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ABSTRACT
The Nuclear Power Engineering Corporation of Japan and

the U.S. Nuclear Regulatory Commission Office of Nuclear
Regulatory Research, are co-sponsoring and jointly funding a
Cooperative Containment Research Program at Sandia National
Laboratories, Albuquerque, New Mexico, USA. As a part of
this program, a steel containment vessel model and contact
structure assembly was tested to failure with over pressurization
at Sandia on December 11-12, 1996. The steel containment
vessel model was a mixed-scale model (1:10 in geometry and
1:4 in shell thickness) of a steel containment for an improved
Mark-II Boiling Water Reactor plant in Japan. The contact
structure, which is a thick, bell-shaped steel shell separated at a
nominally uniform distance from the model, provides a
simplified representation of features of the concrete reactor
shield building in the actual plant. The objective of the internal
pressurization test was to provide measurement data of the

structural response of the model up to its failure in order to
validate analytical’modeling, to find its pressure capacity, and to
observe the failure model and mechanisms.

Prior to the high pressure tes~ a pretest analysis of the steel
containment vessel model was performed to predict the model
response to loads beyond the design basis conditions. The
posttest analysis effort started with a detailed comparison of the
pretest analysis results to the high pressure test data. While
overall agreement was generally good, the comparison
identified some areas where the pretest analysis results did not
match test data well. Based on these findings, the posttest
analyses were undertaken to investigate whether modeling
changes, such as more accurate material models and the
inclusion of local structural and material details, could improve
the analytical predictions. This paper documents the
comparison of the pretest predictions and the post test

‘ This paper was prepared in part by an employee of the United States Nuclear Regulatory Commission. It presents information that does
not currently represent an agreed-upon staff position. NRC has neither approved or disapproved its technical content.

. 2 Sandia National Laboratories is operated for the U.S. Department of Energy under Contract Number DE-AC04-94AL85000.
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DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their employees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.
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simulationsof the structural response of the steel containment
vessel model to the high pressure test data.

INTRODUCTION
The Nuclear Power Engineering Corporation (NUPEC) of

Japan and the US Nuclear Regulatory Commission (NRC) are
co-sponsoring a Cooperative Containment Research Program at
Sandia National Laboratories (SNL), Albuquerque, NM, USA.
The purpose of the program is to investigate the response of
representative models of nuclear containment structures to
pressure loads beyond the design basis accident. This
investigation includes conducting pneumatic overpressurization
tests of scale models to failure and an analysis program to
compare analytical predictions to measured behavior. As a part
of the research program, a scaled steel containment vessel
(SCV) test model of an improved Mark-II Boiling Water
Reactor (BWR) containment was pressurized to failure during a
high pressure test conducted December 11-12, 1996 at SNL.

This paper cites a series of reports that discuss the testing
of the SCV model to failure. Prior to the SCV high pressure
tes4 a pretest analysis of the SCV model was performed by
SNL to predict the model response to loads beyond the design
basis conditions (Porter et al., 1998). The SCV Round Robin
Pretest Analysis Report (Luk and Klamerus, 1998) summarizes
the pretest predictions from several organizations around the
world that were invited to participate in the analysis effort. A
Round Robin Posttest Analysis Report (Luk and Khunerus,
1999) summarizes the posttest analyses from the same
organizations. Both of the Round Robin reports concentrated
on providing the predicted SCV model behavior at 43 standard
output locations. The Round Robin posttest report added 10
additional output locations to the 43 for comparisons between
analysis results and test data. In addition, an SCV Test Report
(Luk et al., 1999) provides a detailed account of the test
operation and includes the data from the instrumentation
installed in the model.

This paper describes some posttest structural analyses of
the SCV model that were performed by SNL. A sketch of the
SCV model showing the inner containment structure and the
outer contact structure is shown in Fig. 1. The model was a
nominal 1:10 scale in the overall dimensions with the material
thickness scaled at a 1:4 ratio. The mixed scaling was used to
keep the plate thickness of the SCV model large enough to
manufacture and weld using the same methods as those used on
the actual containment. The nominal scaled design pressure
was 0.78 MPa. The contact structure was installed over the
SCV model to simulate the effects of contact with a relatively
rigid structure. Reinforced concrete shield buildings surround
the actual containment vessels, and contact can be expected in
some severe accident scenarios.

The posttest analysis effort started with a detailed
comparison of the pretest analysis results to the high pressure
test data. This comparison identified the areas where the pretest
analysis results did not match well with the measured data.
Based on these findings, the posttest analyses were undertaken

to investigate whether modeling changes could improve the
predictions. The material models were revised for the two steel
alloys, SGV480 and SPV490, in the SCV model, and they were
used in global and local finite element models for the posttest
calculations.

