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ABSTRACT

The analyses used to predict the behavior of a 7: 8-scale
model of a steel LWR containment building to static overpres-
surization are described and results are presented. Finite
strain, large displacement, and nonlinear material properties

* were accounted for using finite element methods. Three-
dimensional models were needed to analyze the penetrations, which
included operable equipment hatches, personnel lock repre-' sentations, and a constrained pipe. It was concluded that the
scale model would fail due to leakage caused by large deforma-
tions of the equipment hatch sleeves.

.
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I. EXECUTIVE SIM1ARY

Sandia National Laboratories is conducting scale model
experiments of nuclear containment buildings subject to static
overpressurization. The objective of the experiments is to
generate data that can be used to qualify methods for reliably-

predicting the response of containment buildings during severe
accidents. This report documents the pretest calculations for

* the 1:8-scale steel containment model, which was pressurized to
failure in November 1984. The pretest predictions were used in
planning the type and location of instrumentation, and the con-
duct of the high pressure test. In addition, analyses conducted
prior to the test cannot be biased by experimental results, and
therefore a more accurate assessment of analytical capabilities
can be obtained.

The 1:8-scale model was designed for 40 psig by Chicago
Bridge and Iron Company following ASME pressure vessel code
standards. The model, which was fabricated from A516 Gr70 steel,
consisted of a 3/16 inch thick cylindrical shell that was welded
to a hemispherical dome. The cylinder was roughly 14.5 feet in
length, with a diameter of 14 feet. Circumferential stiffening
rings were attached to the external surface of the cylinder at 15
inch intervals. There were a total of eleven penetrations that
passed through the cylinder, including two operable equipment
hatches, two personnel lock representations, and seven pipe
penetrations. 'O' rings were used to form a seal between the
equipment hatch sleeves and covers. Two ' constrained' pipe
penetrations passed through the cylinder at diametrically opposed
points, and were connected to each other by an integral length of
pipe. The cylinder was reinforced at all penetrations as re-
quired by AShE code. Details of the design and fabrication of
the 1:8-scale model are available in (7).

Finite element methods were used to analyze the response of
the model subject to static overpressurization. Thin shell
elements were used to model the structure, and large displace-
ment, finite strain, and nonlinear material behavior were taken
into account. The Von Mises yield criterion was used with full,

| Newton Raphson iteration. Rupture was assumed to occur if thes

i equivalent membrane strain exceeded 15%, or if the equivalent
bending strain exceeded 20% at any point. Leakage was expected
when a total mismatch of the sealing surfaces occurred.

Predictions for the response of the 1:8-scale model to
*

static overpressurization were based on five separate analyses,,

! each of which covered a different area of the structure. An
| axisymmetric model of the ring stiffened shell (no penetrations),

was used to predict strains and displacements in the hemispheri-
| cal head, and in the cylinder near its attachment to the
j fixturing. The response of the equipment hatch covers was also

evaluated using an axisymmetric model. The response of each of
'

the major penetrations (the constrained pipe, both equipment
hatches, and personnel lock 2) and of the cylinder due to its

i

L.-
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interaction with these penetrations was determined using three
separate three-dimensional models.

,

initial yielding occurred in areas characterized by bending
behavior, such as the equipment hatch sleeves near their inter-

,

section with the cylindrical wall, and the cylinder at its
attachment to the fixturing. First yield occurred at 52 psig.
Ilowever, bending strains did not increase rapidly until after ,

,

L membrane yielding of the cylinder began. The predicted membrane
f yield pressure -was 180 psig; however, the actual value was ex-

pected to be 5 to 15 percent lower because of changes in the
material properties associated with fabrication and strain rate
effects.

Strain concentrations were predicted in the cylinder ad-
jacent to the reinforcement around penetrations. The severity of
a strain concentration depended on the combined stiffness of the
reinforcement and penetration. These strain concentrations
reduced the strength of the model relative to a model with no

| penetrations. Although the constrained pipe penetrations
prevented radial expansion of the cylinder at their intersection,
they had little or no effect on the model's strength. There was
no evidence of significant interaction between penetrations.

,

|
The model was expected to fail by 210 psig due to excessive

leakage caused by large distortions of the equipment hatch
sleeve. The equipment hatch sleeve deformed into an oval shape,
with the' displacement increasing rapidly as the pressure was
increased beyond the membrane yield pressure. The strains in the
model at 210 psig were well b e l ow t h e ma x immn s t r a i n s permitted
by the rupture criterion.

1

Comparisons between predictions and experiments, and an
assessment of analytical capabilities will be made available in a
soon to be published report [6].

.

.

-2-



2. INTRODUCTION

The Containment Integrity Division at Sandia National
Laboratories is testing scale models of containment buildings to
determine their response to static, internal pressurization. The
models are pressurized to failure using nitrogen gas. To date,

,

four 1:32-scale steel models and a 1:8-scale steel model have
been tested. Analyses were conducted prior to these tests to
obtain unbiased predictions for the models' response, and also to,

help plan instrumentation. A complete description of the
fabrication, analyses, and testing of the 1:32-scale models is
available in (1}. This report will describe the analyses used to
predict the response of the 1:8-scale model.

The scale model tests are one of a series of NRC-funded
programs that are investigating c on t a i mme n t integrity during
severe accidents (2]. The containment building is the last
engineered barrier preventing the release of radioactive
materials. During a severe accident, the pressure and tempera-
ture inside the containment could significantly exceed the design
basis loads. The capacity of the containment building and the
timing, mode and location of a failure affect the consequences
and risks associated with a severe accident. The c o n t a i mne n t
should theoretically be capable of withstanding pressures and
temperatures beyond the design basis since the design is based on
linear, clastic behavior with large factors of safety. The
c o n t a l mne n t ' s ability to strain and deform plastically is not
explicitly considered during the design process.

