressure and temperature in the wetwell was
assumed 1o be exactly the same pressure and
temperature that was in the drywell. Under these
temperature and pressure loading conditions, both the
wetwell and drywell expand radially outward. so the
relative displacement between them never becomes
excessively large. Under many accident conditions. a
differentiat pressure and temperature could exist. This
could cause the bellows load to be larger than the
assumed  values in this analysis. The structural
response  to other postulated  accidents  must be
cvaluated on ua case-by-case basis. however. so any
effect of bellows foads could be accounted for during
the specific evaluation.

The drywell head is modeled as a separate part, and is
connected to the drywell via truss elements  that
represent the bolts. Other penetrations were  not
modeled. but varying plate thicknesses, and associated
stress concentrations caused by ceometric
discontinuities,  were  included.  Thickened plates
around penetrations were not included except for the
thickened section around the vent lines,

The ~tabilizers were not included in this model, based
on previous analvses (CBI reference) that showed the
in the regton of the stabilizer-to-drywell
connection were not large enough to cause fatlure even
when the vessel was at about three times the design
pressure.

SIIresses

The shicld building was also not modeled.  The
analyses predict that no contact would occur between
an uncorroded containment and the shield building
until pressures of around 0.9 MPa are reached.  After
contact is made, the shield building would begin to
carry 4 portion of the load.  Previous analyses
(Mokhtarian et al. 1987) indicate that the shield
building is capable of carrying the additional load from
the expanding drywell until failure occurs in the
suppression pool,

In corrosion areas, which were focally thinned in the
analyses, failure is predicted in the locally thinned area
either before contact would occur, or at about the same
time that contact would occur.  Modeling contact
between the shield building and the containment would
add a whole level of complexity that was not warranted
in this case since:

s An uncorroded containment would reach 0.7 MPa
and would be vented before contact between the
structures would occur.

e ]f for some reason an operator was unable to vent
the wurncorroded containment at 0.7 MPa, the
containment could contact the shield building. but
the top head seal would probably begin to leak
hefore a failure in the drywell or suppression pool
occurred.

e If an operator was unable to vent the uncorroded
containment, and the top head scal didn't leak. the
predicted failure would be in the suppression pool.
and not in the drywell.

o For a containment with severe corrosion in the
knuckle region. the analyses performed predict
that failure would occur either before contact is
made 1n the locally corroded region. or very close
to the time when contact would be expected.

¢ For a contanment with lesser amounts of
corrosion. the containment is predicted to vent or
leak through the top head seal before or very near
to the time when contact would occur in the
corroded region.

* [pnoring contact is conservative. since any contact
which occurs could delay or even prevent failure
in the vicinity of the contact region.

The containment modeled to determine failure
level and location under several different degraded
condittons. Three areas on the containment surface that
were degraded (Figs. 6.6 und 6.7) correspond to the
damaged or susceptible areas identified at nuclear
power plants. In these arcas corrosion was modeled by
thinning shell elements and reducing the critical plastic
fatlure strains. The depth of the corrosion was selected
to ensure that failure occurred in the degraded area. A
significant amount of damage was required to cause 4
fatture tn any of the degraded areas. and the primary
rcason ts that leaks through the top head seal or
intentional venting occur around 0.7 MPa. while the
vessel Is still primarily elastic. Failure of an
uncorroded containment is not tikely until the vessel is
subjected to internal pressures that are about three
times larger than design pressure.  (Analyses indicate
that 1% membrane strains occur in local stress
concentration regions at about three times the design
pressure.)

wads
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Figure 6.7 Suppression pool shell thickness.

The containment was analyzed in seven different
configurations, with:

e  No corrosion present.

o Corrosion near the sphere-to-cylinder knuckle
region, with a 50% through the thickness corroded
area of 0.91 m high by 22.5° circumferentially
(~2.9 m). Because of the symmetry conditions
used at the boundary, the corroded section is
mirrored so that the actual degraded section is a
45° segment. In operational containments, this
area is susceptible to corrosion, but the outer
surface is inaccessible and does not get inspected.

e Corrosion near the sphere-to-cylinder knuckle
region, as described above, except the damage is
65% through the thickness.

e Corrosion in the steel shell in the sand pocket
region, with a 50% through the thickness corroded
area of 0.25 m high by 22.5° around the
circumference (~2.2 m). Because of the symmetry

conditions used at the boundary, the corroded
section is mirrored so that the actual degraded
section is a 45° segment. Corrosion has been
found in this location during inspections at the
Opyster Creek plant.

e Corrosion in the sand pocket region, as described
above, except the damage is 65% through the
thickness.

s Corrosion in the steel shell at the waterline in one
bay of the suppression pool, with a 50% through
the thickness corroded area of 1.03 m high by
11.25° around the circumference (~4.22 m).
Corrosion has been observed in many areas of the
suppression pool during inspections of the Nine
Mile Point containment. Analyses show that the
highest strains on an uncorroded containment are
in the torus. This area of the torus is one of the
expected failure locations.

¢ Corrosion in the suppression pool at the waterline,
as described above, except the damage is 65%
through the thickness.

6.3 Material Properties

The material properties used in the analyses in this
report are typical of A516 Grade 70 steel, and vary
somewhat from the measured material properties in
Peach Bottom. Under ambient temperature conditions,
A516 Grade 70 steel typically reaches yield at about
318 MPa, and the maximum engineering stress is about
483 MPa at 12-15% strain. ABAQUS requires that the
material property stress-strain curves be true stress and
true strain, and not engineering values. True stress and
strain were estimated from engineering stress and strain
values by the relationships

Grue = (1 + 9 gi ;..g) Giengincering

Eire = IOg(l + 8engineering)-

Fatigue Technology Inc (1988) measured engineering
stress-strain curves for A516 Grade 70 test coupons at
temperatures of 22, 93, 149, and 204°C. The ambient
temperature stress-strain curve used in the analyses in
this report (Figure 6.8) is proportional to the Fatigue
Technology data, but has been adjusted to pass through
the true yield stress and true ultimate stress points for
typical A516 Grade 70 material. The stress-strain
curves at other temperatures are also proportional to
the Fatigue Technology test data. ABAQUS linearly
interpolates between the stress-strain curves shown in
Figure 6.8 for other temperature values. 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.,
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Figure 6.8 A516 Grade 70 temperature dependence.

6.4 Loads

Design pressure for the vessel 1s 0.386 MPa (56 psi).
Quasi-static internal  pressure was  increased
monotonically, with a thermal load simultancously
applied to all steel parts above the concrete basemat.
The temperature of the contanment shell followed a
saturated steam pressure vs. temperature relationship
(Fig. 5.8). An mnitial stress-free state was assumed 1o
exist at 22°C.  As the pressure was increased. the
temperature at every node in the model that was above
the concrete basemat was increased 10 correspond to
the saturated steam relationship.

6.5 Analysis Results

Analyses were performed using the ABAQUS/Standard
finite element code.  As the internal pressure load in
the containment was increased bevond the design
pressure, the finite element analyses first predicted
local pockets of plastic strains developing. Then, as
the pressure continued to increase. the code predicted
global plastic strains.  As the steet shelt plastically
strained. it became thinner. and eventually the code
fatled to comverge. indicating that a failure limit had
been excecded. This failure limit should be considered
an upper bound on the selution, since local strain
concentrations could cause a tear to initiate n the shell
wall before this stability limit is reached.

Predicted results were examined after cach analyses
was  completed  to determine  if local  strain
concentrations were large enough that a tear may have
imtiated.  Elements in the model did not automatically
fail when they reached the strain value where a tear
could nitate. Instead, failure predictions  were
assessed during post processing. Failure was predicted
when any element in the model reached the strain timits
discussed in osection 4 Although the analyses
continued running until the code failed to converge, as
discussed in the previous paragraph, experience has
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shown that containment vessels will fail in stress
concentration regions at strains well below the levels at
which the code fails to converge. No attempt has been
made to predict the structural response after a tear is
predicted to initiate at the strain limits discussed in
Chapter 4.

In some cases. if the high plastic stresses and strains
are very local to the tear location, it is likely that the
tear will arrest itself and the vessel will depressurize
due to the tear in the wall.  However. if the high
stresses and strains cover a large enough area. then the
tear 1sv hkely 1o propagate and result in 1otal
catastrophic failure.

For cach analysis. failure predictions consisted of a
“lower bound”, “hest estimate”. and “upper bound”
failure pressure.  Several different locations were
examined to  determine  where the  likely  tfailure
locations were

Three locations were chosen where there was a high
potential for corrosion, and cach of these lTocations was

analyzed with two different amounts  of  assumied
corrosion.  For cach of the corrosion arcas, 50%
through-the-thickness — corroston  degradation  was

sefected. to cause the structure to fuil in the corroded
region al about the same pressure that would cause
failure at the highest stress region of an uncorroded
contatnment.  The assumed  degradution was  then
increased o 65% corrosion, and the analyses were
repeated.

The largest strains in an uncorroded containment
occurred 1n the suppression pool. The maximum
calculated von Mises stress in the suppression pool was
about 165 MPa (24 ksi), and was a result of bending at
the ring stiffener location.  The maximum caleutated
membrane stress was about 115 MPua (17 kst

Figure 6.9 shows the largest plastic membrane strains
that would occur in the suppression pool if a section
along the waterline was corroded to a depth of 50% or
to a depth of 65% . For comparison. the strains that
would be expected if no corrosion existed are also
shown.  As discussed in Chapter 5. elusiic strains
caused by thermal gradients could be significant for
design. but at pressures above the design basis. the
loads are carried by membrane action, and the plastic
struins  caused by thermal gradients  become
insignificant. At strain levels that were near the first
yield strain, the surface strains (caused by bending)
were shightly larger than the membrane strains.
However, as the strains became plastic. the vessel
carried the internal pressure almost entirely through
membrane action. and the surface strains were nearly
identical 1o the membrane strains. Therefore, only the
membrane strains are shown for this location.  Since



the design pressure is 0.386 MPa, Figure 6.9 shows
that plastic strains won’t occur in an uncorroded
containment until about 2.5 times the design pressure.
With 50% corrosion, plastic yielding begins shortly
after design pressure, and at 65% corrosion, significant
plastic yielding would occur before design pressure is
reached.

0.15 - ¢50%

o1z | 65% Corrosion
o Corrosion
£ 0.09 - No
n .
2 Corrosion
E 0.06 -
B

0.03 4

0.00 ! T T

0 0.4 0.8 1.2
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Figure 6.9 Largest Equivalent Plastic Membrane
Strains at Waterline in Suppression Pool.

Figure 6.10 shows typical equivalent plastic surface
strains that would occur in the knuckle region if it was
corroded to a depth of 50% or to a depth of 65%. For
comparison, the strains that would be expected if no
corrosion existed are also shown. As in the
suppression pool, surface stresses (i.e., bending
stresses) were up to 50% larger than membrane stresses
at pressures that caused the material to reach first yield.
However, as the strains became plastic, the vessel
carried the internal pressure almost entirely through
membrane action, and the surface strains were within
about 10% of the membrane strains. Therefore, only
the membrane strains are shown for this location. As
discussed in the previous paragraph, any thermal
gradients would have minimal impact on plastic strains,
although the effect on the elastic strains could be
significant. For an uncorroded knuckle region, plastic
yielding does not begin until the pressure reaches about
2.5 times design pressure. For the case where 65%
corrosion is assumed in the knuckle region, significant
plastic yielding begins at about design pressure. The
peak calculated strains in a stress concentration region
in the corroded region are about 50% larger than other
strains that are in the corroded region, but outside the
stress concentration region.

Figure 6.11 shows typical equivalent plastic surface
strains at one high-stress point in the sand pocket
region for cases with 50% and 65% corrosion. Note
that Figures 6.9 and 6.10 showed membrane strains,
while Figure 6.11 shows surface (bending) strains. The
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surface strains shown in Figure 6.11 are the largest
calculated values for portions of the analysis, but other
nearby elements have slightly larger strains over the
remaining portions of the analysis. The high bending
stresses in the sand pocket region are almost entirely
due to the fixed boundary condition at the base, as well
as thermal expansion of the steel. Bending stresses
generally don’t cause failure unless the surface strains
are considerably higher than the membrane strain
failure limit. This is because the shell walls bend and
deform until the structure reaches a shape where the
loads are resisted almost entirely by membrane action.
Considerable plastic strains occur on the surface before
plastic membrane yielding begins. However, these
surface strains are well below the limits where a tear
would be expected to initiate, and no failure is
expected before general membrane yielding and large
plastic strains begin to accumulate.

0.15 - 50%
ol 4 65% J Corrosion
’ Corrosion

=
.E 000 . T No '
® Corrosion
o2
E 0.06 -
[

0.03 -

0.00 ¢ r

0 0.4 0.8 1.2
Pressure (MPa)

Figure 6.10 Typical Equivalent Plastic Membrane
Strains in Knuckle Region.

Because the shell wall is embedded in the concrete
below the sand pocket, radial displacements of the shell
wall are small, and membrane strains in the
circumferential direction are also small. For this
location, Jarge surface strains are caused by bending.
For the case with 50% corrosion in the sand pocket
region, the inner surface strain, membrane (mid-
surface) strain, and outer surface strain for a highly
stressed element are shown in Figure 6.12. As
previously explained, the calculated strains for the
element shown in Figure 6.12 are the largest over much
of the pressure range, but other nearby elements have
larger strains over some of the pressure range. As can
be seen in the figure, plastic straining is occurring
before the pressure even reaches the design level.