The posttest inspection of the steel containment vessel
(SCV) model revealed that two tears developed in the SCV
model during the high pressure test (Luk et al., 1999). A large
tear, about 190 mm long, was found along the weld seam at the
outside edge of equipment hatch reinforcement plate, and a
small tear, approximately 55 mm long, inside a semi-circular
weld relief opening at the middle stiffening ring. The pretest
analysis results did not predict the occurrence of these two
tears. The posttest metallurgical evaluation discovered that the
large tear developed in a weakened heat affected zone (HAZ) in
the SPV490 alloy (Van Den Avyle and Eckelmeyer, 1999) and
the change in material strength caused by welding processes
was not known prior to the high pressure test. The pretest
analysis models did not simulate the structural details around
the small tew, therefore no local strain concentration was
predicted in its vicinity.

The posttest local analyses focused on developing the
appropriate finite element models to calculate the local high-
strain concentrations leading to the development of the two
tears. An approximate material model with reduced strengths
for SPV 490 HAZ was developed and incorporated in the local
model for the large tear. A local model for the small tear was
also developed to include the structural and geometric details
around its neighborhood. This chapter discusses these local
models and the analysis results.

NOMENCLATURE
BWR boiling water reactor

heat affected zone
NRc Nuclear Regulatory Commission
NUPEC Nuclear Power Engineering Corporation
Scv steel containment vessel
SNL Sandia National Laboratories

STRENGTH REDUCTION FOR SPV490 HEAT
AFFECTED ZONE

The material properties of both SGV480 and SPV490
alloys experienced changes when they were welded to fabricate
the SCV model. The SGV480 material, which is mild steel, is
not significantly affected with respect to its mechanical
properties by the welding process. The posttest metallurgical
evaluation of the SGV480 heat affected zone (HAZ) showed
that the ultimate strength of the material essentially remained
unchanged by the welding process (Van Den Avyle and
Eckelmeyer, 1999). The HAZ is the parent material
immediately next to the weld zone that is exposed to high
temperatures during the welding process. The weld zone,
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consisting of the weld material with high yield strength, is not posttest metallurgical evaluation (Van Den Avyle and
part of the HAZ. Eckelmeyer, 1999) found that the HAZ for this material in the

The SPV490 alloy is a nominally higher-strength material SCV model did experience a significant reduction in strength.
that undergoes heat treatment during its manufacture. The The heat from the welding process caused a localized
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Figure 1 Steel containment vessel (SCV) model elevation
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and resulted in a reduction of The posttest metallurgical evaluation measured the
of SPV490 steel that is a Rockwell B hardness numbers for the base metal and the HAZ

of SPV490 material. Lower hardness measurements were found
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in the HAZ than the base metal, indicating a reduction in
material strength of the HAZ. It is very difficult to develop an
accurate material model for SPV490 HAZ in the pretest state
because such material is not available. Even if this material
could be reproduced, the HAZ, in the shape of a very narrow
strip, does not permit coupons to be machined for the standard
tensile tests.

A simple method based on the relationship between
strength and hardness numbers was then developed to determine
the approximate material properties for SPV490 HAZ in the
pretest state by using the SPV490 virgin material properties and
the posttest hardness numbers for the HAZ and the base metal.
A comprehensive set of tensile test data on virgin SPV490 steel
plate was obtained prior to the high pressure tes~ but no
hardness measurements were performed on the specimens. To
obtain a set of material data having stress-strain relationship and
hardness numbers from the same material, uniaxial tensile tests
were performed on three coupons machined from the SPV490
steel plate used in the construction of the SCV model. All three
tensile tests produced virtually identical stress-strain
relationships. The calculated true stress versus true strain curve
for one of the tests is plotted in Fig. 2. The Rockwell B
hardness numbers were also measured on the specimens
machined from the same plate and were reported in the posttest
metallurgical evaluation (Van Den Avyle and Eckelmeyer,
1999).