The objective of the scale model tests is to generate a
structural data base that can be used to qualify methods for
predicting the structural behavior of containments, particularly
the nonlinear response. The scale models were designed and
fabricated in a manner as representative of actual c o n t a i mme n t s
as possible, given the restrictions imposed by the size
reduction. The features of the 1:8-scale model are more repre-
sentative of actual containments than those of the 1:32-scale
models.

Testing of the 1:8-scale steel containment model was suc-
cessfully conducted November 15-17, 1984. The model ruptured
after the pressure was increased to 195 psig. Nearly 1000 chan-
nels of data, including strain, displacement, and leak rate
measurements, were recorded at 21 different pressure levels.
Details of the conduct of the test and the test results are
reported in (3) and (4]. Comparisons of test data with analyti--

cal results suggests that strains and displacements in steel
containments can be predicted with reasonable accuracy, but
additional effort is needed to develop failure criteria.*

Additional details on the assessment of predictive capabilities
are available in (5) and (6).

-3-
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3. DESCR I PTION OF Tile ADDEL

Chicago Bridge and Iron Company designed the model, fabri-
cated it in Salt Lake City, transported it, and erected the model
on site in Albuquerque. The important structural features of the
model are presented in this section. A complete description of -

the design, fabrication, as built geometry, and measured material
properties of the model are presented in [7].

.

3.1 Geometry

The 1:8-scale model was built to ASME code specifications
with a. design pressure of 40 psig. A schematic of the model is
shown in Figure 1. The base was a 1-3/16 inch thick ellipsoidal
shell that was used as a test fixture. The base was very stiff
relative to the model, and consequently it served as a convenient
reference for measuring displacements. The model consisted of a
cylindrical shell that was welded to a hemispherical dome. The
cylinder was 172.5 inches in length, and had an 84 inch radius.
The nominal thickness of the cylinder and dome was 3/16 inch;
however, the average thicknesses of the plates used to fabricate
the cylinder and dome were 0.197 inch and 0.205 inch,
respectively. Eight thickness measurements were made on each
plate, and the measured thickness of the six plates used to
fabricate the cylinder ranged from 0.186 inch to 0.227 inch.
Only the nominal thickness will be reported from here on; the
actual average plate thickness and the range of measurements, as
well as where the plates were used can be determined from Table
1. Circumferential stiffening rings were attached to the exter-
nal surface of the cylinder at 15 inch intervals, beginning 6
inches above the cylinder to base weldment (lower springline).
These rings were 2-3/4 inch wide by 3/16 inch thick. Each ring'
was supported by gussets spaced roughly 12 apart in the circum-
ferential direction.

Eleven penetrations passed through the cylinder including
seven pipe penetrations, two personnel lock representations, and
two operable equipment hatches. The cylinder was reinforced at
all penetrations as required by the ASME code. The nominal
thickness of the reinforcement was 3/8 inch, except the rein-
forcement for the equipment hatches, which was 1/2 inch. The
locations of the penetrations are shown in Figure 2. The five
" unconstrained" pipe penetrations, SA, SB, SC, SD, and SE, were
comprised of standard size seamless pipe with a flat cover welded
to the end of the pipe inside the cylinder. The ' constrained'
pipe penetrations, SF1 and SF2, passed through the cylinder at '

diametrically opposed points and were connected to each other by
an integral length of pipe. SF1, SF2, and the connecting pipe

,

were 8"c Sch 40 seamless pipe, which has an outside diameter of
8.62 inch and a thickness of 0.32 inch. Flat covers, which were
1-1/8" thick, were welded to the ends of SF1 and SF2 outside the
model. The two personnel lock representations, PL1 and PL2, were
comprised of 12"p XSTG seamless pipe with flat covers welded to
both ends. The pipe was machined so that the final thickness was
3/8 inch at the intersection with the cylinder, and 3/16 inch

-4-
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Table 1
.

PLATE MATERI ALF IN THE 1 : 8-SCALE MODEL

.

Nominal No. of Average Range of
| Thickness Plates Thickness Measurements Use of Plates in Model

|

3/16" 6 0.197" 0.186"-0.227" Cy1inder

3/16" 7 0.205" 0.194"-0.220" Hemispherical Dome and Ring
stiffeners

3/8" 1 0.394" 0.382"-0.410" Reinforcement for SA. SB, SC,
SD, SE. SF1, SF2, PL1, and
PL2, inside Covers for PL1 and
PL2, Spherical Covers for EH1

| and EH2

!

l 1/2" 1 0.505" 0.497"-0.510" Reinforcement for EH1 and EH2
|
|
|

1-1/8" 1 1.161" 1.153"-1.168" Sleeves for EH1 and EH2,
Outside covers for PL1 and PL2

1-3/16" 2 1.211" 1.200"-1.225" Ellipsoidal base

1-1/2" 1 1.531" 1.525"-1.540" Dish for base, Covers for SA,
SB, SC, SD, and SE

1-5/8" 1 1.682" 1.669"-1.690" Covers for SF1 and SF2

.

-6-
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away from it, as shown in Figure 3. The equipment hatches, EH1
and EH2, were located at the same elevation, but 120 apart. The
sleeves were welded into a cylindrical shape from plate with a
nominal thickness of 1-1/8 inch before machining. The final
cross sectional shape of the sleeve is shown in Figure 4. An "O"
ring was used to provide a seal between the sleeve and the cover .

tensioning ring. The cover itself was formed from 3/8" plate
stock into a 30 inch radius spherical dish.