G.12 500 Corrosion
65% Corrosion
£ 0.08 o
£
@ i
2 ‘
5
2 0.04 No
Corrosion
0.00 ‘L
0 0.4 0.8 1.2

Pressure (MPa}

Figure 6.11 Typical Equivalent Plastic Surface
(Bending) Strains in Sand Pocket Region.

0.2
Membrane
E 0.08 Inner Surface
7
= .04
Outer
Surface
.00
() 0.4 0.8 1.2

Pressure (MPa)

Figure 6.12 Typical Equivalent Plastic Strains in
Sand Pocket Region that has 50% corrosion.

Bending strains in the basemat region can be quite
large it corrosion reduces the thickness around a
significant portion of the circumference. and over a
small height. This is the situation that was analyzed in
the basemat region. High local bending does occur as
the cylindrical wall transitions from its anchorage
boundary condition to the free field condition. where
toads are resisted primarily through membrane action.
The bending stresses in the basemat region are limited.
however, because when radial displacements become
large enough. any additional pressure load will be
resisted through membrane action.  As can be seen in
Figure 6.12. the bending strains are significanty higher
than the membrane strains. As discussed in Chapter 4.
the surface “failure™ strain limit was 1.5 times larger
than the membrane “failure™ strain limit. However.
because the bending strains in the basemat region are
limited. a minimum surface “failure™ limit of 5% strain
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was selected. No failure was deemed to occur unless
the surface plastic strains exceeded 5%.

Predicted failure results (Table 6.1) show that
corrosion in some areas will cause more of a reduction
in capacity than corrosion in other areas would have
caused. Because of the assumption that venting would
occur at pressure levels of 0.69 MPa (100 psi), and
calculations that show significant plastic yielding does
not occur until about 2 to 2.5 times the design pressure,
large amounts of corrosion were assumed in order to
lower the calculated pressure capacity. The design
pressure for the containment modeled was 0.386 MPa
(56 psi).

The structural response of the region that was assumed
10 be corroded in the suppression pool {Table 6.1) was
primarily membrane. For these analyses the peak
surface strains were nearly identical to the peak
membrane strains. For the drywell model that had
assumed corrosion in the knuckle region. bending was
more significant at stress levels near the elastic limit.
At larger strain levels. in the range where failure would
be expected, the surface strains were only about 10%
larger than membrane values. Although significant
bending occurred in the sand pocket region in the last
two cases, failure was still predicted to result from the
membrane deformations and not from the surface strain
limits. At strain levels large enough to cause failure.
the surface strains were a bit less than 50% bigger than
the membrane strain values.

Membrane forces in the suppression pool were twice as
large in the circumferential direction as they were
along the length of the torus. For the suppression pool.
internal pressure caused the structure to radially
expand until failure occurred in the circumferential
direction. Even while the structure was plastically
flowing in the hoop direction. therc was minimal
plastic growth along the length of the 1orus.

Von mises stresses for the suppression pool. with 50%
corrosion, are shown in Fig 6.13. The effective plastic
strains (Fig 6.14) show that only the corroded region
experienced large plastic membrane strains. For the
suppression pool, with 50% corrosion, fatlure would be
expected to occur at the high stress and strain location
in the thinned area. The stresses and strains calculated
for the drywell with 50% corrosion in the knuckle
region are shown in Figures 6.15 and 6.16. As can be
seen, the largest plastic strains all occur in the corroded
region. Figures 6.17 and 6.18 show the stresses and
strains in the finely meshed section of the drywell in
the knuckle region. As can be seen from these figures,
a stress and strain concentration region occurs in the
corroded region. with the peak strains in the
concentration region about 25 to 50% larger than the
surrounding strains in the corroded region.



Figures 6.19 and 6.20 show local strains in the
corroded region of the sand pocket for a case with 50%
corrosion. As before, a strain concentration occurs in a
corner, with the concentration about 25 to 50% larger
than the remaining strains in the corroded region.

The criteria used in this report to predict potential
containment failure differ significantly from criteria
that would be acceptable for design. Containment
structures are conservatively designed so that the
probability of failure is very, very small under design
loads. The design criteria are selected so that the
vessel remains elastic, with a comfortable safety factor,
under all design loads. However, when predicting
failure, previous tests on scaled models have
demonstrated that large plastic strains occur before the
pressure boundary fails. The criteria used to predict
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failure are suitable for use in risk studies, but are
clearly unacceptable for design. For example, in
design, strains are typically limited to about 2/3 of the
elastic limit. However, when predicting failure, strains
that were 7 to 50 times larger than the elastic limit were
selected. Some of the badly corroded containments
that have been analyzed in this report had plastic
strains below limits where failure would be anticipated,
but strains that were well above the elastic limit at
design loads. Although the probability of failure under
design loads is low for some of the corroded
containments that were analyzed, the level of
conservatism necessary to ensure safety was lacking.
To ensure a conservative design, it is necessary to keep
stresses and strains in corrosion areas from exceeding
ASME code allowable limits.



Table 6.1. Predicted Failure Pressures

Failure Limit

Case Description Lower hound Best estimate Upper bound
No.
Pressure Membrane Pressure Membrane Pressure Membrane
Strain Strain Strain
1 no Corrosion F.34 MPa * 0.056 > 1.38 MPa * > 138 MPa*
{195 psi} (> 200 pst) (> 200 psi)
2 SO% (.510 0.014 0.786 * 0.046 0.924 * (.101
COrrosion at (74 (1 (134
waterline in
suppression
pool
3 65% 0.331 0.014 ().545 (0.046 ().683 0. 101
COrrosion at (48) (79) (99
waterline in
suppression
pool
4 i S0% 0.600 (014 0.73] * 0.046 0.931 * 0.101
L corrosion at (87) (106) (135
- knuckle in
drywell
5 650 ().455 0014 0.5331 0.048 (.696 * 0.098
Corrosion at (66) (77) (100
knuckle in
drywell
6 S0% 0876 * 0014 P47 * 0.044 .36 * 0.096
corrosion at (127 170 (197}
sand pocket
in drywell
7 65% 0.676 0.014 ().855 * 0.044 1.09 * (1.096
Corrosion at (9%) (124) (158)
sand pocket
in drywell

Failure is not predicted to oceur at the corroded location.
betore the structural failure would occur.
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Venting 1s expected to occur at 0.69 MPa (100 psi)
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7 ANALYSES OF TYPICAL REINFORCED CONCRETE
CONTAINMENT

Concrete containments have a host of potential
degradation sites. The concrete can degrade, and the
reinforcing bars and the liner can corrode. The
following study examines a typical concrete
containment with liner degradation during a loss of
coolant accident (LOCA). Although concrete and
reinforcing bar degradation could be a potentially
serious condition, degradation at these locations were
beyond the scope of this analysis.

A typical pressurized water reactor (PWR) reinforced
concrete containment with a liner that is attached to the
concrete with studs was examined with postulated liner

corrosion degradation at three locations. The
containment modeled is similar to the Surry
containment. The dimensions, liner thickness,

reinforcing bars spacing and size, and stud spacing
were all taken from structural drawings of the
containment at the Surry nuclear power station.
However, the locations selected for the degradation are
not locations of degradation of the liner in the
containment at the Surry nuclear power station.

The degradation was located at the region of highest
stress, where corrosion damage had been observed in
existing containments, and in regions that are
considered likely to experience corrosion. Specifically,
the locations were at the basemat on the cylinder wall,
at approximately midheight on the cylinder wall
(location of highest liner stress), and near the
equipment hatch. Finite element analysis (FEA) was
used to examine the containment under accident
conditions. Failure was predicted using a strain-based
failure criterion. The effect of liner degradation was
examined by varying the degree of corrosion at the
selected locations and comparing the failure level with
the uncorroded case.

To examine liner failure in the containment, sufficient
detail must exist in the FEA model to detect strain
concentrations at potential failure locations. However,
due to the size and complexity of a containment
building, a three dimensional model including
sufficient detail of all penetrations and detail of the
connections between the concrete and the liner for the
whole containment building is unrealistic. In this study
an axisymmetric model of the containment was
analyzed to model the global behavior of the
containment building. No penetrations were included in
the axisymmetric model and the liner was continuously
attached to the concrete at the nodes that were common
between the concrete and the liner. The liner elements
were sized to approximate the spacing of the studs that
attach the liner to the concrete.
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Results from the axisymmetric model were used to
apply the loading to the more detailed sub-models of
the areas of interest. A sub-model that models the
concrete, reinforcing bars, and each stud explicitly
requires a great number of degrees of freedom, is
complex to construct, and the interaction of the studs
with the concrete is difficult to model accurately. The
liner is the primary area of interest in this study.
Therefore, a FEA model that is refined enough to pick
up strain concentrations in the liner was imperative.
Since the region of the equipment hatch was considered
a location of potential liner degradation a sub-model of
this region was constructed. A three-dimensional sub-
model including the concrete, reinforcing bars, and
liner was developed. The studs were not included in the
model. From this model, two-dimensional sub-models
of only the liner were developed using spring elements
to model the interaction of the liner and studs.
Similarly, two-dimensional sub-models of the liner at
the cylinder wall and basemat juncture and the liner at
the midheight of the sidewall were constructed. The
studs were modeled with spring elements in these
models as well.

Containment vessels are designed to withstand many
different loads, such as seismic or internal pressure.
Although code requirements stipulate combinations of
loads that a containment must be designed to resist,
only internal pressure and loads caused by thermal
expansion or contraction have been analyzed in this
study. The analytical results discussed in this section
have not been evaluated during seismic or other load
conditions. When evaluating the effect of corrosion
damage on an actual containment, it is important to
remember that all code required load combinations
must be evaluated to ensure that other loads won’t
cause failure before the vessel fails due to internal
pressure.

7.1 Material Properties

The liner material properties used were for A516
Grade 60 steel. The true stress-strain curves are shown
in Figure 7.1. These curves were developed by using a
mean value of engineering yield and ultimate stress
from test data obtained from the containment liner at
the Sequoyah nuclear power station and developing
curves proportional to the curves for A516 Grade 70
steel tested at 22, 93, 149 and 204 °C (Fatigue
Technology, 1988). Engineering stress and strain
values were converted to true stress and true strain,
which are required by ABAQUS to define plastic
material properties. The coefficient of thermal
expansion used was 11.3 x 10°/°C.



Material properties used for concrete were ., of 27.6
MPa (4000 psi), modulus of elasticity 24.8 x 10° GPa
(3.6 x 10° ksi), Poisson’s ratio of (.18, and a tensile
cracking strain of the concrete was given a value of
0.0001. Reinforcing bar material was taken as grade 40
steel for number 11°s and smaller, and grade 50 steel
for number 14 and 18 bars. Typical curves for the
reinforcing bars were developed from the stress strain
curves for A615 grade 60 shown by Gamble (1973).

Stress (MPa)

1 : L 1 1 J

¢ co5 (D] Q15 az 025
Strain {(mm/mm)

Figure 7.1. A516 Grade 60 true stress versus true
strain.

7.2 Corrosion/Degradation

Degradation mechanisms were examined in Chapter 2
and it was determined that for low-carbon. low-strength
steels used in  containment structures, corrosion
degradation can be simulated by using a loss of section.
The corroded material does not have any strength and
therefore the reduction of strength 1s due to the loss of
section. In Chapter 2 it was also shown that there is a
reduction in ductility caused by stress and strain
concentration regions at discontinuities such as pits or
rough surfaces. Bruneau and Zahrai (1997) found for a
structural steel that the expected loss of strength for
corroded specimens was directly proportional to the
reduction of area and that the maximum elongation for
tensile specimens was less than that for the uncorroded
specimens. Therefore in this study. corrosion was
modeled by investigating the effect of Joss of section.

The locations chosen in this study for the degraded
liner were at the junction of the basemat and cylinder
wall (at the floorline of the containment), at
approximately midheight of the cylinder wall (this is a
region of high stress). and near the equipment hatch

opening. The floor to wall junction was chosen because
corrosion damage has been observed in this location
for steel containments, and it was considered to have a
high likelihood for corrosion. The region at mid height
of the cylinder wall was chosen because it is a region
of high stress. The equipment haich location was
chosen as a likely area for corrosion and possible stress
concentration at the opening.
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Figure 7.2. Temperature-pressure relationship.

7.3 Loading

The FEA models were loaded with a quasi-static
internal pressure that increased monotorically. During
many postulated accidents, the pressure is caused by
water turning into steam. Therefore, a thermal load was
applied to the models along with the pressure loading.
A steady state thermal analysis was performed on the
containment  wall to determine the temperature
distribution through its thickness. The temperature was
applied in a linear distribution between the inside and
outside surfaces (see Figure 7.2). The initial stress-free
state was assumed to existat 22 °C.

Although many possible accident scenarios exist and
are 1mportant at near design pressures, for the
calculation of ultimate containment capacity the
thermal loads are not nearly as important. The effects
of thermal loads on the liner strains are dissipated as
the concrete cracks and reinforcing bars yield.

7.4 Failure Criteria

A strain-based failure criterion was selected for this
study. Therefore, the failure is predicted 10 occur when
the calculated strains exceed a critical value.
Resecarchers such as Hancock and Mackenzie (1976),
Mackenzie et al. (1977), and Mangoine (1982) have
shown that the critical failure strain varies as the stress
states change and that this strain can be related to the



stress states. The failure criteria discussed in Chapter 4
are used, except for some changes in the values of the
knockdown factors. The knockdown factors adjust
uniaxial failure strain data to a failure value. There are
four knockdown factors that are applied. Three of these
factors, which are not related to corrosion, are
consistent with a previous study by Miller (1990). The

fourth factor has been added to account for the'

corrosion degradation.