The approximate material properties for SPV490 HAZ in
the pretest state were calculated according to the following
procedure. Firs4 the hardness number for the virgin plate
together with the posttest hardness numbers for the HAZ and
the local base metal were used to calculate the approximate
hardness number for the HAZ in the pretest state by using

H4 = H1 X (H3/H2) (1)

where
H1 = hardness number of the HAZ after the high pressure

test =91.21
H2 = hardness number of local base metal after the high

pressure test = 97.4
H3 = hardness of the virgin plate material = 98.8H4 =

approximate hardness number of the HAZ in the
pretest state

Therefore, the approximate hardness number for SPV490
HAZ in the pretest state is

H4 = 91.21 X (98.8/97.4)= 92.52 (2)

Second, the hardness numbers were used to calculate the
ultimate tensile strength based on an established correlation
between these two properties of steels in accordance with the
ASM Mefals Handbook (1998). The functional relationship
between these two properties is shown in Fig. 3. Accordingly,
the ultimate tensile strength of the SPV490 HAZ in the pretest

state (with hardness number of 92.52) is calculated to be
651 MPa (94.4 ksi), and that of the virgin plate (with hardness
number of 98.8) is computed to be 784 MPa (113.7 ksi).
Therefore, the ratio of reduction in ultimate strength between
SPV490 HAZ and base metal is 651/784 = 0.83. This
procedure assumes that the fabrication process did not
significantly change the hardness of the SPV490 material used
in the SCV model.

Because there is not a well-defined relationship between
the yield strength of steels and their hardness numbers, the same
ratio of strength reduction is applied to the yield strength to
approximate the entire curve of the post yield stress-strain
behavior of SPV490 HAZ in the pretest state. The approximate
yield strength obtained with this assumption is probably higher
than the actual one because there is a smaller amount of strain
hardening at the yield limit than at the ultimate strength level,
but it is impossible to quanti~ this uncertainty due to lack of
material data. This reduced strength material model, also
plotted in Fig. 2, was used to represent the SPV490 HAZ along
the edge of equipment hatch reinforcement plate in the posttest
analysis.

EQUIPMENT HATCH ANALYSIS
Most of the complexity of the SCV model occurs in the

equipment hatch area. In addition to the detail of the barrel-
shaped equipment hatch, there is the added complexity of the
thickened reinforcement plate around the penetration and a
material change interface between SGV480 and SPV490 steels
just below the horizontal centerline of the equipment hatch.

Other manufacturing details such as the eccentricities
between the plates of different thicknesses make the equipment
hatch area even more complex. Therefore, the equipment hatch
area was heavily instrumented both inside and outside of the
SCV model. Figure 4 shows the network of instrumentation on
the interior of the SCV model. The large tear and the local
thinned area on the other side of the equipment hatch detected
posttest are also shown in the figure. Figure 5 is a schematic of
the same area on the interior of the SCV model, showing the
large tear, the thinned area and a few strain gages that recorded
high strain readings.

A close-up photo of the large tear at the equipment hatch
reinforcement plate is shown in Fig. 6. The large tear in the
model occurred” at the lower left quadrant (looking from the
inside of the SCV model) of the equipment hatch in the HAZ of
the weld between the reinforcement plate and the 9 mm
SPV490 plate. This is not the failure location predicted in the
pretest analyses (Porter et al., 1998).

The pretest analyses predicted that a tear would occur in
the 9 mm thick SPV490 material just below the material change
interface just outside of the thickened reinforcement plate in a
locally tilnned area that was ground during the fabrication
process. The actual failure occurred below this location in an
area that would experience a relatively low strain deformation
according to the pretest analysis prediction. Figure 7 shows the
strain contours near the equipment hatch predicted by the
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pretest equipment hatch model without the locally thinned area. The reason for the occurrence of the large tear at the

As indicated in this figure, the highest strains occur in the SPV490 HAZ along the weld seam of the equipment hatch
SGV480 material just above the material change interface. reinforcement plate has been explained above. The reduction in
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Figure 6 Interior view of equipment hatch area with an arrow pointing to large tear

strength in the SPV490 H&Z material was not known prior to
the high pressure tesg so there were no pretest analyses
addressing this situation. Although the pretest analysis report
(Porter et al., 1998) mentioned the possibility of the failure
being influenced ,by the HAZ material, there was no reason to
believe before the test that the HAZ material would have a
reduced strength.

When the approximate material model for SPV490 HAZ
with a reduced strength, calculated above, is included in the
local equipment hatch model in the posttest analysis, the area of
highest strains moves lower into the SPV490 material. The
posttest simulations for the strain contours are shown in Fig. 8.

As discussed above, the assumed yield strength in the
approximate material model for SPV490 HAZ is probably
higher than the actual one. It is very likely that SPV490 HAZ
behaves like mild steel with a lower yield point. If this material
approximation is used in the finite element analysis, even higher
strains will be calculated around the area where the large tear
developed during the test.