.
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3.2 Material Properties

The 1:8-scale model was fabricated from A516 Gr70 steel,which is frequently used in actual containments. Pipe materialsused in the model have a slightly different composition than -A516, however, they exhibit approximately the same mechanical
properties. A516 steel is a medium carbon steel, intended for
low to moderate temperature service, with good hardenability and '

ductility. The Process Metallurgy Division at Sandia conductednumerous mechanical and physical tests to determine true stress-
true strain curves, Young's modulus, shear modulus, and Poisson's
ratio for the actual construction materials. Details of themechanical testing can be found in Appendix C of [7). Rawmaterial for test specimens came from remnants or cutouts forpenetrations. The only materials not tested were the seamlesspipe for penetrations SA, SD, SC, SD, and SE and the bottom
dollar plate for the base. These materials were not expected tobe highly stressed, and therefore no need existed for detailedproperties.

Elastic constants were determined using ultrasonic methods.
Almost no variation in the clastic constants was detected for thevarious specimens tested. In the analyses, Young's modulus, theshear modulus, and Poisson's ratio were input as 30.68 Mpsi,11.93 Mpsi, and 0.286, respectively, for all materials.

The true stress-true strain curves used in the analyses areshown in Figure 5. Engineering stress-strain curves were re-
corded from fairly standard uniaxial tensile tests. Engineeringcurves were then converted to true stress-true strain curvesusing the well known equations

T "E(I 'E}e ~ *

l"(t *e ~

T 'E '
-

which are valid up to the point of maximum load. For thematerials tested, the strain at maximum load varied from 0.15 to
0.18. and the fracture strain was from 0.32 to 0.47.

4. ANALYTICAI. METilODS AND PROCEDURES

4.1 Finite Element Techniques *

Analyses of the 1:8-scale model was conducted using the K.1
version of MARC, a general purpose finite element code [8).Options that account for finite strain, large displacement, and
nonlinear material behavior were selected. Thin shell elementswere used to represent the structure. For three-dimensionalanalysis, PATRAN-G [9] was used to generate the mesh, assignthickness and material properties to the elements, and applyboundary conditions and initial load increments. Subsequent load
increments were defined manually using the proportional increment

-10-
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option. Pressure increments of to to 25 psi were taken
initially; just before membrane yielding the increments were
decreased to 1 to 2 psi; finally, increments of 4 to 5 psig were
taken once the material began to show significant work hardening
(beyond the yield plateau). The convergence criteria was that
the maximum allowable value of maximum residual force divided by
the maximum reaction force be less than 0.05 (the default is
0.10). htARC uses full Newton-Raphson iteration with a Von Mises
yield criteria.

! For the three-dimensional analyses, strain contours and
deformed shapes were plotted using the post-processing
capabilities of PATRAN-G. The contour plots are best considered
as qualitative measures of the strain distribution because there
is some loss of accuracy involved with the nodal averaging
process. For the a x i s ymne t r i c analyses, deformed shapes were
produced with the plotting capabiiities o f ht\RC. Spatla1 plots,

,

which show the distribution of strain or displacement for a fixed|

| meridional or circumferential location at a given pressure, and'

pressure history plots, which show the strain or displacement as
a function of pressure for a given location, were produced using
a code written by the author. This code reads the results file*

f r om htARC, and interactively queries the user to define the plot.
The code has capabilities to extrapolate element values to nodal
locations, and to interpolate nodal values to any coordinates the
user selects. This feature enabled direct comparison of analyti-
cal and experimental results 16]. since pressure histories could
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be plotted at the physical location of the instrumentation. The
NMRC post tape and restart tape were saved on magnetic tape for
all analyses. Input card file images and enalysis files were
also saved.

Only the penetrations near midheight of the cylinder were .

specifically analyzed. The " unconstrained" pipe penetrations and
PL1 were in an area of low membrane strains and deformation due
to the constraint imposed by the ellipsoidal base on the *

cylinder, and were therefore not expected to have nearly as |

important an effect on the model's response as that of the
penetrations near midheight. Also the pipe penetrations were
very stiff, so that a sleeve failure (due to bending strains, for
instance) was considered unlikely. Welds were not modeled.
Preliminary analyses of the 1:8-scale model were reported in [10)
and (11] and internal memorandums. These analyses used the
geometry as specified on the drawings and a bilinear stress-
strain curve based on the yield stress and ultimate stress and
strain reported by the mill. The results of these analyses were
used to plan the instrumentation, and also led to a number of
improvements in the finite element models used in the final
analyses. Comparisons of analyses of a clean shell to a ring
stiffened shell indicated that the effect of stiffeners on the
membrane response could be modeled implicitly, by increasing the
thickness of the cylinder by an amount which accounts for the
volume of the stiffeners. Ilowever, explicit modeling of the
stiffeners around the equipment hatch resulted in smaller defor-
mations and lower bending strains in the sleeve than with the
stiffeners implicitly modeled, which showed that stiffeners could
have important local effects that could not be modeled using
simple techniques. The preliminary analyses also demonstrated
that the flat plate covers that are used on all penetrations
except the equipment hatches have the same effect on the sleeve
as a rigid plug. Therefore, the ends of the personnel lock
sleeve and the constrained pipe were not allowed to deform in the
analyses presented here. The base was shown to be effectively
rigid, so that the cylinder was fixed at the lower springline,
except for the ring stiffened model, which was used to determine
bending strains at the lower springline.