The relationship for the first knockdown factor, to
account for the multiaxial stress state, is from Hancock
and Mackenzie (1976). The factor is determined from
the analyses and relates the triaxial state of stress to the
failure strain. For the concrete containment discussed
in this chapter, the approach taken by Miller (1990)
and discussed in Chapter 4 has been applied. Lower
bound, best estimate, and upper bound values were
chosen for the remaining factors (f;, f3, and f,).

The second factor accounts for how much detail is
incorporated in the finite element model. For example,
the element size in the mesh and missing structural
details 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 the structural
details. The value chosen in this study was determined
by reviewing the detail included in the finite element
model in the critical failure region, and analytical
results such as the strain gradient in the critical region.
The details of the FEA will be discussed in a later
section; however, since a detailed submodel of the
containment liner was used, the f, value chosen for
these submodels was 0.9 for the lowest bound, best
estimate, and upper bound values of the factor. Since
the axisymmetric model did not include much detail
(especially in the liner) a knockdown factor of 0.2 was
chosen.

The third factor accounts for the fact that in an actual
structure the material properties often vary from the
mean by a significant margin. Since the liner material is
the same as that used in Chapter 4, the same values for
the f; factor were used. These values were chosen from
the variation in the material properties found for tensile
tests of the liner material. It was found that the
elongations for the material varied from the mean by
22 %.

Similarly, the same values chosen for the f; factor in
the analyses in Chapter 4 were used in this study. From
tensile tests on corroded coupons it was found that the
elongation of the specimens was reduced by
approximately 50 percent. Therefore, the best estimate
value for the f; factor was chosen as 0.5. The values of
the lowest and upper bound values are based on
engineering judgment.

Table 7.1. Knockdown Factors Used in Failure
Criteria

Factor| Lower Best Upper
Bound | Estimate | Bound
Analysis
sophistication f, 0.2 0.2 0.2
(axisymmetric)
Analysis
sophistication f 0.9 0.9 0.9
(submodels)
Material f, 0.78 1.0 1.22
properties
Corrosion 4 0.25 0.5 0.75

Table 7.1 shows the values chosen for the knockdown
factors. It should be emphasized that these values are
based on engineering judgment and therefore most
likely would vary according to the analyst. The intent is
that the analyst consider each of these areas and
determines an overall failure limit that is reasonable.
The best estimate failure strains that result from these
factors are close to observed failure strains found
during scaled model tests. The ASME code (ASME
1992) gives a minimum uniaxial failure strain for
elongation in a 20.3 cm (8 in.) gage length as 21
percent for ASTM A516 Grade 60 steel. Therefore, a

value of 0.21 was used for €,paxial-

7.5 FEA Models

A schematic of the typical reinforced concrete
containment analyzed in this study is shown in Figure
7.3. The containment has an inside diameter of 38.4 m
(126 ft) and inside height of 56.4 m (185.0 ft). The
wall thickness in the cylinder is 1.37 m (4.5 ft) and in
the dome 0.76 m (2.5 ft). The concrete basemat
thickness is 3.1 m (10.0 ft). The steel liner is 6.35 cm
(0.25 in) thick on the floor, 9.5 ¢cm (0.375 in) thick in
the wall, and 12.7 cm (0.5 in) thick in the dome. The
studs which attach the liner to the concrete wall are
159 c¢cm (0.625 in) diameter. The equipment hatch
modeled has an inside radius of 2.21 m (7.25 ft) and is
centered at a height of 7.42 m (24.33 ft) above the
basemat. Typical wall reinforcing is shown in Figure
7.4.

The ABAQUS (Hibbit, Karlsson & Sorenson, 1997)
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finite element code was used in the analysis. ABAQUS
is a general purpose finite element code that provides
the option to use external material models. In this study
the behavior of the concrete material was modeled
using ANACAP_U (ANATECH Corp, 1997). This
material model uses the smeared crack approach
(Rashid, 1968) to model the cracking concrete.




7.5.1 Axisymmetric

Initially a global axisymmetric model was analyzed and
the results from this model were used to develop more
detailed submodels of the areas where the degradation
was located. The axisymmetric model consisted of
3598 nodes with 1312 elements (see Figure 7.6).
Second order elements were used to model the liner
(SAX2 in ABAQUS) and concrete (CAXBR in
ABAQUS). The concrete elements used reduced
integration.  The basemat had spring clements
(SPRING?2 in ABAQUS) to model the soil under the
basemat. The nonlingar spring modeled the soil
pressure under the basemat but allowed unrestrained
uplift of the basemat in arcas where the pressure was
zero. The dead load of the interior contents of the
containment building was estimated and applied.

7.5.2 3-Dimensional Submodel

Since the equipment hatch was not included in the
axisymmetric model a 3-dimensional (3D) submodel of
the equipment hatch was developed. The model
contains 4177 nodes and 3810 clements (see Figure
7.7). The tiner elements are 4-node reduced integration
quadralaterals (S4R in ABAQUS) and the concrete
elements are 8-node bricks (C3D8 in ABAQUS). Half
of the hatch was modeled to take advantage of the
vertical symmetry. Nodal displacements from  this
model were applied o the 2-dimensional (2D)
submodels of the Tiner in the region of the hatch.

S64m

ﬂ

L3

Figure 7.3. Schematic of typical reinforced concrete
containment.
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Figure 7.4. Typical reinforcing layout.

Figure 7.5. Axisymmetric finite element mesh.



Liner sub-model regions

Figure 7.6. 3D hatch finite element model.

7.5.3 2-Dimensional Submodels

The actual degradation of the liner was modeled using
2D submodels of only the liner. The concrete was not
modeled, but the displacements of the studs were
applied consistent with the global axisymmetric model
or the 3D hatch submodel. 2D quadrilateral elements
were used to model the liner and spring elements were
used to model the studs. The idealized load-slip
relationship for a stud loaded in shear was obtained
from a study by Doyle and Chu (1971) and is shown in
Figure 7.7. These analyses were similar to those
conducted by Weatherby (1990). A parametric study
was conducted by Weatherby comparing the equivalent
plastic strain near the edge of the studs for 2D analyses
using 4-node bilinear quadrilateral elements (CPS4 in
ABAQUS) and discrete spring elements (SPRINGA in
ABAQUS) with detailed 3D models of the liner and
stud. The element sizes in the 2D liner analyses were
varied. It was found that when the 2D liner element
size was equivalent to the radius of the stud (using
square eclements) the liner equivalent plastic strain near
the edge of the stud gave nearly the same results as the
detailed 3D FEA.

The curvature of the liner was neglected since only a
small portion was modeled. Friction and bonding
between the concrete and the liner were also neglected.
In addition to the displacements applied to the end of
the springs, displacements were applied to the edges of
the liner. Vertical displacements were applied to the
top and bottom edges and horizontal displacements
were applied to the side edge that was not the line of

symmetry.

Load (kN)

a Il 1
] 1 2 3 4 5 6

Displacement (mmy}

Figure 7.7. Load displacement relationship for
studs.

Four of these 2D submodels were analyzed: one model
near the basemat, one at midheight of the containment,
and two near the equipment hatch opening (one at the
bottom of the hatch and one at the side, as shown in
Figure 7.6). The area of corrosion was chosen as
typical of what could be found in an actual
containment. Figure 7.8 shows the 2D model of the
liner at the mid-height location. The area of
degradation modeled is 1.0 m (3.2 ft) by 0.1 m (3.8 in).
The base mat liner region model is shown in Figure
7.9. The area of degradation for this model is 1.8 m
(6.0 ft) wide by 0.16 m (6.32 in) tall. This case would
be similar to a continuous ring of corrosion around the
containment. Various regions of degradation were
chosen for the two sub-models of the hatch region.
However, as will be discussed in the next section, none
were found to control the failure pressures of the
containment.

The corrosion was placed so a stud was at or near the
edge of the corroded section (a variety of corrosion
dimensions and locations relative to the studs were
examined and the cases shown in Figures 7.8 and 7.9
were the ones that resulted in the highest strains). No
corrosion was accounted for in the studs. Any
corrosion damage that weakened the shear resistance of
the stud would reduce the stresses in the liner around
the degraded stud. Therefore, the assumption of no
degradation of the stud is a “worst case” analysis.
Further discussion of stud location and corrosion area
will be given later.
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Figure 7.9, Li*er base mat 2D sub-model.
7.6 Finite Element Results

The axisymmetric model provided displacements to be
applied to the submodels and an initial estimate of the
failure loading. Although no degradation of the liner
was applied to the axisymmetric model the failure
criterion was applied (with the knockdown factor for
corrosion set to [.0) and an estimate of the failure
pressure was found. In each case of the FEA the
models were run and during the post processing a
fatlure pressure was estimated. The models were run
until the FEA code stopped for the axisymmetric
models and the respective submodels were run until
convergence could not be reached or the maximum
pressure from the axisymmetric models was reached.
The final pressure reached for the axisymmetric models
should be considered the upper bounds on the failure
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pressure for the containment. However, with the
ANATECH material model the ABAQUS code was
run with the option to continue despite not reaching
convergence. Therefore, the computer code analyzed
the structure beyond what could be considered
reasonably possible.

Since the containment modeled is similar to the Surry
containment, the results of the axisymmetric analysis
were compared with the results from previous studies
(Weatherby 1988, Pananos and Reeves 1984, Rashid
1985). None of these studies used FEA, their results
were based on limit-load analyses that determined the
yield limit of the reinforcing bar and liner. It should be
emphasized that this study is not an analysis of the
Surry containment and that the similarities are only
with the geometric dimensions and some of the
material properties. The containment is considered
representative of a reinforced concrete containment
with the liner attached to the concrete with studs.

A plot of the reinforcing bar and liner stresses versus
pressure is shown in Figure 7.10. In this study. the
exterior hoop reinforcing was the first to yield at a
pressure of 0.52 MPa (75 psi). Following this, the
interior  hoop  reinforcing  bars  yielding at
approximately .76 MPa (110 psi). The liner was the
last component to yield. Of the previous studies, only
the study by Pananos and Reeves (1984) included the
effects of temperature. That study also found that the
liner was the last component to yield. However, that
study assumed a constant temperature gradient through
the wall thickness. Therefore. the interior and exterior
hoop reinforcing bars yielded at the same pressure of
0.82 MPa (119 psi). In this study the interior
reinforcing bars and the liner were subjected to higher
temperatures and kept the inside of the containment

wall in compression longer than the exterior.
Therefore, the exterior concrete cracked first and the
exterior reinforcing  bars  carried more  load
initially.
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Figare 7.10. Reinforcing and liner stresses for
axisymmetric model.

In all the studies, except for WASH-1400 (Rashid
1985), all of the hoop reinforcing bars eventually
yielded between 0.69 MPa (100 psi) and 0.83 MPa
(120 psi). The WASH-1400 study was extremely
conservative and gave a failure pressure (first yield of
the hoop reinforcing bars) of 0.59 MPa (85 psi). The
global axisymmetric FEA model ran until the pressure
reached approximately 1.09 MPa (158 psi). At this
point the concrete on the floor of the containment
began to experience large displacements and failure
was considered imminent. '

The failure predictions for the. axisymmetric analysis
with no degradation and the submodels with 10%,
25%, and 50% degradation are shown in Table 7.2.
Values for the lowest bound, best estimate, and upper
bound estimate (as discussed in the previous section
and Chapter 2) were calculated. The different values
for each case should emphasize that the predictions
cannot be expected to be precise and provide some
indication of the variability of the values. Despite a
reduction of section by more than 50 %, the strains in
the hatch area did not reduce the failure pressure below
the upper bound prediction for the uncorroded
axisymmetric model. In each of the cases when the
capacity of the containment was reduced, the failure
strain was located at a stud. The strains within the
degraded section of the liner were increased but not
near failure levels.

The results for the axisymmetric model with no
degradation show that under a lowest bound case the
failure would be predicted at 0.99 MPa (143 psi). The
best estimate ‘shows that the liner would fail at 1.03
MPa (150 psi). The upper bound failure pressure was
found to be 1.08 Mpa (156 Psi). In terms of strain
values, the lowest bound failure strain is 2.2 %, the best
estimate value is 2.9 %, and the upper boound case is
3.5%.

A plot of the displaced shape of the axisymmetric
model is shown in Figure 7.11. The plastic strains in
the liner at a pressure of 1.11 Mpa (150 Psi) are shown
in Figure 7.12. As can be seen in the figure, the highest
plastic strains are in the region of the mid-height of the
containment cylinder wall.

Table 7.2 Failure Pressures and Strains

Lowest Bound Best Estimate Upper Bound
1\51’; e:?;’g) Strain (%) ;;?i‘;f:i) Strain (%) 151;??;:) Strain (%)

Axisym. -(0%) | 0.99 (143) 22 1.03 (150) 2.9 1.08 (156) 3.5
}‘Base mat (10%) | 0.98 (142) 2.7 etk Aok Hookok sk
-(25%) | 0.96 (139) 2.8 0.99 (143) 7.2 1.05 (152) 10.8

-(50%) | 0.94 (137) 20 0.97 (141) 7.3 1.00 (145) 13.2

Mid height(10%) | 0.96 (139) 2.5 Hokok ok *kck Fxx
-25%) | 0.82(119) 2.7 1.05 (152) 6.6 FEK i

-(50%) | 0.79 (115) 2.6 0.88 (127) 7.0 1.01 (147) 12.1

| Hatch kokok Kk skskok %k skskok kK

*** indicates the analysis did not reach a failure strain prior to stopping
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Figure 7.11. Displaced mesh of axisymetric model.
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Figure 7.12. Plastic strains in liner of axisymmetric
model.