MIDDLE STIFFENING RING ANALYSIS
A small tear occurred in the SGV480 wall of the SCV

model adjacent to a vertical weld inside a semi-circular weld
relief opening at the middle stiffening ring. The small tear, with
the local structural details, is shown in Fig. 9. The posttest leak
testing of the local area indicated that the tear went through the
wall thickness. The other weld relief opening at the
diametrically opposite location of the middle stiffening ring
experienced local necking but did not fail. Because it is not

likely that this small tear and the large tear developed at the
same time and pressure, the small tear must have formed at a
lower pressure than the large tear and arrested itself as the
pressure increased. The posttest analysis of the small tear
focused on addressing the initiation and arrest mechanisms.

The middle stiffening ring is 61 mm wide and 19 mm thick.
The radius of the semi-circular opening is 15 mm. This results
in a reduction of about 25 percent in the cross sectional area of
the ring. The posttest inspection of the SCV model revealed
that the ring itself did not experience large strains as indicated
by the intact paint on it near the opening, but the high strains
occurred in the SGV480 wall adjacent to the vertical weld. A
close-up of the local area of weld relief opening tlom the finite
element mesh of the analysis model is shown in Fig. 10. A large
portion of the SGV480 wall was modeled to insure that the
stress conditions in the local wall section near the stiffening ring
were correct. The model was developed with the JAS3D finite
element code (Blanford, 1998) using four-noded reduced-
integration shell elements. The weld itself was not modeled in
this analysis, and so there is no hardened or thickened area at
the vertical centerline of the opening.

Figure 11 shows a contour plot of the equivalent plastic
strains on the inside surface of the SCV model at a pressure of
4.7 MPa. As indicated in this figure, the peak strains are
concentrated in two areas on either side of the vertical
centerline of the opening where the vertical weld would be
located. The area of high strains coincides well with the
location of the small tear in the SCV model. The local
concentration of high strains on the inside surface results from a
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Figure 9 A small tear inside a weld relief opening at the middle stiffening ring

combination of increased hoop strains and bending strains due
to the flattening out of the model wall.

The peak strains of 10.75 percent shown in the figure are
misleading because the contact structure was not included in the
analysis model. The contact structure would have limited the
radial displacements and the hoop strains. The weld relief
opening, with its detailed structural and geometric features,
became a very efficient strain concentrator.

A more interesting issue is related to the arrest mechanism
of the small tear. Figures 12 and 13 address this issue. In Fig.
12, the posttest analysis results of the radial displacements at
the tear location are shown. With an average gap of 22 mm, the
outward radial displacement would have been stopped well
before the over 50 mm of displacement that is indicated in the
figure. Just above the stiffening ring where the strains are
larger, the SCV wall would have made contact with the contact
structure at a pressure around 4.0 MPa, based on the measured
data from strain gages and the results of posttest analysis.
Figure 13 shows tha~ at 4.0 MPa, the equivalent plastic strain
on the inside surface of the SCV wall just above the stiffening
ring is about 1 percent. The tear at this low level of strain was
most likely to be arrested given the condition that it was not
allowed to propagate in the presence of the contact structure.

Without the contact structure, this tear probably would not have
been arrested and most likely would have been the initiating
point for the failure of the SCV model during the high pressure
test.

FAILURE CONSIDERATIONS FOR STEEL
CONTAINMENT VESSEL MODEL

Two factors need to be considered when predicting the
large deformation behavior and the failure of a complex steel
structure such as the SCV model subjected to loads causing
stresses well into the plastic domain. Firs4 it is important to
have an accurate representation of the steel material properties
at the low-strain range (e 2 percent) because the majority of the
structural members experience strains in this range, even when a
structural failure occurs due to a high-strain concentration at a
local area. The global behavior at a free-field location is
directly related to the steel material properties at the low-strain
range. The deformation response of the structure is usually
better comprehended in terms of its global behavior that is not
affected by the local structural or geometrical details. The
material models derived from the uniaxial tensile tests may not
be representative of the material behavior in a large structure.
The fabrication processes such as welding and shaping of
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Figure 10 Close-up view of the weld relief opening at the middle stiffening ring from a local three-dimensional
finite element model
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structural members can significantly alter the material
properties in the low-strain ranges.

Second, an accurate modeling of the local details is needed
to predict the structural failure. Structures almost always fail in
some local area where the detailed structural or geometric
configurations cause high-strain concentrations to occur. In the
pretest analyses, the criteria used to predict failure were
assumed to bean equivalent plastic strain of 8 percent (Porter et
al., 1998). The highest strain of 9 percent was recorded by a
strain gage during the high pressure test in an area near the
equipment hatch. The posttest analysis results showed a strain
of 7 percent in the location where the large tear initiated. These
findings are consistent with the pretest failure criteria.
Therefore, for a ductile shear failure like the large tear in the
SCV model, an equivalent plastic strain failure criterion seems
appropriate.
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