4.2 Failure Criteria

The seals on the two equipment hatches in the 1:8-scale
steel model represented a potential leakage path. Because the
seal was pressure seating, opening, or gapping of the sealing
surfaces was not considered to be a possible failure mode. *

Ilowever, considerable deformation of the equipment hatch sleeve
relative to the cover tensioning ring was expected. The leakage
criterion that was used to predict the onset of leakage required
a complete mismatch of the sealing surfaces: leakage was defined
to occur when the change in the radius of the sleeve was equal to
the thickness of the sleeve.

The rupture criterion was based on the maximum equivalent
strain. It was assumed that the pressure at which a material
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failure (crack) initiated was also the pressure at which rupture
would occur. The possibility of stable crack growth or arrest
was not considered. When the maximum equivalent strain that was
calculated with the finite element model exceeded a critical
value, rupture was said to occur. This critical value was deter-

'

mined by taking into account the ultimate strain, the fracture
strain, and the gage length, and also observations of the 1:32-
scale model tests and membrane tests conducted by Goller [12].

,

Based on these factors, the critical value was estimated to be
15% for global strain (strain over a large gage length), and 20%
for localized or bending strains.

4.3 Comments on the Use of Uniaxial Material Properties '

The true stress-true strain curves obtained from the
uniaxial tensile tests were used in the analyses without major
modification. Results of the 1:32-scale model and the work
reported by Goller indicated that the measured yield stress for
the 1:8-scale model might be as much as 15% below the yield
stress determined using the uniaxial stress-strain curves. The
limitations of using uniaxial test data to represent the material
behavior of the steel containment models are discussed in
Appendix C of (7]. Differing strain rates between the uniaxial
tests and the model tests, the Bauschinger effect, and dif-
ficulties in applying uniaxial data to multiaxial strain states
are cited as contributing to the overprediction of yield stress.

The strain rate for the model tests is about two orders of
magnitude less than that for the tensile tests, which would
account for about a five percent decrease in yield stress. The
Bauschinger effect refers to the observation that the tensile
(compressive) yield stress for some materials is reduced when the
material has been previously yielded in the compressive (tensile)
sense. The cylinder materials underwent compressive plastic
deformation on the inner surface when the original plates were
rolled into the cylindrical shape. Other materials in the 1:8-
scale model were also cold worked. Depending on the amount of
cold work, which is difficult to determine precisely, the
Bauschinger effect could account for an additional five to ten
percent reduction in the yield stress.

,

The low work hardening slope associated with the yield
plateau caused some numerical difficulties with models for which
the ring stiffeners were modeled implicitly. A plastic in-
stability can occur if the geometric softening exceeds the.

material work hardening capability. The work hardening slopes
were increased and the yield stress nominally reduced (for ex-
ample the yield stress for the cylinder material was changed from.

58.0 ksi to $7.1 ksi) to avoid the numerical problems. The rings
actually yield at a slightly higher pressure than the cylinder,
which allows the load to be redistributed. Therefore, no in-
stability associated with the yield plateau was expected during
testing.

-13-
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5. St.AhMRY OF ANALYTICAL RESULTS

Predictions of the response of the 1:8-scale model to static
internal pressurization were based on five separate analyses,'

each of which covered a different area of the structure. Anaxisymmetric model of the ring stiffened shell (no penetrations)
was used to predict strains and displacements in the hemispheri- .

cal head, and in the cylinder near the lower springline. The
response of the equipment hatch covers was also evaluated using
an axisymmetric model. The response of each of the major -

penetrations (the constrained pipe, both equipment hatches, and
the upper personnel lock) and of the cylinder due to its interac-
tion with these penetrations was determined using three separate
three-dimensional models.

I initial yielding of the model was caused by localized bend-
! ing in the equipment hatch sleeves at 6 and 12 o' clock at their

intersection with the reinforcement. The maximum strain for any
| pressure level occurred at this location. First yield was
; detected at $2 psig. Large localized bending strains occurred at

all significant geometric discontinuities, such as intersections
of personnel lock sleeves and the cylinder and the lower

! springline. liowe v e r , these bending strains did not increase
significantly until after membrane yielding of the cylinder wall
occurred. The constrained pipe affected strains throughout the
cylinder. For all points on the cylinder, the strains predicted
using the constrained pipe model were lower than those predicted
with the ring stiffened model. Strain concentrations werepredicted in the cylinder adjacent to the reinforcement around
penetrations at 3 and 9 o' clock. The strain concentration factor
(scf) increased as the plastic strain accumulated in the model
increased; at 200 psig the scf was 1.38 for the equipment hatches
and 1.54 for PL2, by 225 psig, they had increased to 1.74 and
1.55, respectively, and at 250 psig the scf for PL2 was 1.74.
Strain concentrations were also predicted in the reinforcements
trnned i a t e l y a bove and below the penetrations, although these were
not as severe as those predicted in the cylinder. These strain
concentrations are analogous to the clastic strain concentration
around a hole in a flat plate with a 2:1 load ratio.

The analyses showed that membrane yielding of the cylinder
would occur at 180 psig. Because of difficulties in using
uniaxial material properties to predict model response (see
Section 3.3), membrane yielding was expected to occur anywhere
from 153 psig to 171 psig during the actual test. This is five
to fifteen percent below the membrane yield pressure predicted
with hnRC, the actual amount depending on the degree to which the *

Bauschinger effect reduces the yield stress.

The model was expected to fall by 210 psig due to excessive '

leakage caused by large distortions of the equipment hatch
eleeve. Significant leakage was expected when the change in the
sleeve radius was equal to the sleeve thickness at the sealingl surface. (During the test, the model ruptured before this
occurred.) The equipment hatch deformed into an oval shape at
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|

|

| the sealing surfaces, with the displacement increasing rapidly as
| the pressure was increased beyond the membrane yield pressure.