The hatch model degradation was varied in dimension
and location to attempt to find a combination of
degradation depth and area that would make the failure
pressure for this model control. However, despite
degrading the section by greater than 50%, the hatch
models failure pressures did not control. Therefore, no
results from the hatch models are shown. The hatch
region appears to be stiffer than other areas in the
containment, resulting in lower strains in the liner. The
degradation in this region appears to be less critical
than in other areas of the containment.

Figures 7.13 and 7.14 show plots of plastic strain
versus pressure for the base mat and mid-height
submodels.
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The 10%, 25%, and 50% data are shown for
comparison. For the case of the base mat, the plastic
strains begin to increase rapidly at approximately 0.9
MPa (130 Psi). As expected, once the plastic strains
begin to rise they are highest for the 50% degradation
case, followed by the 25% and 10% cases. The mid-
height sub-model values follow a similar trend except
they begin to increase at a lower pressure of
approximately 0.75 MPa (109 Psi). For the case of the
base mat, the 50%, 25% and 10% data all follow a
similar trend of increasing very rapidly once the plastic
strains begin to develop. The mid-height case shows a
more gradual increase in plastic strains as the pressure
increase.

As a comparison of the base mat and mid-height cages,
the plastic strains for the 50% degradation case for
each of these models is shown in Figure 7.15. The 25%
and 10% degradation values show similar trends. As
can be seen in the figure, plastic strains for the mid-
height model begin to rise at a lower pressure. It is not
until the strains are greater than 10% that the base mat
model overtakes the mid-height model.
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Figure 7.13. Plastic strains versus pressure for the
base mat sub-model.
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Figure 7.14. Plastic strains versus pressure for the
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Figure 7.15. Plastic strain versus pressure for the
50% degradation cases.

The base mat model with 10% degradation only
resulted in a failure pressure for the lowest bound
estimate (0.98 MPa at 2.7% strain). For the best
estimate and upper bound cases, the strains did not
reach a failure strain level prior to the analysis
completing. For the 25% degradation case the failure
pressures varied from 0.96 MPa (139 Psi) to 1.05 MPa
(152 Psi) and for the 50% degradation case the failure
strains varied from 0.94 MPa (137 Psi) to 1.00 MPa
(145 Psi). A contour plot of the plastic strains near the
best estimate case is shown in Figure 7.16 and the
failure pressures and strains for all the cases are listed
in Table 7.2.

Figure 7.17 shows a contour of the plastic strain in the
liner near the mid-height of the cylinder wall with 50%
degradation. Just as was the case for the other sub-
models, the highest strains are in the liner near a stud.
In this case, the highest strain values are at the stud
nearest the edge of the degraded section. The global
hoop strains are the highest at the mid-height of the
containment. The strain concentration occurs between
the stud and the liner that is not degraded. The failure
pressure for the best estimate case with 50%
degradation is 0.88 MPa (127 Psi) at a failure strain of
7.0%. The case run with 10% degradation only reached
a value of failure strain for the lowest bound estimate
and the 25% degradation never reached a failure strain
prior to completion for the upper bound case. The
complete list of failure pressures and stains are listed in
Table 7.2.
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Figure7.17. Plastic strain in liner at mid-height of
the containment.

7.7 Discussion

The resulting failure pressures and strains shown in
Table 7.2 show how degradation can influence the
capacity of the containment. In this study, the
degradation at the mid-height location controls in
almost every case. The one exception is the upper
bound value for the 50% degradation. As can be seen in
Figure 7.15, the plastic strains for the mid-height
models are generally larger than for the model in the
base mat area. The variation in plastic strains in the
degraded section for the base mat model does not vary
significantly (as can be seen in Figure 7.13). For
example, there is only a 3.5% variation between the

cle




failure pressures for the 10% and 50% degradation
cases for the base mat location model. However,
degradation in the mid-height area has a significant
impact on the values of failure pressures. There is a
27.8% variation in failure pressures between the lowest
bound and upper bound values for the 50% degradation
case. The best estimate failure pressure 18 15.5% lower
than the base line value calculated from  the
axisymmetric  analysis.  As  these results  suggest,
degradation in the region of the base does not have a
significant impact on the failure pressure. The liner at
this location is not as highly stressed as the liner at the
mid-height and therefore is not as critical of a section

of the liner: although. this is a likely region of

degradatton

As discussed in Chapter 4. changes and discontinuities
of the liner are areas of strain concentrations and the
locations of ultimate failure. However, in this study the
liner had a uniform thickness in cach of the basemat.

sidewall, and dome. Therefore, the only locations of

at the corroded and  stud
locations. For the analysis of an actual containment any
known discontinuities should be an area of concern and
analvzed. As was found in the 1/6" scale model
analyzed by Weatherby (1990). stud  location in
relavion to @ change of  liner thickness can devetop
strain concentrations at these discontinuities. However,

discontinuities  are areas

in this study it was found that if the studs shear off

prior to the liner tearing the strain concentrations in the
degraded areas examined are considerably lower. The
louds in the studs for these analyses were examined and
determined not to be near failure. The loads in the
studs, modeled as spring elements, were well below the
uliimate stud load found experimentally by Goble
(196&). In that study, the specimens with 159 ¢m
(0.625 in) diumeter studs that faled by stud shear had
ultimate stud loads ranging from 10F8 kKN (22.9 kip) to
109.0' kN (245 Kipy. A typical plot of stud load versus
pressure for  the  sidewall  submodel  with S0%
degradation is shown in Figure 7.18.

Goble (1968 found that when the ratio of the diameter
ot the stud to the plate thickness was approximaiely 2.7
the tutlure mode of studs changed from shear 1o the
stud pulling out from the plate (pullout). This study
wis done using typical commercially avaslable studs
and A36 steel. The studs are typical of what would be
in a typical containment. For the 1/6™ scale mode]
analyzed by Weatherby (1990), which Tiner material
more closely matches the material in this study. the
ratio of std diameter 1o plate thickness was 2.4,
these studs followed a trend similar to those studied by
Goble 11968), then the studs would have been expected
to shear ottt prior to the studs failing by pullout.
However. a strain concentration was forced hetween
two stud hines due 1o a change in plate thickness

If
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Consequently, the liner tore at this discontinuity prior
to the studs shearing or failing by pullout.

Shad Force (kN)

L i . i it

C& c8 12

Pressure (MPal

Figure 7.18. Stud force for typical stud in 530 %
corrosion liner model.

In this study. the ratio of stud diameter to tiner
thickness in the wall was 2.0. Again, if the trend in the
Goble (1968) study held. the swds would shear oft
prior to stud pullout (or the strains reaching a critical
value at the stud locations). However, the Goble (1968
study was conducted using different materials than
those wused in this study and the stud spacing was
different. Since the loads in the studs for this study ure
below the ultimate shear loads found by Goble (1968).
the studs were assumed 10 not shear off and a critcal
strain at the stud location was considered the initiation
of a tear and subsequent failure of the liner. Stud shear
would make a liner tear under the degraded conditions
examined unlikely since strain concentrations would
not butld up at the stud locations.

The equipment hatch was modeled because it seemed u
likely location for corrosion around the opening and a
likely tocation for stress concentrations. However.
large deformations do not occur due to the large
amount of reinforcing in the hatch arca. Therefore, the
liner stresses in this location were very low. The
submodels analyzed in this arcu. despite substantial
degradation, did not reveul a likely failure in this ared.

The crueria used in this report w predict potential liner
tatlure differ significantly from criteria that would be
acceptable for design. Containment structures are
conservatively designed so that the probability of
failure is very small under design loads. When
predicting liner tearing. previous tests on scaled models
have demonstrated that large plastic strains oceur
hefore o liner tear develops. The criteria used to predict
failure are suitable for use in risk studies. but are



clearly unacceptable for design. For example, in
design, strains are typically limited to about 2/3 of the
elastic limit (ASME Code does allow for higher liner
strains under service conditions). However, when
predicting failure, strains that were 7 to 50 times larger
than the elastic limit were selected (and 3 to 25 times
larger than those allowed in the ASME code). For a
badly corroded liner, it is possible to have plastic
strains that are below limits where failure would be
anticipated, but the strains may still be well above the
elastic limit at design loads. To ensure a conservative
design, it is necessary to keep stresses and strains in
corroded liner areas from exceeding ASME code
allowable limits.
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7.8 Conclusions

Degradation of the liner in a typical reinforced concrete
containment with the liner attached to the concrete with
studs can degrade the ultimate capacity of the
containment. The most critical location of degradation
examined in this study was at the region of highest liner
stresses (at approximately mid-height of the
containment). In this case, the ultimate pressure
capacity of the containment was reduced by more than
20 % when the liner was corroded by 50 %. These
results are dependent on the studs not shearing off. In
addition, details in an actual containment may differ
from the typical containment modeled in this study.
This might cause the capacity of the actual degraded
containment to differ from the typical model discussed
in this paper. Since liner corrosion has been found in
existing containments the liner was the emphasis of this
study. However, reinforcing bar corrosion, or concrete
degradation, could also have an affect on containment
capacity.



8 ANALYSES OF TYPICAL PRESTRESSED CONCRETE
CONTAINMENT

Prestressed concrete containments have numerous
potential degradation sites. The concrete can degrade,
prestressing, reinforcing bars, and the liner can
corrode. The following study examines a typical
prestressed  concrete  containment  with  liner
degradation during a loss of coolant accident (LOCA).
Although concrete, prestressing tendon and reinforcing
bar degradation could be a potentially serious
condition, degradation at these locations were beyond
the scope of this analysis.

A typical pressurized water reactor (PWR) prestressed
concrete containment with a liner that is continuously
attached to the concrete with channel and angle iron
was examined with postulated liner corrosion
degradation at three locations. The containment
modeled is similar to the Zion containment. The
dimensions, liner thickness, reinforcing bars spacing
and size, prestressing spacing and liner anchors were
all taken from structural drawings of the containment at
the Zion nuclear power station. However, the locations
selected for the degradation are not locations of
degradation of the liner in the containment at the Zion
nuclear power station.

The degradation was located at the region of highest
global stress, where corrosion damage had been
observed in existing containments, and in regions that
are considered likely to experience corrosion.
Specifically, the locations were near base mat on the
cylinder wall, at approximately mid-height on the
cylinder wall (location of highest global liner stress),
and near the equipment hatch. Finite element analysis
(FEA) was used to examine the containment under
accident conditions. Failure was predicted using a
strain-based failure criterion. The effect of liner
degradation was examined by varying the degree of
corrosion at the selected locations and comparing the
failure level with the uncorroded case.

To examine liner failure in the containment, sufficient
detail must exist in the FEA model to detect strain
concentrations at potential failure locations. However,
due to the size and complexity of a containment
building, a three dimensional model including
sufficient detail of all penetrations and detail of the
connections between the concrete and the liner for the
whole containment building is unrealistic. In this study
an axisymmetric model of the containment was
analyzed to model the global behavior of the
containment building. No penetrations were included in
the axisymmetric model and the liner was continiously
attached to the concrete at the nodes that were common
between the concrete and the liner. The liner elements
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were sized to approximate the spacing of the
continuous liner anchorage that attaches the liner to the
concrete.

Results from the axisymmetric model were used to
apply the loading to the more detailed sub-models of
the areas of interest. A sub-model that models the
concrete, prestressing tendons, reinforcing bars, and
continuous liner anchorage explicitly requires a large
number of degrees of freedom, is complex to construct,
and the interaction of the liner anchorage with the
concrete is difficult to model accurately. Therefore, a
method to simplify the analyses was required. Since the
goal of these analyses was to examine degradation in
the liner, a FEA model that is refined enough to pick
up strain concentrations in the liner was imperative.
Consequently, a method similar to that discussed in
Chapter 7 was used to develop the liner sub-models
with shell and spring elements.

Since the region of the equipment hatch was considered
a location of potential liner degradation a sub-model of
this region was constructed. A three-dimensional sub-
model including the concrete, prestressing tendons,
reinforcing bars, and liner was developed. The liner
anchorage was not included in the model. From this
model, a two-dimensional sub-model of only the liner
was developed using spring elements to model the
interaction of the liner and anchorage. Similarly, two-
dimensional sub-models of the liner near the cylinder
wall and base mat juncture and the liner at the mid-
height of the sidewall were constructed. The anchorage
was modeled with spring elements in these models as
well. These models will be discussed in detail in
section 8.5 of this chapter.

Containment vessels are designed to withstand many
different loads, such as seismic or internal pressure.
Although code requirements stipulate combinations of
loads that a containment must be designed to resist,
only internal pressure and loads caused by thermal
expansion or contraction have been analyzed in this
study. The analytical results discussed in this section
have not been evaluated during seismic or other load
conditions. When evaluating the effect of corrosion
damage on an actual containment, it is important to
remember that all code required load combinations
must be evaluated to ensure that other loads won’t
cause failure before the vessel fails due to internal
pressure.



8.1 Material Properties

The liner material properties used were for AS16
Grade 60 steel. The true stress-strain curves are shown
in Figure 8.1. These curves were developed by using a
mean value of engineering yield and ultimate stress
from test datu obtained from the containment liner at
the Sequovah nuclear power station. The curves were
developed to be proportional ta curves for AS16 Grade
70 steel tested at 22, 930 149 and 204 "C (Fatigue
Technology, 19881, Engineering  stress and  strain
vilues were converted 1o true stress and true strain,
which are required by ABAQUS to define plastic
ntaterial - properties. The  coefficient
cxpunsion used was 11.3x 1077°C.

ol thermal

Figure 8.1. Liner Material Stress-Strain Curves,

Table 8.1 Concrete Properties

Material propertics used for the concrete are shown in
Table 8.1. These values are the as-built material
properties of the concrete in the base slab and above
the base slab from Butler and Fugelso (1982). The
material propertics for reinforcing bars and prestressing
tendons were taken from Weatherby (1988) and are
shown in Table 8.2.

8.2 CORROSION/DEGRADATION

Degradation mechanisms were examined in Chapter 2
and it was determined that for low-carbon. low-strength
used In o containment  structures,  corrosion
degradation can be simulated by using a loss of section.
The corroded material does not have any strength and
therefore the reduction of strength is due to the loss of
section. In Chapter 2 it was also shown that there is a
reduction in ductility caused by stress and strain
concentration regions at discontinuities such as pits or
rough surfaces. Bruneau and Zahrai (1997) found for a
structural steel that the expected loss of strength for
corroded specimens was directly proportional to the
reduction of area and that the maximum elongation for
tensile specimens was less than that tor the uncorroded
specimens. Therefore in this study. corrosion was
modcled by investigating the effect of toss of section.

steels

Above Base Slab

Base Slab

Uniaxial Maximum Compressive
Stress (17)

45.5 MPa (6.600 psi)

0.7 MPa (5.900 psi)

i Poisson’s Ratio

0.19

0.19

Modulus of Elasticity

39.3 GPa (5.7x10" psi)

34.5 GPa (5.0x10" psi)




Table 8.2 Reinforcing Bar and Prestressing Tendon Stress-Strain Properties

Reinforcing Bars

Prestressing Tendons

Strain

%

Stress
MPa (psi)

Strain
%

Stress
MPa (psi)

459.2 (66.6) 0.23

1448.0 (210.0) 0.78

505.4 (73.3) 1.18

15169 (220.0) 1.0

590.2 (85.6) 2.27

1654.8 (240.0) 5.0

682.6 (99.0) 4.01

724.0 (105.0) 10.0

The locations chosen in this study for the degraded
liner were near the junction of the base mat and
cylinder wall (approximately 3 meters above the floor-
line of the containment), at approximately mid-height
of the cylinder wall (this is a region of high stress), and
near the equipment hatch opening. The location near
the junction of the base mat was chosen because the
axisymmetric FEA of the containment revealed a strain
concentration in this location and the structural details
of the liner anchorage in this location suggests it is a
likely location for a strain concentration due to these
details. The region at mid height of the cylinder wall
was chosen because it is a region of high stress. The
equipment hatch location was chosen as a likely area
for corrosion and possible stress concentration at the
opening.

8.3 Loading

The FEA models were loaded with a 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
applied to the models along with the pressure loading.
The temperature gradient through the wall thickness
was approximated from information given in the Zion
FSAR (1971) and following a saturated steam
temperature-pressure relationship. The temperature
decreases very rapidly through the wall thickness. The
highest temperature was applied to the innermost nodes
of the finite element (FE) models. Then, the next nodes
within the model have a degreased temperature profile,
All other nodes in the model maintain the initial
temperature during the postulated accident. The
saturated steam temperature-pressure relationship and
the temperature profiles applied to the FE model are
shown in Figure 8.2. The initial stress-free state was
assumed to exist at 22 °C.

200

Sdturacd St dam

Temjperature of Nodes onilnner Wall

Py

[[C4

Temperdure First Node Insid: «
e e e = — —i—

Saturated Steam Temp (C)

50

All Oter:Nodes

0.6 0.8 1 12

Pressure (MPA)

Figure 8.2. Temperature Pressure Relationship.

Although many possible accident scenarios exist and
are important near design pressures, for the calculation
of ultimate capacity of the containment under internal
pressure the thermal loads do not have a significant
affect. The effects of thermal loads on the liner strains
are dissipated as the concrete cracks and reinforcing
bars yield. The effects of temperature on the material
properties of the liner have been accounted for in the
stress-strain curves shown in Figure 8.1.

8.4 Failure Criteria

As discussed in Chapter 2 and Chapter 7, a strain-based
failure criterion was used for this analysis. The same
relationship discussed in the previous chapters is used
for the analysis of this prestressed concrete
containment. The only variations from the previous
applications are the values of knockdown factors
shown in Table 8.3.



Table 8.3 Knockdown Factors

Analysis Sophistication Factor (F,)

Lowest ! Best Upper
Bound  ° Estimate Bound
Anisymmetne | 0.2 . (3.2 0.2 \
o S O S . L : Liner Thickness 6,38
Mid-Height | 075 0.75 0.75 ;
e e o - A 1267 m
_ Base Mt P0.7s 0.75 075 hb-m “
Haieh G755 0.5 .75 E -
e e PR Il - '
[ ! S m{ REEE
| ' —— 1}
Material Property Factor (F;) P07 ‘ 19.20m
[ Lowest Bound & Best Esimate Upper Bound |
* o Y

Al Models (.74 10 (BN : J ; 2Tam ‘

Corrosion Factor (F )

[owest Bound © Best Estimate & Upper Bound

1
!

s NModels R S H 75 ~s < N 3 ~ .
\ ,_',\“ M lk,l,,, ‘ 0.25 L 0.5 L Q ) Figure 8.3. Schematic of Prestressed Containment.

8.5 FEA Models

A schematic of the typical prestressed containment
modeled in the FEA s shown in Figure 83 The
containment’s instde diameter s 42.67 m (140 11 and Mendonal tendons
inside height is 64.62 m (212 ft3. The wall thickness in

the cyvlinder is 1.07 m (3.5 1), O.81 m (2.67 (1) in the

Alternate inside and outside

dome. and the steel liner is 6.35 mm (0.25 1) thick. 5 i
The concrete base mat thickness is typically 2.74 m (9 “ i’ d&\
fty thick. The equipment hatch modeled has an inside 3
diameter of S.64 m (185 1) and is located 19200 m o i o:
(63.0 fty above the base mat. The typical wall Jayout of \@
the retnforcing bars and prestressing tendons is shown Q " e
in Figure 8.4, [ P
) ss
The prestressed containment modeled uses continuous N | o
anchors to secure the liner to the concrete. The / ‘ i o o.'\?-
continuous anchors consist of channel and  angle }T{:ﬂm 2 2, i 5
sections welded to the liner and embedded in the .}L i g
concrete. A schematic showing the typical details of the 5 , i 3
continuous anchorage 1s shown in Figure 8.5, ’;5@ i :%
The ABAQUS (Hibbit. Karlsson & Sorenson, 19971 N o E:
finite element code was used in the analysis. ABAQUS S. S ] :

is a general purpose finite element code that provides
the option to use external material models. In this study . . . . .
the behavior of the concrete material was modeled Figure 8.4. bci'lemagc of typical presstressing
using ANACAP_U (ANATECH Corp. 1997). This tendon and reinforcing bar layout.

material model uses the smeared crack approach

(Rashid. 1968) to model the cracking concrete.
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8.5.1 Axisymmetric

Initially a global axisymmetric model was analyzed and
the results from this model were used to develop more
detailed sub-models of the areas where the degradation
was located.” The axisymmetric model consisted of
4344 nodes with 1580 elements (see Figure 8.6).
Second order elements were used to model the liner
(SAX2 in ABAQUS) and concrete (CAX8R in
ABAQUS). The concrete elements used reduced
integration. The base mat included spring elements
(SPRING?2 in ABAQUS) to model the soil under the
base mat. The nonlinear spring modeled the soil
pressure under the base mat but allowed unrestrained
uplift of the base mat in areas where the pressure was
zero. The dead load of the interior contents of the
containment building was estimated and applied.

The hoop prestressing tendons were modeled as
reinforcing bars. This results in tendons that are fully
bonded to the concrete continuously along their length.
The meridonal tendons were modeled using truss
elements. Therefore, they are not bonded to the
concrete except at their respective node points. No
friction was included for the meridonal tendons. The
average prestress values were taken from the FSAR
(1971). They included prestressing losses from friction,
elastic loss, stress relaxation, and creep and shrinkage
of the concrete. The prestress values were 981.2 MPa
(142.3 ksi), 970.1 MPa (140.7 ksi), and 1014.2 MPa
(147.1 ksi) in the dome, hoop, and meridonal tendons

respectively. The INITIAL CONDITION and
PRESTRESS HOLD options in ABAQUS were used to
apply the prestress loads. The first step of the analysis
applied the prestress and dead loads to the containment.
A second step applied the pressure and temperature
loading.

In actual containments the liners can be subjected to
strains beyond the elastic limit due to creep, shrinkage,
thermal effects and prestressing. However, in these
analyses the dead load and prestressing are applied to
the axisymmetric models where the connection
between the liner and the concrete are not modeled
explicitly. Therefore, the liner loads due to prestressing
are not transferred to the liner anchors until they are
modeled in the 2D sub-models. In these sub-models,
the displacements applied to the anchors are the same
as the displacement of the concrete at the same
location. Thus, there is no differential displacement and
therefore no strain concentrations applied to the liner at
the anchors until the liner is degraded.

Figure 8.6. Axisymmetric Finite Element Mesh.



8.5.2 3-Dimensional Sub-model

Since the equipment hatch was not included in the
axisymmetric model a 3-dimensional (3D) sub-model
of the equipment hatch was developed. The model
contains 1994 nodes and 1816 elements (see Figure
8.7). The liner elements are 4-node reduced integration
quadralaterals (S4R in ABAQUS) and the concrete
elements are 8-node bricks (C3D8 in ABAQUS).
Meridonal tendons were modeled using truss elements
while hoop tendons were modeled as reinforcing bars.
Half of the hatch was modeled to take advantage of the
vertical symmetry. Nodal displacements from this
model were applied to the 2-dimensional (2D) sub-
model of the liner in the region of the hatch.

8.5.3 2-Dimensional Sub-models

The actual degradation of the liner was modeled using
2D sub-models of only the liner. The concrete was not
modeled, but the displacement of the liner was applied
consistent with the global axisymmetric model or the
3D hatch sub-model. 2D quadrilateral elements were
used to model the liner and beam elements were used
to model the liner anchorage. Spring elements were
used between the beam elements and the liner elements
to represent the load-slip relationship of the interaction
of the continuous liner anchorage with the liner. The
idealized load-slip relationship for the continuous
anchorage loaded in shear was obtained from a study
by Burdette and Rogers (1975) and is shown in Figure
8.8.

The curvature of the liner was neglected since only a
small portion was modeled. Friction and bonding
between the concrete and the liner were also neglected.
In addition to the displacements applied to the end of
the beam elements (representing the angle and channel
members), displacements were applied to the edges of
the liner. Vertical displacements were applied to the
top and bottom edges and horizontal displacements
were applied to the side edge that was not the
symmetry boundary.

\

Load (kN)
by

0 B s e favay

0 001 0.02 0.03 0.04 0.05 0.06

Strain (cm/em)
Figure 8.8. Load displacement relationship for
continuous anchors.

Three of these 2D sub-models were analyzed: one at
mid-height of the containment (Figure 8.9), one model
near the base mat (Figure 8.10), and one near the
equipment hatch (Figure 8.11). The size of the area of
corrosion was chosen as typical of what could be found
in an actual containment. The corrosion (thinning of
the liner) was located relative to liner plate thickness
changes and the continuous anchorage for the worst
case scenarios. As shown in Chapters 5 and 6,
degradation located near regions of increased stiffness
(i.e. plate thickening), are areas where strain
concentrations occur. In the sub-models, the areas of
degradation were varied to determine the worst case
prior to determining the final cases to be run. The
resulting worst cases for the location of the degradation



are shown in Figures 8.9, 8.10, and 8.11. These are
schematics of the sub-model meshes for the liner at the
mid-height location, the base mat region, and near the
equipment hatch.

e—— 096 —>
T
L/ Angle
44.7 cm
[ >
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> Channel
Element size
0= 3.1 cm square
¥y L d
e Symmetry

Figure 8.9. Schematic of the liner mid-height model.
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Figure 8.10. Schematic of liner mid-height model.

The sub-model of the liner in the region of the mid-
height of the containment is shown in Figure 8.9. The
model consisted of 3200 elements and 3028 nodes. The
meridonal angles and hoop channels were modeled
using beam elements. The liner elements were modeled
using quadralateral elements. Where the channel flange
is located the elements thickness was increased to
represent the flange of the channel and the liner. The

area of corrosion was located adjacent to the channel
flange and incorporated the end of one of the
meridonal angles. The dimension of the degraded area
is44.7 cmby 12.6 cm.

The schematic in Figure 8.10 shows the sub-model of
the liner near the base mat region of the containment.
The location on this model considered the most critical
was at the intersection of the hoop channel and the
meridonal angle that is 3.5 m from the floor of the
containment. The model used in this case was the same
as that used for the mid-height case. The only aspect
that varied was the applied displacements and the area
of degradation was changed. In this case the area of
degradation is 76.7 cm by 6.1 cm.

I‘*_~ 2.01 m (96 elements) >|I
Approx. 5.2 cm _
‘E
2
Angl ; Approx. 58.5 cm =2
ngle ) _8_
~ Channel ﬁ
A 4
[ 1.24 m (96 elements) ——
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Figure 8.11. Schematic of the hatch liner sub-model.