The maximum principal strains in the model at 210 psig varied
I from 3.5% in the membrane regions, to 5% in the cylinder adjacent

to the penetrations, to 9% in the equipment hatch sleeve. These,

strain levels were well below those that were associated with
rupture (analytically).

.

6. AXI S% METRIC NODELS

An axisymmetric model of the ring stiffened shell (no
penetrations) was used to predict strains and displacements in
the hemispherical head and in the cylinder at the lower
springline. The response of the equipment hatch covers and the
tensioning rings was also determined using an axisymmetric model.

hMIM: element 15, which is a two node, axisymmetric, thin shell
element with cubic shape functions that is suitable for large
displacement and finite strain behavior, was used in the axisym-
metric models.

6.1 Ring Stiffened Shell

The finite element mesh used to model the ring stiffened
shell is shown in Figure 6. The model consists of 144 elements
with 575 degrees of freedom. The mesh discretization at the
lower springline was very fine so that the bending response could
be accurately determined. The instrumentation ring and the 12
stiffeners were each represented with a single thin shell
element. The radial displacement and the rotation of the base
and dome were fixed at the axis of s pune t r y . Axial displacement
was fixed at a node on the base corresponding to the approximate
location of its attachment to the supporting columns.

The cylinder first yielded at 86 psig on the internal sur-
face at the lower springline. General yielding of the cylinder
did not begin until the pressure reached 180 psig. Yielding at
the lower springline was associated primarily with meridional
bending strains, which decreased rapidly away from the intersec-
tion of the cylinder and base, Figure 7. 'Th e circumferential
component of strain in the cylinder is small at this location
because of the radial constraint imposed by the ellipsoidal base.
The effects of the fabrication misalignment between the cylinder
and the base, and of the weldment at their intersection were not
considered. Nevertheless, the analyses should give an accurate*

picture of the magnitude and the distribution of the bending
strains at the lower springline.

.

| The strains in the hemispherical dome remained elastic up to
[ 250 psig, except for a localized area near the intersection of

the dome with the cylinder. The ellipsoidal base behaved essen-'

rigid body; the radial displacement and rotation oftially as a

the instrumentation ring were .099 in, and .0063 rad respec-
tively, at 225 psig. The internal structure (,ct modeled),
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Figure 6 Finite Element Mesh for Ring Stiffened Model
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Figure 7 Bending Strains in Cylinder at Lower Springline

which was attached to the instrumentation ring, would tend to
resist the rotation of the instrumentation ring (at the top of
the cylinder, .0063 rad rotation would necessitate a 1.1" change
in radius of the internal structure). As a result, the con-
straint at the lower springline will probably be greater than
what was modeled, and therefore the actual bending strains may be
higher than those calculated.

The deformed shape of the model prior to general membrane
yielding of the cylinder is shown in Figure 8. In the elastic
range. the bulging of the cylinder between stiffeners accounted
for r significant portion of the total displacement of the
cylinder between stiffeners. Ilowever, once the cylinder and the

| stifisners began to accumulate plastic strain, their response
became more uniform. The deformation of the ring stiffened shell
after general yielding occurred, Figure 9, is qualitatively the

* same as a clean cylinder. The circumferential strain in the
stiffeners was slightly less than in the cylinder wall as indi-
cated in Figure 10. Compressive radial strains also were present
in the stiffeners, however, the equivalent plastic strain in each
ring was less than that in the cylinder at the same elevation.
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Figure 10 Circumferential Strain in Cylinder and Stiffener
at the Same Elevation (Stiffener 7)

6.2 Equipment llatch Covers

The equipment hatch covers and the tensioning rings were
considered to be structurally uncoupled from the sleeve. This
assumption implies that only normal loads are transmitted at the
sealing surfaces, i.e., frictionless contact, and it permits
deformation of the sleeve relative to the cover. Two other
options for modeling the contact were not exercised: (1) friction
could have been taken into account, which would have been dif-
ficult to quantify (coefficient of friction between the organic
seal and steel would not have been well defined) and implement
(friction / gap elements would have complicated the model), or (2)
the sleeve and cover could have been treated as though they were
rigidly connected, which would have prevented relative motion of
the sealing surfaces. Uncoupling the sleeve and cover allowed
for a tremendous simpilfication in the modeling requirements,
while still retaining the important features of the deformation
mechanics. The finite element mesh of the cover and tensioning.

ring is shown in 1:igure 11. The cover was modeled with to
a x i s ynune t r i c thin shell elements, and the tensioning ring was
modeled with 18 eight node a x i s ynine t r i c continuum elements,-

resulting in 176 degrees of freedom. The boundary conditions are
also indicated in 1tgure 11.

The cover assembly in the scale model is much stiffer than
those used in actual containments. The thickness of the cover
had to be increased because of the method of attachment. As a

-gy-



_ - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

.

'I
s

}}}}Ih
s

d2
.
+

ii E:

|

|

SUPPORTING RING:
18 AXISYMMETRIC,8 NODE
SHELL ELEMENTS
(MARC element 85)%

SPHERICAL CAP
10 AXISYMMETRIC%

THIN SHELL ELEMENTS
(MARC element 15)

~

~

_

PRESSURE ARROWS ARE DRAWN AT THE
CENTER OF ELEMENTS WHICH ARE LOADED.

Figure 11 1:Inite fil eme n t Mesh for liq u i pme n t fla t c h Cove r

-20-



-- _

-

,

result, the response of the cover and tensioning ring was tintar
up to 360 psig, which is well above the predicted capacity of the

| scale model. First yield was associated with bending in the

cover at its attachment to the tensioning ring; general yielding
of the cover would have occurred at still higher pressure.