The sub-model of the liner near the equipment hatch
was modeled in a similar manner to the other liner sub-
models. The model consisted of 9852 elements and
9898 nodes. Once again, quadralateral elements were
used for the liner and beam elements were used to
model the channel and angles. In this case, the critical
area is where a hoop channel stops near the angle that
is welded to the liner plate. The liner elements were
thickened to represent the flange of the angle. The size
of the degraded section of liner is approximately 5.2
c¢m by 58.5 cm.

8.6 Finite Element Results

The axisymmetric model provided displacements to be
applied to the sub-models and an initial estimate of the
failure loading. Although no degradation of the liner
was applied to the axisymmetric model the failure
criterion was applied (with the knockdown factor for
corrosion set to 1.0) and an estimate of the failure
pressure was found. In each case of the FEA the
‘models were run and during the post processing a
failure pressure was estimated. The models were run
until the FEA code stopped for the axisymmetric



models and the respective sub-models were run until
convergence could not be reached or the maximum
pressure from the axisymmetric models was reached.
The final pressure reached for the axisymmetric models
should be considered the upper bounds on the failure
pressure for the containment. However, with the
ANATECH material model the ABAQUS code was
run with the option to continue despite not reaching
convergence. Therefore, the computer code analyzed
the structure beyond what could be considered
reasonably possible.

The results of the current FEA of the axisymmetric
model were compared to previous analyses of the Zion
containment to verify the results. Although there was
some variation in the material properties and the
prestressing levels, the current analysis was considered
reasonable upon comparison. In this analysis the
pressure that the hoop prestress was overcome (no
concrete hoop stress) is 0.45 MPa (65 Psi), concrete
cracking in the hoop direction occurred at 0.57 MPa
(83 Psi), and liner yielding occurred at 0.77 MPa (112
Psi). In the analysis by Weatherby (1988) the
respective values were 0.44 MPa (64 Psi), 0.59 MPa
(85 Psi), and 0.79 MPa (114 Psi). These and other
results are shown in Table 8.4. It should be emphasized
once again the current analysis is not an examination of

the Zion containment. However, verification that the
current results are reasonable was considered prudent.

In previous analyses of the Zion containment
(wash 1400, etc) the consideration of a shear failure on
the cylinder wall near the base mat was discussed. The
resulting failure pressures for this mode of failure
varied from as low as 0.76 MPa (110 Psi) to being
listed as not likely. Although the purpose of this
analysis was to investigate degradation due to
corrosion of the liner (and the respective failure
pressures) shear failure of the prestressed containment
cannot be ignored. Shear failure of concrete is a
complex concept and different FEA codes handle it in
different ways. The standard ANACAP material model
used in these analyses does account for shear retention
across a crack. The results of this analysis did not
indicate a shear failure. However, near the end of the
analysis there was considerable cracking in the cylinder
wall near the base mat. Shear reinforcement was not
included in the axisymmetric analysis and likely would
have helped to prevent some of this cracking. When the
pressures in the containment are very high there are
several possible competing failure modes (such as liner
tearing, tendon failure, reinforcing bar failure, and
shear failure near the base mat). Although the FEA did
not end with a shear failure near the base mat in this
case, at internal pressures this high it is a possibility.

Table 8.4 Analysis Results Comparison

This Analysis Weatherby (1988)
Pressure Pressure Event
Mpa (Psi) Mpa (Psi)
0.45 (65) 0.44 (64) Hoop Stress in Concrete=0.0
0.57 (83) 0.59 (85) Concrete cracking in hoop direction
0.77 (112) 0.79 (114) Liner yielding
0.88 (127) 0.83 (120) Hoop bars yield
0.88 (127) 0.88 (127) Hoop tendons yielq
0.92 (133) 0.91 (132) Strain in hoop tendons reach 1%
1.05 (152) 1.03 (149) Strain in hoop tendons reach 5%

The results from the sub-models were used to predict
the failure pressures of the degraded containment with
no corrosion degradation, 30 percent degradation, and
50 percent degradation. Table 8.5 shows the resulting
failure pressures and strains for the lowest bound, best
estimate, and upper bound estimates (as discussed in
the previous section and Chapter 2).

The axisymmetric model was also used to predict a
failure pressures with no liner corrosion. Figure 8.12

shows the displaced mesh of the model (with a 5X
magnification factor) and Figure 8.13 shows the plastic
strains in the liner at a pressure of 1.0 MPa (145 Pst).
As can be seen in Fig. 8.13, the highest liner strains are
in the cylinder wall approximately at the mid-height of
the containment, and there is a strain concentration in
the sidewall near the base mat. The best estimate
failure pressure from the axisymmetric model with no
corrosion degradation is 0.99 MPa (143 Psi) and a
plastic strain of 1.5 percent.



Figures 8.14, 8.15, and 8.16 show plots of plastic strain
versus pressure for the hatch, mid-height, and base-mat
liner sub-models. Each figure includes results for the
0%, 30%, and 50% degradation cases. In each case, the
strains begin to increase rapidly in the range of 0.90
MPa (130 Psi) to 0.93 MPa (135 Psi). The results for
the hatch sub-model shown in Figure 8.14
demonstrates that degradation does not significantly
affect the failure pressure in the hatch region. However,
as expected, the more degradation there is the lower the
failure pressure. The liner mid-height and base mat
cases show a greater influence of the degradation. The
base mat area shows the greatest influence of the
degradation.

Figure 8.17 shows a contour plot of the plastic strain in
the hatch sub-model (with 50 % degradation) at a
pressure of 0.96 MPa (139 Psi). The highest plastic
strains are located in the degraded liner that is between
the end of the continuous liner anchorage and the angle
around the hatch. Although there is a strain
concentration in this region, when the failure criterion

Table 8.5 Failure Pressures and Strains -

was applied this region resulted in higher failure
pressures than in the mid-height and base mat regions.

As shown in Figure 8.13, the liner in the cylinder mid-
height region is an"area of high liner strains. Figure
8.18 shows the plastic strains for the 30% degradation
case of the liner mid-height sub-model. The highest
plastic strains can be seen in the degraded area between
the continuous anchorage and the flange of the channel
iron. The figure shows the plastic strains at a pressure
of 0.96 MPa (140 Psi).

The liner near the base mat is also another region of
high strains. As shown in Figure 8.13, the area where
there is a slight geometric discontinuity in the liner
near the base mat has a strain concentration. The
plastic strain at a pressure of 0.93 MPa (135 Psi) and
30% degradation is shown in Figure 8.19. Once again,
the highest plastic strains are in the region between the
end of the continuous anchorage and the flange of the
channel of the hoop continuous anchorage.

Upper Boifpd

Lowest Bound Best Estimate
Mo tpey | Swain(®) | TE | Swain(%) | e * Strain (%)

Axisym. -(0%) | 0.96 (140) 0.6 0.99 (143) 1.5 1.01 (146) 2.7
Hatch -(0%) 1.08 (157) 54 1.10 (159) 6.7 1.10 (160) 8.6

-(30%) 0.96 (139) 3.1 0.99 (i44) 7.9 1.03 (149) 144

-(50%) 0.95 (138) 3.1 0.99 (143) 7.9 1.01 (147) 16.5
Mid height -(0%) | 1.06 (154) 8.5 *okok HkK wAE ook

-(30%) 0.90 (131) 22 0.99 (143) 5.8 1.03 (150) 10.2

-(50%) 0.87 (127) 2.2 0.93 (135) 5.5 1.01 (147) 11.2
Base Mat ~(0%) 1.12 (162) 84 1.12 (162) 10.8 1.12 (162) 13.2

-(30%) 0.91 (132) 2.1 0.94 (137) 6.6 1.06 (153) 10.0 .

-(50%) 0.90 (131) 2.1 0.92 (134) 6.6 0.94 (136) 100

*** indicates the analysis did not reach a failure strain prior to stopping
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1.0 MPa
(145 Psi)

Figure 8.12. Displaced shape of axisymmetric model
(5X).
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Figure 8.13. Plastic strain in axisymmetric model.
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Figure 8.14. Plastic strain versus pressure for hatch
liner sub-model.
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Figure 8.15. Plastic strain versus pressure for the
liner mid-height sub-model.
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Figure 8.16. Plastic strain versus pressure for the
liner mid-height sub-model.
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0.96 Mpa (139 Psi)
50% degradation

Figure 8.17. Hatch liner sub-model plastic strains,
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Figure 8.18. Liner mid-height sub-model plastic

strains.
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Figure 8.19. Base mat liner sub-model plastic
strains.
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The three figures of the plastic strains for the liner sub-
models are typical of what was found at different
degradation levels and pressures. The controlling cases
for each degradation level is shown in Table 8.6. With
no degradation, the axisymmetric models provided the
controlling failure pressures. This could be expected
since the models contain little detail and have the most
conservative knockdown factors to account for the lack
of detail. For the 30% and 50% degradation levels, the
controlling location varied for the lowest bound, best
estimate, and upper bound estimates. The hatch
location was never the controlling case. The base mat
model provided the controlling case for the best
estimate failure pressure for the 30% and 50% cases.

The criteria used in this report to predict potential liner
failure differ significantly from criteria that would be
acceptable for design. Containment structures are
conservatively designed so that the probability of
failure is very, very small under design loads. The
design criteria are selected so that the vessel remains
elastic, with a comfortable safety factor, under all
design loads. However, when predicting liner tearing,
previous tests on scaled models have demonstrated that
large plastic strains occur before a liner tear develops.
The criteria used to predict failure are suitable for use
in risk studies, but are clearly unacceptable for design.
For example, in design, strains are typically limited to
about 2/3 of the elastic limit. However, when
predicting failure, strains that were 7 to 50 times larger
than the elastic limit were selected. For a badly
corroded liner, it is possible to have plastic strains that
are below limits where failure would be anticipated,
but the strains may still be well above the elastic limit
at design loads. To ensure a conservative design, it is
necessary to keep stresses and strains in corroded liner
areas from exceeding ASME code allowable limits.

8.7 Discussion

The calculated failure pressures for the degraded cases
shown in Tables 8.5 and 8.6 are all within 10% and the
best estimate values are within 6% for all cases. This
indicates that all the locations of the degradation are
competing closely and that the failure could likely
occur and any one of these locations. Calculating the
lowest bound, best estimate, and upper bound failure
pressures emphasizes that these are estimates of failure
pressures and that actual failure could vary. Since the
failure pressures for the 30% and 50% degradation are
within 10% it shows that the reduction in ultimate
capacity does not directly correlate to the degradation
of the liner. However, the ultimate capacity is reduced.
There is a 0 to 10% reduction in ultimate capacity from
the capacity calculated from the axisymmetric analysis
and there is a 10 to 25% reduction in capacity
compared to the ultimate capacity calculated at the
specific locations of the degradation.

Cl19



Tensile loads in prestressed concrete containments are
carried by the reinforcing bars, prestressing tendons,
and the liner. The liner does not carry a major portion
of the tensile loads. Therefore, when examining the
ultimate capacity of a prestressed concrete containment
with a degraded liner, there will not be a direct
correlation between degradation of the liner and the
decrease in ultimate capacity.

For the prestressed containment with the continuous
anchorage examined in this study the interaction of the
concrete, the continuous anchorage and the degraded
liner are critical to the estimation of ultimate capacity.
The locations of the degradation in this study were
estimated and placed in areas that appeared to be likely
to have corrosion and placed with respect to the details
that were deemed critical. In a case of actual
degradation in an existing containment, the actual
detail should be modeled as realistically as possible.
Although it is possible to have as much as 50%
degradation of the liner in certain areas and not

significantly reduced the ultimate capacity of the
containment, small amounts of degradation in certain
locations can be significant. Therefore, any degradation
found in the liner of the containment must be analyzed
to quantify the impact on the capacity of the
containment and to examine possible repair solutions.

8.8 Conclusions

As has been shown, degradation of the liner for a
typical prestressed concrete containment with the liner
continuously attached to the concrete can degrade the
ultimate capacity of the containment. The most critical
location examined in this study was at the mid-height
of the containment cylinder wall. However, the cases
examined in this study were only potential areas of
degradation. In an actual containment, anywhere
degradation is found, would have to be examined using
a similar methodology to determine the degradation’s
influence on the containment capacity.

Table 8.6 Controlling Failure Pressures and Strains

Lowest Bound Best Estimate Upper Bound
Pressure % Pressure % Pressure %
. Case . Case . Case
MPa (Psi) | Strain MPa (Psi) | Strain MPa (Psi) | Strain
0% | 0.96 (140) 23 Axi 0.99 (143) 29 Axi 1.01 (146) 3.6 Axi
Mid Base Mid
30% | 0.9(131) 22 Height 0.94 (137) 6.6 Mat 1.03 (150) | 10.2 Height
Mid Base Base
50% | 0.87 (127) 22 Height 0.92 (134) 6.6 Mat 094 (136) | 10.0 Mat
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9 SUMMARY AND CONCLUSIONS

9.1 Basis For Predicting Capacity
of Corroded Containments
Using Finite Element Analyses

The basis for using finite element analyses to calculate
the pressure capacity of steel containments that have
corrosion damage, or concrete containments with
corrosion damage to the liner, is:

e Finite element analyses have successfully
calculated the response of uncorroded containment
scaled models, and predicted failure pressures
were within about 10% to 20% of test results.