Figure 12 shows that the tensioning ring moved radially outward*

only 00538 inches at 250 psig. Rotation of the tensioning r i n <;

was also negligible The critical pressure for buckling of the
cover was estimated at approximately 3000 psig.*

2

I MAGNIFICATION 85X

.0177* [
~~ '

-

. . . , , ,
~

..

N
N .. I

\ ?
l

'
'

MAX RADIAL DISP
OF TENSIONING RING .00530
AT 250 PSIG

MAX ROTATION
OF TENSIONING RING / T.037*
AT 250 PSIG

Figure 12 Deformed Shape of Equipment fla t ch Cove r at 250 psig

7. TilREE-DIMENSlONAL ADDELS

Three-dimensional analysis is necessary to correctly repre-
penetration and

sent the mechanics of the interaction between a
the cylinder. For example, the ovalization of the equipment

a x i s ynme t r i c mod e l . Thehatch sleeve cannot be predicted with an

constrained pipe, the equipment hatches. and the upper personnel
lock (PL2) were each analyzed separately. In addition, a model

with a constrained pipe and an equipment hatch was analyred in
order to evaluate possible interaction between penetrations.

ht\RC element 72, which is an 8 node, bilinear constrained thin
shell element [13), was used exclusively in the three-dimensional'

models. This element has finite strain and large displacement

capabiIitles.
,

7.1 Constrained Pipe

The cifect of the constrained pipe on the cylinder is not
localized, and therefore a 90" segment of the cylinder, which
provides geometric s ynme t r y , was modeled. Figure 13 shows the i

mesh used to predict the response of the cylinder end the
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constrained pipe. The model includes $63 elements with 3074
active degrees of freedom. Ring stiffeners were modeled im-
plicitly by increasing the thickness of the cylinder from 0.197
inch to 0.229 inch. This is an increase of 16%, which is the
ratio of the volume of the stiffener material to the volume of
the cylinder material. The pipe cover was accounted for by .

fixing the y displacements and forcing all z displacements to be
ettual for the nodes at end of the pipe outside of the cylinder.
Pressure was applied to the convex surface of the part of the
pipe inside the cylinder, as well as to the internal surfaces of
the cylinder and dome. The constraint of the ellipsoid.tl base on
the cylinder was modeled by fixing all translations at the lower
springline. The behavior of the cylinder and of the constrained
pipe is not affected by the boundary condition used for rotation
except in the insned i a t e vicinity of the lower springline, because
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First yield occurred at 132 psig on the concave surface of
the constrained pipe near its intersection with the reinforcement
at 12 o' clock. At 250 psig, the maximum strain'in the sleeve was
only slightly less than the maximum strain in the cylinder. The
large strains in the sleeve were very localized bending strains.
lle n d i n g strains in penetration sleeves are discussed in section
6.2 in some detail. The constrained pipe, away from its inter-
section with the cylinder, remained clastic through 250 psig.

There is little or no loss in the capacity of the scale
model associated with the constrained pipe.

J
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7.2 Equipment llatch Sleeve

The finite element mesh used to model the interaction of the
equipment hatch sleeve and the cylinder is shown in Figure 17.
The model includes 729 elements with 3894 active degrees of .

freedom. The ring stiffeners adjacent to the equipment hatch
were modeled explicitly because preliminary analyses had
demonstrated that the response of the equipment hatch sleeve was
affected by the manner in which the stiffeners were modeled. The
ring stiffeners near the upper and lower springline were modeled
implicitly to reduce the size of the model. The purpose in
explicitly modeling the stiffeners near the equipment hatch was
to better predict their effect on the cylinder and equipment
hatch sIceve. Some simpiifications were made in mode 1ing the
geometry of the formed stiffener around the equipment hatch, and
the mesh refinement used to model the stiffeners was probably not
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it only affects the bending response, which is highly localized.
The rotation of the cylinder at the lower springline was not
constrained since it was not necessary to accurately model the
bending at this point. (The cylinder's response at the lower
springline was predicted with an axisymetric model, see Section

*
6.1 )- Because of geometric symmetry, no tangential displacement
or rotation of the boundaries at 0 and 90 was allowed. The
radial displacement and rotation of the dome apex and the con- |

,

strained pipe at the center of the cylinder were fixed.

The constrained pipe did not affect general membrane yield-
ing of the cylinder; the membrane yield pressure for the

constrained pipe model was 180 psig, exactly the same as for the
ring stiffened axisymmetric model. The deformed shape at 250
psig is shown in Figure 14 superposed on the outline of the
undeformed shape. The cylinder was essentially fixed at its
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intersection with the constrained pipe. The pipe restricted
bulging of the cylinder even at points well away from the
penetration, Figure 15, with the effect being more pronounced at
higher pressures.

8 *
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Figure 15 Circumferential Variation of Radial Displacement
at the Elevation of the Constrained Pipe '

Midsurface plastic strain contours at 250 psig are plotted
for the cylinder and reinforcement in Figure 16. The strains

( were less at most points on the cylinder than those predicted
I with the ring stiffened model at the same elevation. The maximum

strain in the constrained pipe model was associated with the
strain concentration in the cylinder adjacent to the
reinforcement. Similar strain concentrations were predicted
around the reinforcements for the other penetrations that were
analyzed. These strain concentrations are related to the dif-
ference in the membrane response of the cylinder and
reinforcement. Because the reinforcement is thicker than the
cylinder, the radial expansion associated with its membrane -

response is less than for the cylinder. This causes a mismatch
in the tangential displacement of the cylinder and reinforcement,
which is compensated for by additional circumferential stretching
(straining) of the cylinder. The strain is accumulated in the
cylinder because the reinforcement is much stiffer as result of
its greater thickness.
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sufficient to allow an accurate prediction of the strains in the
stiffeners themselves. As discussed in section 5.2, the sleeve
and cover were treated as structurally uncoupled. A line load
oriented parallel to the sleeve axis was applied to the inside
end of the sleeve to account for the pressure acting on the
cover. Pressure was applied to the convex surface of the sleeve

* that is inside the cylinder, and also to the internal surface of
the cylinder and dome. Symmetry boundary conditions (no tangen-
tial displacement or rotation about the edge) were applied to the

*
boundaries at 0 and 48 The boundary condition at 0 was based
on geometric symmetry. The circumferential extent of the model
was selected so that the state of stress and displacement along
the other boundary were not affected by the penetration, i.e.,
the response at the boundary was axisymmetric. Comparisons of
preliminary results for a ring stiffened model with those for an
equipment hatch model demonstrated that a 48 segment was large
enough to justify the symmetry condition. Translation of the
cylinder was fixed at the lower springline, and rotation was
permitted. The apex of the dome was restricted to motion in the
axial direction only.

Figure 18 shows the deformed shape of the equipment hatch
sleeve at 225 psig. The sleeve deformed into a distinct oval
shape, except at its intersection with the reinforcement, which
restricted the ovalization of the sleeve at 6 and 12 o' clock.
Because the ends of the sleeve were assumed to be unrestrained,
the sleeve could deform into an oval shape (inextensional mode),
which is a relatively flexible mode of deformation. On the other
hand, the response of the cylinder and reinforcement was charac-
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Figure 18 Deformed Shape of Equipment Hatch Sleeve at 225 psig
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terized by membrane action, which is a much stiffer mode than the
inextensional mode. Therefore, the sleeve was forced to conform
to the deformed shape of the cylinder and reinforcement. As
indicated in Figure 19, as the cylinder and reinforcement expand,
the sleeve diameter from 3 to 9 o' clock must increase. This
stretching of the horizontal diameter had an effect similar to *

pinch loads, causing the sleeve to ovalize. However, the

.

UNDEFORMED
SHAPE

DEFORMED
SHAPE

I
ERr ----

I

RSCYLINDER RADIUS

T r 8 SLEEVE RADIUS

Er/ E " AVERAGE" MEMBRANE
CIRCUMFERENTIAL STRAIN

SIN-lh)

SLEEVE
AXIS

Figure 19 Sleeve - Cylinder Interaction

cylinder and reinforcement did not stretch in the meridional
direction, and consequently the vertical sleeve diameter was not
allowed to change at the intersection with the cylinder. This
restriction causes high bending strains in the sleeve at the 6
and 12 o' clock positions near the intersection with the
reinforcement. At the end of the sleeve inside the cylinder (the
sealing surface), large changes in the vertical and horizontal
diameter occur. red as a result of the ovalization. As discussed
in Section 5.2, the equipment hatch cover tensioning rings were

'

effectively rigid. Therefore, leakage from the equipment hatch
'O' ring seals was expected by 210 psig, when the decrease in the
vertical diameter of the end of the sleeve exceeded twice the
sleeve thickness, Figure 20. This deformation causes a complete
mismatch between the sleeve and the tensioning ring.

First yield occurred in the sleeve near its intersection
with the reinforcement at 51.5 psig. Figure 21 shows the equiv-
alent plastic strain contours at 225 psig in the equipment
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hatch sleeve. The major component of strain was meridional
'

strain due to bending. Note that the large strains are localized
to the area of the sleeve near its intersection with the rein-
forcement at 6 and 12 o' clock. Although yielding occurred at a
relatively low pressure level, the strains in the sleeve did not
increase substantially until after membrane yielding of the
cylinder occurred. This behavior was typical of all three -

penetration sleeves that were analyzed, as shown in Figure 22.
The maximum strain in a penetration sleeve at a given pressure
level is roughly preportional to the thickness to radius ratio of
the sleeve at its intersection with the reinforcement [10).
Other factors that influenced the bending strain in penetrati.on
sleeves were the details of the sleeve materials' stress-strain
curves, the width and thickness of reinforcement, the boundary
conditions on the ends of the sleeve, and the stiffener details
around the penetration.
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Figure 22 Strain on Concave Surface of Penetration Sleeves
at 12 O' clock at their Intersection with the Reinforcement

'

The deformed shape superposed on an outline of the un-
deformed shape, and the strain contours for the reinforcement and
the cylinder at 225 psig are shown in Figures 23 and 24,

respectively. The perturbation caused by the equipment hatch
penetration was localized. Strain concentrations arose in the
cylinder at the elevation of the center of the equipment hatch
adjacent to the reinforcement, and in the reinforcement im-
mediately above and below the intersection with the sleeve.
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hatch sleeve. The major component of strain was meridional
strain due to bending. Note that the large strains are localized
to the area of the sleeve near its intersection with the rein-
forcement at 6 and 12 o' clock. Although yielding occurred at a
relatively low pressure level, the strains in the sleeve did not
increase substantially until after membrane yielding of the -

cylinder ' occurred. This behavior was typical of all three
penetration sleeves that were analyzed, as shown in Figure 22.
The maximum strain in a penetration sleeve at a given pressure
level is roughly proportional to the thickness to radius ratio of
the sleeve at its intersection with the reinforcement [10].
Other factors that influenced the bending strain in penetration
sleeves were the details of the sleeve materials' stress-strain
curves, the width and thickness of reinforcement, the boundary
conditions on the ends of the sleeve, and the stiffener details
around the penetration.
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Figure 22 Strain on Concave Surface of Penetration Sleeves
at 12 O' clock at their Intersection with the Reinforcement