* Fmite element analyses can predict the structural
response and the ultimate failure pressure of an
actual containment, although the uncertainty in the
predicted results may be somewhat larger than was
observed from the scaled model tests and analyses.
This is because actual containments may have
local details that were neglected in the containment
models.

e The primary affect of corrosion on low-carbon,
low-strength steels is to reduce the cross-sectional
thickness.

e Finite element analyses can account for corrosion
by reducing the material thickness in corroded
areas. This will create stress/strain concentrations
that are similar to concentrations caused by plate
thickness changes in an uncorroded containment.

9.1.1 Scaled Model Tests and Analyses of

Uncorroded Containments.

A number of scaled model tests and analyses have been
conducted for uncorroded containments and other
pressure vessels. Analyses have been able to do a
reasonable job of predicting the response of steel,
reinforced concrete, and prestressed concrete
structures. Often there are several competing modes of
failure, and analysts have predicted that the model
would fail in one mode while the structure actually
failed in a different mode. However, in most cases the
predicted failure pressure was within about 10 to 20%
of the actual failure pressure. In a few cases, many
independent analyses were performed before a test was
done, and the global responses predicted by the
different analysts were similar. The biggest difference
between the analysts was in how they interpreted their
results to select a failure pressure.
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9.1.2 Material
Issues.

Properties and Aging

For the low-carbon, low-strength steels used in
containment structures, corrosion damage can be
categorized as “loss of section” damage, “local pitting”
damage, or a combination of the two. As a shell
section becomes thinner in a corroded area, the
strength is reduced because of the reduced cross-
section. Corroded material has virtually no strength
and uncorroded material retains virgin material
properties.  In addition, the rough and uneven
corrosion surface causes strain concentration regions,
and failure can occur at lower-than-expected global
strains because of tears that initiate in the strain
concentration regions. The most likely result of local
pitting is a “leak” in the containment boundary if a pit
becomes large enough to penetrate the wall. 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.

Corrosion can significantly reduce the fatigue life of a
structure. The rough corroded surface, pits, or other
flaws cause stress concentrations that may cause a
crack to initiate and grow. The total number of cycles
of large stress that a containment could be subjected to
are small (less than 100). Therefore, fatigue is not
likely to cause failure. However, if any portion of a
structure is found that has corrosion and a large number
of high-stress cycles, then fatigue could be a serious
concern in that local area.

When subjected to loads that cause steel to exceed its
elastic limit, it is common for welds 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, 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, a significant crack or flaw (i.e., incomplete
penetration of the weld) in the weld zone could cause
brittle fracture, just as a large crack in the containment
wall could cause brittle fracture. However, corrosion
damage found in actual containments has not shown
corrosion damage to be preferentially attracted along
weld seams.

Welds have not become the “weak link” in containment
structures because:



e the low-strength, low-carbon steels used in

containment vessels are very weldable,

e the material is very tough and resistant to flaws
propagating, and

e high quality welds are assured in containment
vessels through tightly controlled weld procedures
and 100% inspection of the welds for flaws.
However, attachment welds, which could become
stress risers, are not 100% inspected.

9.1.3 Lessons Learned From Corroded
Pipeline Research.

Using reduced thicknesses in corroded areas, the gas
and pipeline industry has been successful in using finite
element analyses to predict the burst pressure of
corroded pipelines. The industry has performed tests
and analyses on pipes with a significant loss of cross-
sectional area, which could cause the pipe to tear and
fail catastrophically, as well as for pipes with pits,
which may cause a leak but probably wouldn’t tear.
Some of the conclusions from the pipeline research are:

* Corroded pipe sections exhibit ductile failure
modes, and do not fail in a brittle manner.
Corrosion defects in pipelines are typically blunt,
having a radius of the same order of magnitude as
the wall thickness, with a stress concentration
factor that is close to one. Failure in a corrosion
area occurs through uncontrolled plastic flow and
material instability, similar to necking in a tensile
test specimen.

e The structural response of a corroded pipeline can
be accurately predicted (about + 10%) by finite
element analyses using a fairly coarse mesh (3 or 4
second order elements across the corroded section)
and stress based failure criteria. Similarly, an

effective plastic strain criterion can also gave

reliable failure predictions.

e Bending stresses have limited influence on
ultimate failure of pipe sections. In local areas
where high bending stresses are present, local
plastic bending results in a redistribution of stress
until the loads are carried predominantly as
membrane forces. Stress in the pipe wall is almost
the same for metal loss from the inside or the
outside of a pipe.

9.1.4 Corroded Coupon Tests.

Corroded coupons that were tested had a reduction in
strength that was essentially proportional to the
reduction in net cross sectional thickness. In elastic
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regions and at low plastic strains, the stress versus
strain curve was the same for both the corroded and
uncorroded coupons. In the plastic region, the stress
versus strain curves for coupons without any corrosion,
and for coupons that had corrosion by-products (i.e.,
rust) removed, was about the same, except that the
percent elongation in a two inch gage length decreased
for the coupons that had been corroded. When the
plastic strains in the stress concentration region become
large enough to initiate failure, the "net" or"effective"
or "average" strain through the coupon cross section
was about half of the strain-to-failure levels of
uncorroded coupons. There is not a real reduction in
the material’s ductility, but rather the change in the
cross-section causes stress risers which cause failure at
about the same stress level, but at a reduced elongation.

9.2 Finite Element Modeling

9.2.1 Modeling Corrosion.

Failure often initiates in regions of discontinuity
because of large stresses and strains that exist in the
local area. If a finite element mesh is modeled in
sufficient detail, the finite element method is able to
calculate stress and strain concentrations that occur in
the area of the discontinuities. However, pitted and
rough surfaces consist of “micro” discontinuities that
are much smaller than the elements in the mesh.

In a finite element model of a large structure, it is not
practical to model the rough, uneven surface of a
corroded plate because of the large number of elements
that would be required. Usually, this amount of detail
about the condition of an existing structure is not
available, and if it was, a model containing this amount
of detail would be prohibitively large.

The information that can be readily measured on a
corroded plate section is the cross-sectional thickness
at a number of specified points. For example, if a grid
is drawn on the corroded surface, thickness
measurements could be made at each grid point. In a
finite element model with elements that have edge
lengths that are about the distance between grid points,
all that is known about the cross-sectional thickness is
the measurement of the nearest point(s). However, the
surface of a corroded section is generally rough and
uneven, often with some pitting. Since the finite
element model assumes an element with constant
thickness, local strain concentrations caused by pits or
the rough, uneven surface are not calculated.

However, stress concentrations that result from
geometry changes that are larger than the element size,
such as a locally thinned area, plate thickness change, a
penetration, or other “macro” discontinuities are
calculated in a finite element analysis.



The “micro” discontinuities are accounted for by
applying a knockdown factor to reduce the critical
elongation for material in the affected area. The
knockdown factors are nothing more than simple
observations about how omitted local corrosion details
typically cause a tear to initiate at a lower element
strain level.

Damage can be grouped into the two categories
discussed in Section 2. General corrosion damage
degrades the surface of the metal containment structure
somewhat uniformly, and can be handled in a finite
element analysis by thinning the wall in the area(s) that
have corroded. In order to model corrosion in a plate
section, the shell thickness was selected as the average
thickness in the selected area, and the rough corroded
surface was approximated as a smooth surface. A
knockdown factor was applied to account for the
difference between a uniform thickness plate with
smooth sides, and the degraded section that varies
somewhat in thickness and has a rough, uneven surface.
The rough and uneven surface induces stress/strain
concentrations that cause tears to initiate in the
concentration regions.

The second category of damage is local pits that are
scattered and cause stress concentrations. In areas
where there is pitting, the thickness of the shell was not
reduced, but the ductility of the steel was reduced to
account for the strain concentrations around the
discontinuities.

9.2.2 Failure Criteria for Steel Shell and
Liner of Concrete Containments.

The analysis method that was used to predict the
ultimate capacity of corroded containments was to limit
the effective plastic strains. Failure criteria that limit
the effective plastic strain have been developed to
simulate void growth in high stress intensity regions.
As the material strains, voids coalesce into a flaw. At
some critical strain level, the flaw reaches a critical
size and a tear initiates.  Therefore, the effective
plastic strain analysis method will predict failure in
high stress intensity regions caused by a critical flaw.
In order to predict failure at a flaw location, the finite
element mesh must be detailed enough to capture local
strain concentrations.

Because the objective of this report has been to
understand how corrosion degrades the containment
structure, non-structural failure modes have not been
evaluated. If previous studies have concluded that a
non-structural failure mode may occur before the
structural failure mode, then that has been noted. In
this report, it has been assumed that failure will occur
at the lower pressure of the predicted structural failure
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(tearing of steel shell or liner) or at the non-structural
failure pressure identified by previous studies.

Either a strain or stress based failure criteria could be
successfully used to predict when the structure reaches
a state where a tear could initiate. The effects of the
multi-axial stress state, the amount of detail that is
included in the model, and the potential variation in
material properties should be considered when
selecting a failure criteria. In addition, a corroded
section may tear at a lower strain than an uncorroded
section would.

No consensus has been reached in the analysis
community about what failure limits are most
appropriate. Therefore, the failure criteria used in this
report is somewhat subjective, and other similar criteria
could have been used instead. The selection of failure
criteria could shift the predicted failure pressures either
up or down.

Fortunately, after the material exceeds its elastic limit
and begins to plastically flow, a large change in strain
value is associated with a small change in stress.
Therefore, the predicted failure limits are not overly
sensitive to the analysts selection of strain-based failure
limits.

9.2.3 Actual Containment Behavior
versus Analytical Predictions.

Material properties vary from one lot of steel to the
next. The material properties used in the analyses in
this report are typical values, but vary somewhat from
the measured material properties for any specific
containment. Even when a specific containment is
selected, there is variation in material properties for the
steel in that vessel. Properties such as yield stress and
ultimate stress often vary by + 10% or more about the
mean, while the ductility measured often varies by
+25% or more.

The strain-to-failure levels vary between material
samples of different geometric configuration, different
material lot numbers, and so forth. There will be a
corresponding uncertainty in any analysis that predicts
the ultimate capacity of a structure.

In the analyses that have been performed during this
study, many details such as penetrations or local weld
conditions have been neglected. Other details have
been simplified, but are included in the model. For
example, in an actual containment a thick plate is
tapered near the edge where it is welded to a thinner
plate to reduce the stress concentration that would be
caused by an abrupt change. In the finite element
model, this thickness change occurs abruptly if the
tapered transition zone is smaller than the element size.



Other details, such as symmetry boundary conditions,
can greatly reduce the size of the model and decrease
the amount of time required to complete the analysis.
However, the symmetry assumptions can have an
impact on the predicted results.

In the extremely unlikely event that a severe accident
caused pressures that were significantly larger than the
design pressure, non-structural failure modes could
occur before a structural failure model. Examples of
non-structural failure modes are failure of an electrical
penetration assembly, valve failure, the seal of a hatch,
or a crane rail falling because of excessive
displacements.  Only structural failure modes are
predicted by the analyses discussed in Chapters 5 to 8.

Containment vessels are designed to withstand many
different loads, such as seismic or internal pressure.
Although code requirements stipulate combinations of
loads that a containment must be designed to resist,
only internal pressure and loads caused by thermal
expansion or contraction have been analyzed in this
study. Under other loading conditions, such as an
earthquake, combinations of loads not considered in
this study could be more severe and control. When
evaluating the effect of corrosion damage on an actual
containment, it is important to remember that all code
required load combinations must be evaluated to
ensure that other failure modes, such as buckling,
won’t cause failure before the vessel fails due to
internal pressure.

Last of all, the criteria used in this report to predict
potential containment failure differ significantly from
criteria that would be acceptable for design.
Containment structures are conservatively designed so
that the probability of failure is very, very small under
design loads. The design criteria are selected so that
the vessel remains elastic, with a comfortable safety
factor, under all design loads. However, when
predicting failure, previous tests on scaled models have
demonstrated that large plastic strains occur before the
pressure boundary fails. The criteria used to predict
failure are suitable for use in risk studies, but are
clearly unacceptable for design. For example, in
design, strains are typically limited to about 2/3 of the
elastic limit. However, when predicting failure, strains
that were 7 to 50 times larger than the elastic limit were
selected. Some of the badly corroded containments
that have been analyzed in this report had plastic
strains below limits where failure would be anticipated,
but strains that were well above the elastic limit at
design loads. Although the probability of failure under
design loads is low for some of the corroded
containments that were analyzed, the level of
conservatism necessary to ensure safety was lacking.
To ensure a conservative design, it is necessary to keep
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stresses and strains in corrosion areas from exceeding
ASME code allowable limits.

9.2.4 Analyses of Steel

Containments.

Typical

The primary failure mode that has been analyzed
during this study is tearing of the shell wall. However,
failure modes, and the associated failure pressure,
identified during previous studies have been used in
this study. For example, previous studies have
concluded that the first expected failure mode is shell
wall tearing for the typical PWR Ice Condenser
containment. Other failure modes, such as leakage
through a seal, or anchorage failure, were deemed to
not occur until after the shell wall tore. Therefore, the
calculated failure limit was deemed to be the
controlling case.

On the other hand, the BWR Mark I containment
would be expected to vent before any structural failure
would occur. If for some reason the vessel wasn’t
vented, then the next expected failure limit would be
leakage through the top head seal.  Therefore,
structural failure was not the expected failure mode.

Code requirements stipulate combinations of loads that
a containment must be designed to resist. Only internal
pressure and loads caused by thermal expansion or
contraction have been analyzed in this study. Many
other load combinations must be evaluated, such as
buckling of the shell wall under earthquake loads.
When evaluating the effect of corrosion damage on an
actual containment, it is important to remember that all
code required load combinations must be evaluated to
ensure that other failure modes, such as buckling,
won’t cause failure before the vessel fails due to
internal pressure.

No attempt has been made to predict the structural
response after a tear is predicted to initiate. In some
cases, if the high plastic stresses and strains are very
local to the tear location, it is likely that the tear will
arrest itself and the vessel will depressurize due to the
tear in the wall. However, if the high stresses and
strains cover a large enough area, then the tear is likely
to propagate and result in total catastrophic failure.

Results show that even small amounts of corrosion in
the area of highest strain can significantly reduce the
pressure capacity of the vessel, while considerable
corrosion in other areas can be tolerated without
reducing the pressure capacity.

The structural response of most of the containment
shell was primarily membrane. Membrane forces in
the cylindrical portions 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. Therefore, in sections of the
containment that were cylindrical, the shell wall
became inelastic and began gross plastic flow in the
hoop direction while the response in the meridional
direction was still elastic. In spherical sections, the
hoop and meridional membrane forces were about the
same, and hence there was no preferred failure
direction.

9.2.5 Analyses of Typical Concrete

Containments.

In reinforced concrete containments, the concrete
cracks when internal pressure is applied, and the
reinforcing bars carry about 80 to 90% of the pressure
load. The remaining 10 to 20% of the load is carried
by the liner. In prestressed concrete containments,
both the reinforcing bars and the prestressing tendons
carry the significant majority of the load, with the liner
the remaining portion. The shell wall must resist 100%
of the loads in a steel containment.

When a section of the shell wall in a steel containment
is reduced in thickness due to corrosion, pressure loads
can cause yielding in the reduced cross section area.
Eventually, the loads cause the section to become
unstable and a tear initiates. In contrast, if the liner in a
reinforced or prestressed concrete containment is
locally thinned, the change in load carrying capacity is
minimal because the rebars and tendons carry a
majority of the loads.

If two coupons are pulled to failure in uniaxial tension,
one under force control and the other wunder
displacement control, there will be some fundamental
differences in the failure. Both coupons will behave
the same until the peak engineering stress is reached.
In a test under force control, the coupon will go
unstable as soon as the peak engineering stress is
reached, and the coupon will fail immediately. In a test
under displacement control, the coupon will not fail
immediately, but will continue to support load and
plastically strain. The strain at which the coupon will
become unstable in a force control experiment is about
half of the strain at which failure eventually occurs
during a displacement control experiment.

The steel containment vessel, when placed under
increasing pressure load, can be compared to the
coupon under force control. When the peak
engineering stress is reached over a significant area
(i.e., global plastic membrane stresses), the vessel wall
will fail catastrophically. A locally thinned section of
the liner in a concrete containment, on the other hand,
will respond similar to the coupon under displacement
countrol. Since the reinforcing bars and tendons resist
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most of the load, the liner is going to follow the
displacements of the concrete wall.

The liner in a concrete containment is attached at
points (Nelson stud anchors) or along lines (T anchors
embedded in the concrete). This causes stress
concentration regions around the anchors where failure
is expected to initiate. In addition, thickened insert
plates will increase the strains at nearby anchorage
points.

It is possible that a stud may shear off before the liner
tears, and thus allow loads to redistribute themselves.
This would postpone liner tearing for a while. On the
other hand, it is quite clear that embedded T anchors
will not shear off, so concentrated forces can occur in
the liner at the anchorage point.

9.3 Simplified Analogy

All of the analyses that have been discussed in this
report, both corroded and uncorroded, can be
explained and are consistent with the following
simplified analogies. In real life and in the analyses,
failures would be expected to occur at stress
concentration points. The following cases explain the
basic stress concentration points that occurred in the
analyses, and that would be expected to cause failure.

9.3.1 Steel Containments.

A previous test program has shown that a thick plate
welded to a thin plate, with an appropriate thickness
transition zone, does not cause an appreciable stress
concentration region. Therefore, the section shown in
Figure 9.1 would be expected to fail very near the force
F that would cause failure in a plate of constant
thickness t. Obviously, the thinner plate section begins
to yield while the thick plate remains elastic.

Consider the cylinder shown in Figure 9.2, with one-
half of the cylinder of thickness 2t, and the other half of
thickness t.  Assuming the thickness transition is
tapered as in Figure 9.1, the cylindrical section shown
in Figure 9.2 would have about the same pressure
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Figure 9.1. Thickness transition section.



capacity as a cylinder of uniform thickness t. This case
is similar to the portion of the typical PWR Ice
Condenser containment model that transitions from the
thickened section where penetrations occur to the much
thinner sections outside the penetration region. For a
cylinder with end caps, the hoop stresses will be twice
as large as the axial stresses. Therefore, under
increasing internal pressure, the section of thickness t
would reach its elastic limit and begin to plastically
yield in the hoop direction, while the stresses in the
axial direction were still elastic. The section of
cylinder of thickness 2t would also remain elastic at
these pressure levels. Failure would occur because of
unconstrained plastic flow in the thinner section in the
hoop direction. The failure pressure would be very
near the failure pressure of a cylinder of constant
thickness, t.

2t
_’t

Figure 9.2. Cylinder with axial weld joining two
different plate thicknesses.

The cylindrical section shown in Figure 9.3 is also
similar to some of the plate thickness changes in the
steel models. At some distance from the weld joint, the
thinner cylindrical section would begin to yield and
plastically flow in the hoop direction, while the thicker
section would remain elastic. The thicker plate section
would serve as a stiffener, and reduce the stresses and
strains in the thin section near the connection point.
For a very long cylinder, the response of the cylinder to
internal pressure would transition from the response for
a cylinder of constant thickness 2t, to the response for a
cylinder of constant thickness t. For the case of a long
cylinder, the failure pressure would be nearly the same
as for a cylinder of constant thickness, t. For a cylinder
where the thin section is relatively short, the failure
pressure of the cylinder shown in Figure 9.3 will be
greater than a cylinder of constant thickness, t, but less
than the capacity of a cylinder of constant thickness, 2t.
Actual containments have transition regions that are
similar to this case. There is no significant stress
concentration caused by this thickness transition, and
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hence no significant reduction in capacity results from
this type of transition.

-

Figure 9.3. Cylinder with circumferential weld
joining two different plate thicknesses.

The case shown in Figure 9.2 will not cause a stress
concentration, and will fail at about the same pressure
as a cylinder of constant thickness t. The case shown
in Figure 9.3 will not cause a stress concentration
either, and depending on the geometry the failure
pressure could range from the failure pressure for a
cylinder of thickness t, to an upper limit of the failure
pressure of a cylinder of thickness 2t.

Now assume that a cylinder of constant thickness t has
a section that has been thickened, as shown in Figure
9.4. In contrast to the previous two examples, this
configuration will cause a stress concentration, and the
failure pressure will be lower than for a cylinder of
constant thickness t. As internal pressure is increased,
the cylinder section that is of thickness t will begin to
yield and plastically flow in the hoop direction.
However, the thickened insert plate of thickness 2t will
remain elastic.  Therefore, at both ends of the
thickened insert plate, a section of the thinner plate will
have plastic strains that are larger than the free-field
strains in the cylinder. These stress concentrations can
be very significant, depending on the size of the
thickened plate, the ratio between the thick and thin
plates, and any differences in yield and ultimate
strength between the two plate sections. The previous
two cases did not cause a stress concentration that
significantly reduced the pressure capacity from what
would be expected for a cylinder of constant thickness
t, but a thickened insert plate will reduce the pressure

capacity.



2t

Figure 9.4. Cylinder with thickened insert plate.

A very similar case, shown in Figure 9.5, is for a
locally thinned area, rather than for a thickened insert
plate. For this case, as pressures increase, the locally
thinned area will begin to plastically yield in the hoop
direction before the rest of the cylinder. If the locally
thinned area is reasonably small, then the stresses
would be carried by the surrounding material.
Typically, the stress concentration factor for stresses in
the elastic range would be considerable, but as the
material immediately adjacent to the thinned area
began to yield and redistribute the load, the
surrounding material would prevent excessive strains
from accumulating in the locally thinned area. If the
distance across the locally thinned section is on the
order of a few times the shell thickness, the small
locally thinned area would not cause a significant
reduction to the capacity of the cylinder. On the other
hand, if the locally thinned area is large, then a
significant reduction in pressure capacity could result.
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Figure 9.5. Cylinder with locally thinned area.

[

Of course, in an actual containment, there are shapes
other than the cylindrical sections used in these
examples. One other very common shape is spherical
or elliptical for a dome section. The primary difference
between the cylindrical examples used, and the
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expected response if the thickness change occurred in a
spherical section, is the stress field. For a cylindrical
section, the stress in the hoop direction is twice as large
as the stress in the axial direction, and so plastic
straining would begin in the hoop direction, and little if
any plastic deformation would occur in the axial
direction. For a spherical section, the stress in two
orthogonal directions on the shell would be expected to
be about equal, and so biaxial plastic flow would result
when the stresses reached the yield limit.

In transition regions that connect spherical shapes to
cylindrical or conical sections, the stress field is more
complex. Nevertheless, the basic explanation of how
the stress/strain concentration develops is valid for
these transition sections as well. In the transition
regions, it is common to have surface stresses and
strains that are somewhat larger than the membrane
values because of bending. Therefore, one needs to be
careful that failure doesn’t initiate at the surface from
these larger values.

Last of all, at the base, the containments are essentially
“fixed” to the concrete basemat. This results in a case
that is similar to Figure 9.3, except that the bottom
portion of the cylinder is infinitely stiffer than the top
portion. This results in substantial bending and high
surface strains. Therefore, it is critical that both surface
stresses and strains, as well as membrane values, be
examined to determine if failure could initiate from the
surface strain levels.

9.3.2 Liners in Concrete Containments.

The primary difference between the liner in a concrete
containment, and the shell wall in a steel containment,
is the Nelson stud anchors, or T anchors, that cause
concentrated loads in the liner. The anchor points
move to follow the concrete wall.

If there are no thickness changes in the liner and no
geometric discontinuties to the concrete wall, then the
liner will want to stretch uniformly when internal
pressure is applied to a vessel. Generally, changes in
the liner (i.e., a thickened insert plate) occur in areas
where there is some geometry change in the concrete
wall (i.e., a penetration hole). These are the areas
where a stress concentration would be expected to
develop, and eventually a tear initiate.. If both the liner
and the concrete wall are uniform in thickness,
reinforcing, and other geometric details, then no
significant stiffness changes exist. Since the concrete
and liner both want to stretch uniformly, no significant
stress concentration points develop at liner anchorage
point for this case.

Now consider what happens at a thickened insert plate.
This case, shown in Figure 9.6, is similar to the case



shown in Figure 9.4, except that liner anchors are
added. Thickened insert plates are generally used
around penetration holes. Most penetration holes
through the concrete wall have heavier reinforcement
around the hole, and so the stiffness change in the
concrete wall section is minimized. As the pressure is
increased, the liner anchors move to follow the
concrete. The portion of the liner that is regular
thickness begins to plastically yield, but the thickened
insert plate remains elastic. This causes large plastic
stresses to occur in the thinner plate section between
the line of anchor studs and the thick plate. In
particular, the points directly under the first row of
studs in the thinner plate will experience significant
local stress concentrations.
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Figure 9.6. Liner with thickened insert plate and
Nelson Stud Anchors.

The thicker plate in Figure 9.6 could be replaced with a
section that is thinner, due to corrosion. The effect is
identical. The thinner plate section can experience
significant stress concentration, depending on the
location of the anchors.

If liner anchors are welded to the thickened insert plate,
as close to the thick/thin plate weld line as possible, the
stress concentration problems will be minimized. This
is because stress concentrations will not be forced to
occur in the thinner plate section. In addition, if T
anchors are welded to the thicker plate very near the
thick-to-thin plate weld line, then they will not shear

off, and any stress concentration in the thinner plate
will be minimal. However, if Nelson studs are welded
to the thicker plate very near the thick-to-thin plate
weld line, then the studs could shear off and cause
stress concentrations in the thinner plate. If rows of
studs in the thinner plate also sheared off before the
thin plate tore, then the stress concentrations in the
thinner plate would be further reduced. However, it
can be difficult to determine whether the studs will
shear off or the liner will tear.

The location and type of liner anchors can be selected
during design to minimize stress concentrations around
thickened insert plates. However, corrosion damage
could locally thin a section of liner so as to cause the
maximum stress concentrations.  Therefore, when
evaluating corrosion damage to a liner, one of the most
critical things that must be determined is the location of
the anchors with respect to the damaged area. Each
case must be evaluated individually.

9.4 Repairs of Steel Containments
or Liners of Concrete
Containments.

As discussed in the previous sections, one of the
primary factors that can cause stress concentrations that
can lead to a tear initiating, is a difference in plate or
liner thickness. Therefore, any repair to a containment
should seek to minimize the differences in plate
thickness. For example, welding a plate section over
an area that has experienced corrosion would in effect
be a thickened insert plate, and depending on the
thickness of the repair plate, a stress concentration
could result. In some cases, a locally thickened plate
can cause failure in the resulting stress concentration
region at a lower pressure than the vessel would have
failed at without the repair.

There are many ways to make a repair to a locally
thinned area without increasing the thickness beyond
the original thickness. For example, the thickness
could be built up with weld material and ground
smooth. Alternately, an entire section could be cut out
and replaced with a new section. Last of all, the
thickness can be ground thinner, and a new plate
welded to the ground section such that the new total
thickness is equivalent to the original thickness.
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