The deformed shape superposed on an outline of the un-
deformed shape, and the strain contours for the reinforcement and
the cylinder at 225 psig are shown in Figures 23 and 24,

respectively. The perturbation caused by the equipment hatch
penetration was localized. Strain concentrations arose in the
cylinder at the elevation of the center of the equipment hatch
adjacent to the reinforcement, and in the reinforcement im-
mediately above and below the intersection with the sleeve.
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The midsurface strain in the reinforcement and cylinder at the
elevation of the center of the penetration is plotted in Figure
25 for several different pressure levels. The strain concentra-
tion factor is the maximum strain divided by the strain at 48

'
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Figure 25 Circumferential Variation in the Strain
at the Elevation of an Equipment Hatch

7.3 Personnel Lock at Midheight

The finite element mesh used to represent the cylinder with
the upper personnel lock (PL2) is shown in Figure 26. The model
includes 381 elements with 2119 active degrees of freedom. Ring
stiffeners were implicitly modeled. The nodes on each end of the
sleeve were required to displace the same amount in the y and z
directions, which simulated the effect of the covers on the
sleeve. The pressure on the inside cover was accounted for by
applying nodal loads at the end of the sleeve. The convex eur-
face of the sleeve inside the cylinder and the internal surfaces
of the cylinder and dome were subject to pressure loads.

,

S ynine t r y conditions were used on the boundaries at 0 and 36 ,

for the same reasons that they were used on the boundaries of the
. equipment hatch model (see Section 6.2). The circumferential

extent of the mesh is less because PL2 is a much smaller penetra-
tion than either equipment hatch, and consequently the effect of
PL2 does not propagate as far into the cylinder as that of the
equipment hatches. The boundary conditions for the cylinder at
the lower springline and the apex of the dome are the same as
those used for the other three-dimensional models.
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First yield of the model occurred at 71.6 psig on the convex
surface of the sleeve near its intersection with the
reinforcement. As discussed in Section 6.2, the strains at this
point are associated with localized bending. The magnitude of *

the maximum bending strain depended strongly on the radius to
thickness ratio of the sleeve.

Strain contours in the reinforcement and cylinder at 250
psig are shown in Figure 27. Membrane yielding occurred at
approximately 180 psig, just like the other models. The strain
concentration factor (scf) can be determined from Figure 28. At
200 psig the scf was 1.54; by 250 psig the scf had increased to
1.74.
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7.4 Penetration Interactions

Because the effect of the constrained pipe on the cylinder
| was not localized as it was for other penetrations, a model

including the constrained pipe and an equipment hatch was
analyzed to investigate to what degree they would interact. The

,

finite element mesh is shown in Figure 29. The model consisted
of 1017 elements with 5280 active degrees of freedom. The con-
strained pipe was not explicitly modeled; the radial and .

tangential displacement of the reinforcement along the edge where
it intersected the pipe were fixed to simulate the fixity applied
by the pipe. For reasons discussed in Section 6.2, three ring
stiffeners below and three above the centerline of the equipment
hatch were modeled explicitly, while the stiffeners near the
upper and lower springlines were modeled implicitly. Nodal loads
were applied to the inside end of the sleeve to account for the
pressure acting on the equipment hatch cover, which was assumed
to be structurally uncoupled from the sleeve (see Section 5.2).
The convex surface of the equipment hatch sleeve inside the
cylinder and the internal surfaces of the cylinder,
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reinforcements, and the dome were subject to pressure.
Tangential displacement and rotation were fixed along the bound-
aries at 0 and 90 The cylinder was not allowed to translate.

at the lower springline, although rotation was not constrained.
The apex of the dome was restricted to motion in the axial direc-
tion only.

.

The analysis was terminated at 184 psig, which corresponded
to a maximum membrane strain of approximately 1.5%, because there

- was no interaction between the equipment hatch and the con-
strained pipe and because the computing time associated with each
increment were very large (on the order of 400 CRAY CPU seconds).
Results from the equipment hatch model and the penetration inter-
actions model are compared in Figures 30 thru 32 for several key
areas. The dashed lines represent the results from the penetra-
tion interaction model in these figures and the two that follow.
The similarity of the results for the two models shows that the
response of the equipment hatch and the cylinder in its vicinity
are not affected by the constrained pipe. Figures 33 and 34
demonstrate that the reverse is also true: The response of the
cylinder near the constrained pipe is not affected by the equip-
ment hatch, at least for small plastic strains. In retrospect,
the absence of significant interaction up to 184 psig should not
have been unexpected. Figure 15 shows that the effect of the
constrained pipe does not propagate through the entire model
until high pressures are reached and larger plastic strains are
accumulated. At low pressures and small plastic strains, the
equipment hatch was still in an e s s e n t i a l l y a x i s ynine t r i c strain

field. In view of Figure 25, interaction would be more likely to
occur for pressures above 225 psig.
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8. CLOSURE

Pretest predictions for the response of a 1:8-scale steel
model of a containment building were made based on finite element
methods. The design pressure of the model was 40 psig. Initial

,

yielding occurred in areas characterized by bending, but strains
did not increase rapidly until after membrane yielding of the
cylinder began. The predicted membrane yield pressure was 180 .

psig. The equipment hatch sleeve is expected to deform into an
oval shape, resulting in significant leakage by 210 psig. At
this pressure, the maximum membrane strain in the cylinder wall
should be 3.5%, with some bending strains as large as 9%.
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